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The Many Facets of Cosmic Explosions

by

Alicia Margarita Soderberg

In Partial Fulfillment of the

Requirements for the Degree of

Doctor of Philosophy

Abstract

Over the past few years, long-duration γ-ray bursts (GRBs), including the sub-

class of X-ray flashes (XRFs), have been revealed to be a rare variety of Type Ibc

supernova (SN Ibc). While all these events result from the death of massive stars,

the electromagnetic luminosities of GRBs and XRFs exceed those of ordinary Type

Ibc SNe by many orders of magnitude. The observed diversity of stellar death cor-

responds to large variations in the energy, velocity, and geometry of the explosion

ejecta. Using multi-wavelength (radio, optical, X-ray) observations of the nearest

GRBs, XRFs, and SNe Ibc, I show that GRBs and XRFs couple at least ∼ 1048 erg

to relativistic material while SNe Ibc typically couple ∼< 1047 erg to their fastest

(albeit non-relativistic) outflows. Specifically, I find that less than 3% of local

SNe Ibc show any evidence for association with a GRB or XRF. Interestingly, this

dichotomy is not echoed by the properties of their optical SN emission, dominated

by the radioactive decay of Nickel-56; I find that GRBs, XRFs, and SNe Ibc show

significant overlap in their optical peak luminosity and photospheric velocities.

Recently, I identified a new class of GRBs and XRFs that are under-luminous in

comparison with the statistical sample of GRBs. Owing to their faint high-energy

emission, these sub-energetic bursts are only detectable nearby (z ∼< 0.1) and are

likely 10 times more common than cosmological GRBs. In comparison with local

SNe Ibc and typical GRBs/XRFs, these explosions are intermediate in terms of

both volumetric rate and energetics. Yet the essential physical process that causes

a dying star to produce a GRB, XRF, or sub-energetic burst, and not just a SN,

remains a crucial open question. Progress requires a detailed understanding of
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ordinary SNe Ibc which will be facilitated with the launch of wide-field optical

surveys in the near future.
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Chapter 1

Introduction and Summary

1.1 Introduction: The Death of Massive Stars

It is generally accepted that the most massive stars in the Universe (M ∼> 10 M�)

end their lives in a cataclysmic explosion, a supernova (SN), that expels metals

and injects energy into the interstellar medium (ISM) of their host galaxies (see

Heger et al. 179 for a review). These explosions also give birth to the most extreme

compact objects: neutron stars (NS, including pulsars and magnetars) and black

holes (BH). Thus, an understanding of the conditions under which massive stars

die sheds light on the dynamics of the ISM, galaxy enrichment, the evolution of

single and binary stars, and the observed diversity of compact objects. In this PhD

thesis, I investigate the nature and diversity of the most massive stellar explosions,

including supernovae, gamma-ray bursts, and X-ray flashes.

1.1.1 Supernovae

While the bulk energy released in SN explosions, ∼ 1053 erg, is carried away

invisibly by neutrinos, a remaining 1051 erg of kinetic energy powers the observed

emission. Dominated by the radioactive decay of Nickel-56 (half-life of 6.1 days)

synthesized in the explosion, the emission peaks on a timescale of days to weeks.

The observed spectrum is thermal and peaks in the optical band owing to an

electron population thermalized by gamma-rays trapped within the ejecta. With
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a maximum luminosity upwards of 1041 erg s−1, supernovae (SNe) outshine their

host galaxies for a brief period of time after the explosion. Their strong optical

emission and variability timescale are well matched to dedicated search campaigns

that monitor nearby (d ∼< 200 Mpc) galaxies every night in search of new SNe.

Thanks to these efforts we now know that SNe occur roughly once per hundred

years per galaxy (64). As the efficiency and sensitivity of these searches improves,

an ever-increasing number of SNe are discovered each year, with just 15 in 1950

compared to the the current record of 554 in 20061.

With the increase in number of SN discoveries, differences in the optical light-

curves and spectral properties were revealed. These distinguishing characteristics

enabled several classes of SNe to be identified (see Filippenko 113 for a review).

Hydrogen-poor SNe of Type Ia represent the majority of all newly discovered SNe

(64) and, unlike all other Types, are believed to result from the thermonuclear

explosion of a white dwarf. The remaining SNe are core-collapse explosions, pro-

duced by the gravitational collapse of a massive star, with Type IIP SNe being

the most common (64). The progenitors of SNe IIP have been directly identified

to be red supergiants based on their detection in pre-explosion images (350).

Representing just ∼ 15% of all new discoveries, Type Ibc supernovae2 (SNe

Ibc) are perhaps the least understood of all the SN types. SNe Ibc were formally

recogized as a peculiar class of explosions in the mid 1980s (429). Early indications,

especially the lack of Hydrogen and weak or absent Helium features in their optical

spectra, suggested a thermonuclear explosion like SNe Ia (108). However, it was

noted that they lack a deep 6150 Å Silicon absorption trough, considered the

hallmark of Type Ia explosions. SNe Ibc were further differentiated from SNe

Ia by their observed strong radio emission (Lrad ∼ 1028 ergs−1 Hz−1), produced

by the ejecta interacting with a dense circumstellar medium (CSM), most likely
1http://www.supernovae.net/snimages/
2It has been suggested that the class may be further divided based on the presence and

strength of helium absorption features to Type Ib (He-rich) and Ic (He-poor). However, both the

observational and physical motivation for this sub-division remain heavily debated (see Part IV),

and thus I refer to them collectively as SNe Ibc throughout this thesis.
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expelled by a massive progenitor (374). The eventual realization that SNe Ibc are

core-collapse explosions from stripped-envelope progenitors was facilitated by a

statistical analysis of their host galaxy properties. Unlike SNe Ia, SNe Ibc always

reside in star-forming galaxies and are highly concentrated towards star-forming

regions (spiral arms, HII regions) (407).

These observational characteristics quickly led to a general consensus that SNe

Ibc are produced by two possible progenitor systems: (i) isolated, massive Wolf-

Rayet stars (WR; M ∼> 20 M�) stripped by radiation pressure driven winds (13,

438), and/or (ii) lower mass (M ∼ 8 − 20 M�) stars stripped of their Hydrogen-

envelope by a close binary companion (429, 295). Unlike SNe IIP, the progenitors

of SNe Ibc have not yet been identified in pre-explosion images nor are the existing

archival data (e.g., Smartt et al. 351) sufficiently deep to establish which of these

two progenitor models dominates the observed population. In parallel efforts, it

has been shown that a large fraction (∼ 30%) of massive stars are observed in

close binary systems (209), but the rates are not sufficiently constraining to rule

out the single-star progenitor model for SNe Ibc.

In an parallel effort, it was soon realized that these “naked” SNe are of spe-

cific interest in the study of massive stars (evolution, death) since they offer an

unhampered view of the explosion. Yet despite this initial progress, the rarity

(∼ 104 Gpc−3 yr−1; Dahlen et al. 95) and heterogeneity (242) of SNe Ibc did not

motivate strong observational programs. As a result, interest waned for the next

decade, and the nature of Type Ibc SN progenitors (single vs. binary) remained

an open question.

1.1.2 Gamma-ray Bursts

In an interesting turn of fate, SNe Ibc have recently enjoyed an explosion of re-

newed interest thanks to their association with gamma-ray bursts (GRBs). Since

their discovery in the early 1970s, the origin of GRBs has been heavily debated

(see Piran 293 for a review). With an observed rate of roughly 0.5 Gpc−3 yr−1

(346), GRBs are non-thermal bursts of gamma-ray photons at energies of a few
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hundred keV, with durations of a few seconds and rapid variability, δt/t << 1.

These observational properties imply a relativistic outflow powered by a central

engine (accreting compact object) which injects energy into the system for many

dynamical timescales.

An extragalactic origin for GRBs was first suggested by their isotropic distri-

bution on the sky as observed with the BATSE instrument onboard the Compton

Gamma-ray Observatory (CGRO). (255). Thanks to the arcminute localization

capability of the BeppoSAX satellite, the cosmological origin of GRBs was con-

firmed in 1997 with the detection of long-wavelength counterparts (“afterglows”;

Costa et al. 90) and their spatial coincidence with intermediate redshift (z ∼ 1)

galaxies (256).

A decade earlier, Paczyński (274) had predicted an extragalactic origin for

GRBs, noting that the implied gamma-ray energy release would be roughly com-

parable to the kinetic energy of core-collapse supernovae. However, as the sample

of GRB redshifts increased, the implied gamma-ray energies climbed as high as

1054 erg, a serious challenge to existing GRB models. The realization that GRBs

are produced in highly collimated jets (opening angles, < θj >≈ 5 deg; Rhoads

313), led to the discovery that the beaming-corrected gamma-ray energies are

tightly clustered around 1051 erg and are thus consistent with the energetics of

core-collapse SNe (278, 133).

These observations could be adequately explained in the framework of the “col-

lapsar model” in which a rapidly rotating massive star collapses to to a black hole

fed by an accretion disk; relativistic jets are then launched along the poles and

escape the stellar surface, which has been stripped prior to explosion (234). Tur-

bulence within the jets leads to the observed short pulses of gamma-ray emission

while a disk wind disrupts the star in a mildy-aspherical explosion. An optical

SN component is seen if the the disk wind is Nickel-rich. With the success of

the collapsar model, it became clear that GRBs and core-collapse SNe both rep-

resent channels of massive stellar death. However, at the time there was little

observational evidence linking the progenitors of GRBs to those of SNe.
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1.1.3 GRB 980425/SN1998bw

With the temporal and spatial coincidence of GRB 980425 with Type Ibc SN 1998bw

at 36 Mpc came the first observational support for a GRB-SN connection. Yet is

was the exceptionally luminous radio emission of SN 1998bw that firmly established

this association. While optical SN emission traces the slowest ejecta to which the

bulk of the kinetic energy is coupled, radio observations of SNe probe the fastest

ejecta as they expand into and accelerate particles in the CSM (Figure 1.1). Hy-

drodynamic collapse predicts that the coupling of kinetic energy, EK , to velocity

within the homologously expanding ejecta is quite steep, EK ∝ v−5.2 (388), up

to a maximum velocity of ∼ 0.4c (22, 73), such that only ∼ 0.01% of the kinetic

energy is typically coupled to the fastest material (Figure 1.2). The radio emis-

sion is characterized by a non-thermal synchrotron spectrum with a spectral peak

initially within the radio band and cascading to lower frequencies as the outflow

expands.

Based on a simple analysis of the radio data for SN1998bw, Kulkarni et al.

(216) showed that mildly-relativistic expansion velocities (Lorentz factor, Γ ∼ 3)

were required for the brightness temperature, TB = c2Fν/(2πkθ2ν2), to not violate

the inverse Compton catastrophe limit, TB ∼ 1012 K (309). Here, Fν is the radio

flux density at frequency ν and θ is the angular diameter of the radio source on

the sky. Moreover, assuming the post-shock energy density was in equipartition

between relativistic electrons and magnetic fields, it was argued that a kinetic

energy of EK ∼ 1049 erg was coupled to the relativistic ejecta (216, 226). Together,

the power and speed implied by the radio data required the presence of a central

engine to drive the SN explosion.

The radio emission from SN 1998bw was (and still is; see Part IV) extraordinary

in comparison with other radio SNe in the local Universe (e.g., SN 1987A Ball

et al. 7). Similarly, a long-lived and luminous X-ray transient was detected in

coincidence with the radio source, which is unmatched by X-ray observations of

other core-collapse explosions. Finally, the optical lightcurve was as luminous as

a SN Ia (MV ≈ −19.3 mag; Galama et al. 151), showing evidence for exceedingly



6

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

2 14

Unshocked
CSM
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Figure 1.1: The four regions of SN explosions are explained: [1] unshocked CSM, [2]

shocked CSM, [3] shocked ejecta, and [4] unshocked ejecta. A contact discontinuity

lies between regions [2] and [3] at radius, Rc. The forward shock at 1.24 Rc races

out ahead of the fastest ejecta and accelerates particles in the CSM, while the

reverse shock at 0.98 Rc shock heats the dense ejecta. The radio emission is

attributed to the shocked material in regions 2 and 3. Meanwhile, optical data

trace the evolution of the photosphere (∼ 0.1Rc) as it recedes into the slowest

(unshocked) ejecta of region [4].

fast photospheric velocities (v ≈ 60, 000 km s−1) and pointing to a bulk kinetic

energy upwards of 1052 erg (193).

However, in comparison with cosmological bursts, GRB 980425 was sub-energetic

in gamma-ray energy, Eγ , by a factor of 104. Similarly, the observed radio and

X-ray luminosities were at least two orders of magnitude lower than the afterglows

detected from typical GRBs. Afterglow emission is produced by the dynamical

interaction of the relativistic jets with particles in the CSM, and is character-

ized by a non-thermal synchrotron spectrum peaking in the optical at the onset

of the burst and cascading to lower frequencies as the outflow decelerates (339).
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Figure 1.2: Optical data probe the slowest ejecta in SN explosions to which the bulk

of the kinetic energy is coupled. Meanwhile, radio and X-ray observations probe

the fastest material to which a small fraction of energy is coupled. Hydrodynamic

collapse dictates that the velocity profile is steep, EK ∝ v−5.2, consistent with

observations of ordinary SNe Ibc. Engine-driven explosions, including GRBs and

XRFs, show flatter profiles (365).

While detailed afterglow modeling revealed narrow jet opening angles for all cos-

mological GRBs (280, 445), the non-thermal (radio and X-ray) emission from

GRB980425/SN1998bw showed no evidence for strong collimation (216, 226, 290).

Clearly, the observed properties of GRB 980425 were markedly different from

those of previously studied GRBs. This fact motivated two popular explanations:

(i) The burst was intrinsically sub-luminous compared to cosmological GRBs and

only detected thanks to its proximity. In this scenario, GRB980425 represented

either a 5σ outlier in the observed tight distribution of gamma-ray energies or a
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member of a distinct class of bursts with significantly less power. (ii) The burst

was a typical GRB but viewed far from the collimation axis. In this scenario, the

observed radiation from the mildly-relativistic outflow was significantly suppressed

because the jet was beamed away from our line-of-sight. For years to come, both

the GRB and SN communities were split over the interpretation of the peculiar

nature of GRB 980425/SN1998bw.

1.1.4 A GRB-SN Connection

At the same time, dedicated observational campaigns were focused on finding pho-

tometric and/or spectroscopic evidence of optical SNe in coincidence with well-

localized cosmological GRBs. The primary method was to search for late-time

“bumps” within the optical afterglow light-curves of GRBs, produced by the ther-

mal SN emission peaking roughly (10 − 20) × (1 + z) days after the explosion,

as observed for SN 1998bw and ordinary SNe Ibc. GRB 980326 provided the first

such evidence for an underlying SN component (42) and other examples of late-

time optical bumps soon followed (see (435) for a review). With these discoveries,

it became clear that at least some GRBs are accompanied by SN explosions. This

result was echoed by a study of GRB host galaxy properties where it was found

that GRBs, like core-collapse SNe, are always found in star-forming host galax-

ies (45). Finally, the discovery of GRB 030329 at z = 0.17 provided the first

spectroscopic evidence for an underlying Type Ibc SN (2003dh). Given that the

observed gamma-ray and afterglow properties of GRB030329 were roughly simi-

lar to those of typical GRBs (27), and the optical properties of SN2003dh were

similar to SN1998bw, observational evidence for a GRB-SN connection was firmly

established (377, 187).

Despite this progress, several questions remained unanswered:

• Are all GRBs associated with a SN of Type Ibc?

• What is the distribution of GRB-SNe optical properties (luminosities, pho-

tospheric velocities) and how do they compare with those of ordinary SNe
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Ibc?

• Are all SNe Ibc powered by central engines?

• Is there a continuous distribution of ejecta properties between GRBs and

ordinary SNe?

1.1.5 X-ray Flashes

The latter question directly ties to understanding the nature of X-ray flashes

(XRFs), a newly recognized class of high-energy transients characterized by short

pulses of non-thermal soft X-ray emission. With observed νFν spectra peaking

below 25 keV, a factor of ∼> 10 lower than those of GRBs, XRFs were first discov-

ered within the BeppoSAX sample (180) and were later estimated to be 30% of

all bursts detected by HETE-2 (332). At the same time, XRFs and GRBs were

shown to share many characteristics, including pulse duration, afterglow emission,

and host galaxy properties. Observationally speaking, XRFs appeared to bridge

powerful GRBs and ordinary SNe.

Three popular ideas quickly emerged, positing that XRFs are either (i) typical

GRBs at high-redshift such that their high-energy emission is redshifted into the

soft X-ray band, (ii) a low-energy cousin of GRB explosions characterized by lower

Lorentz factor outflows, or (iii) typical GRBs viewed far away from the collimation

axis. Redshift measurements easily test model (i), while models (ii) and (iii) can

be distinguished with detailed modeling of the afterglow emission.

As discussed in Chapter 4, I have been able to rule out the high-redshift inter-

pretation by setting the distance scale to X-ray flashes. In the context of models

(ii) and (iii), the key point is that even the most collimated GRB jets spread side-

ways as they decelerate, eventually reaching spherical symmetry on a timescale

comparable to when they become non-relativistic (∼ 1 year). As the jets spread

into our line-of-sight, a rapid rise in the observed afterglow emission is expected on

a timescale that scales with viewing angle, θv (168). Collimated explosions viewed

slightly off-axis (θv ∼< 2θj) are expected to show rising afterglow emission for a
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few days or weeks, while those viewed significantly off-axis show a rise months

to years after the explosion. The temporal evolution of the afterglow therefore

constrains the viewing angle with respect to the collimation axis and addresses the

fundamental questions:

• What is the nature of X-ray flashes?

• What is the relation (if any) between the progenitors of XRFs and GRBs?

1.1.6 Off-axis GRBs and SNe Ibc

In the most extreme case of an off-axis explosion, the GRB jet is oriented nearly

perpendicular to our viewing angle such that the gamma-ray emission is completely

beamed away from our line-of-sight. The first clue to such an event would be

observed thermal SN emission, which is essentially isotropic. Searching for non-

thermal emission (radio and X-ray) from optically selected SNe Ibc is therefore a

powerful tool to search for off-axis GRBs (287, 275). Given the respective rates

of GRBs and SNe and the known distribution of GRB jet opening angles, roughly

1% of SNe Ibc are expected to show evidence for an off-axis GRB. However, this

fraction could be significantly higher if there exists a continuum in ejecta properties

between GRBs and SNe. Such an observational effort has the ability to answer

the following fundamental questions confronting the GRB-SN connection:

• What is the nature of GRB980425 associated with SN 1998bw?

• What fraction of SNe Ibc show radio emission similar to that of SN 1998bw?

• What fraction of SNe Ibc harbor off-axis GRBs?

• Is there a continuum in the ejecta properties between SNe and GRBs?

Progress required a detailed understanding of the nearest stripped-envelope

explosions, including optically-selected SNe Ibc and GRBs. Motivated thus, my

PhD thesis addresses each of the questions posed in this section.
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1.2 Summary of Thesis

The structure of this summary reflects the four main components of my thesis

investigation: Part I. The nature of GRB980425 and the discovery of a class of

sub-energetic GRBs; Part II. The nature of X-ray flashes; Part III. An optical view

of the GRB-SN connection and its diversity; and Part IV. A large radio survey of

Type Ibc supernovae.

1.2.1 The Nature of GRB 980425 and a New Class of GRBs

For nearly a decade after the explosion, the nature of the seemingly sub-energetic

GRB980425 and its extraordinary associated SN, was heavily debated. If the

burst was a typical GRB viewed far from the collimation axis, the tight clustering

of gamma-ray energies would be preserved and at the same time confirm that GRB

outflows are strongly collimated. On the other hand, if the burst was intrinsically

sub-energetic, it would show no evidence for off-axis ejecta thereby refuting the

commonly accepted idea of a standard energy reservoir for GRBs. Late-time radio

observations provide the best tool to distinguish between these two models, since

they are most sensitive to ejecta initially beamed away from our line-of-sight. This

is due to the fact that although the rising afterglow emission from an off-axis jet is

achromatic, the synchrotron peak frequency is at or below the radio band on this

timescale (months to years).

To test the off-axis jet model proposed for GRB 980425/SN1998bw, I carried

out late-time radio observations at t = 5.6 years, yielding upper limits (∼< 0.1 mJy)

which are consistent with the continued decay of the early radio emission. Most

importantly, the observations are inconsistent with the predictions of an off-axis

jet model which posited a strong radio source with Fν ∼ 10 mJy. I therefore

conclude that GRB980425 was an intrinsically under-luminous burst and a sig-

nificant outlier in comparison to GRBs at z ∼ 1 (357). Furthermore, this result

hints that GRB 980425, as the nearest GRB detected to date, likely represents a

more common type of burst which is less powerful and not detectable at larger
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distances.

Figure 1.3: The energy released in gamma-rays, Eγ , is compared with the ejecta

kinetic energy, EK for GRBs. Cosmological GRBs tend to have a total relativistic

energy yield, Erel = (Eγ + EK) ≈ 2 × 1051 erg (arc). The nearest GRBs (labeled)

are sub-energetic in one or both axes. Updated from (362).

Soon thereafter, this prediction was confirmed through the Integral and Swift

satellite discoveries of two similarly nearby bursts: GRB031203 (z ≈ 0.1) and

XRF 060218 (z ≈ 0.03). Through extensive radio and X-ray follow-up, I show that

both are intrinsically sub-energetic bursts in terms of their total relativistic energy

yield, Erel = EK + Eγ . For these two bursts, the inferred values of Erel are at

least a factor of 100 lower than those inferred for typical bursts, Erel ≈ 2 × 1051

erg (including beaming corrections; (27)), therefore implying they are analogues of

GRB980425 (Figure 1.3) (362, 365). Using this newly recognized class of bursts,

I estimate that sub-energetic GRBs are more common than standard GRBs by

up to a factor of 10. These explosions are further distinguished from ordinary

SNe Ibc as they couple at least 1048 erg to mildly-relativistic ejecta. Thus, sub-

energetic bursts are intermediate between powerful GRBs and ordinary SNe in
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terms of relativistic energy, collimation, and volumetric rate, and hint at an overall

continuum.

1.2.2 The Nature of X-ray Flashes

With prompt emission spectra peaking a factor of 10 below those of GRBs, it is

interesting to consider XRFs in the context of sub-energetic bursts. In Part II, I

report (i) the discovery of the first optical afterglow associated with an XRF, (ii)

the first spectroscopic redshift to an XRF host galaxy, and (iii) the first broadband

(radio, optical) afterglow analysis for an XRF (361). Furthermore, using a sample

of XRFs, I discuss the nature of these events in the context of off-axis GRBs and

sub-energetic bursts.

Discovered two years after launch, XRF 020903 is the softest X-ray flash ever

detected by the HETE-2 satellite (330). Using the Palomar 200-inch telescope, I

discovered an optical transient within the 120 square arcmin localization region

just 1 day after the burst (Figure 1.4). The source was coincident with a faint

star-forming galaxy in an interacting system which I found to be at a redshift

of z ≈ 0.25 using the Echellete Spectrograph and Imager on Keck II. With this

discovery I set the distance scale to X-ray flashes, and in turn, ruled out the

popular hypothesis that XRFs are typical GRBs at very high redshift (z ∼ 10).

Next, through an analysis of the strong radio and optical emission associated

with the transient, I showed that the long wavelength counterpart of XRF 020903

was similar to the afterglows of GRBs. Under the framework of GRB afterglow

models I further showed that the kinetic energy of the XRF 020903 ejecta was sim-

ilar to the values inferred for GRBs. Thus, observational evidence for a connection

between GRBs and XRFs is firmly established, suggesting similar progenitor. How-

ever, unlike typical GRBs, XRF 020903 showed no evidence for strong collimation

of the relativistic outflow.

I came to a similar conclusion from broadband (radio, optical, near-IR, X-ray)

modeling of the afterglow of XRF 050416a at z ≈ 0.65. Analogous to XRF 020903,

XRF 050416a is the softest burst detected to date by the Swift satellite (327). A
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Figure 1.4: I discovered the optical afterglow of XRF 020903 with the Palomar

200-inch telescope. The XRF was later observed with HST/ACS on 2002 Dec 3

UT revealing a complicated galaxy morphology for G1, suggesting a system of at

least four interacting galaxies similar to the host galaxies of GRBs. The location

of the optical transient (OT) is noted on the 7 × 7′′ HST cutout and appears to

overlap with the SW component of the G1 complex at a redshift of z = 0.25 Nearby

galaxies G2 and G3 are not associated with G1. From (361).

careful analysis of the afterglow evolution shows no evidence that the burst was

viewed away from the collimation axis. The implication is that this burst (and

perhaps all XRFs) are best explained as GRBs with very wide jet opening angles

and perhaps a larger baryonic load (368).

Together with the results from Part I, these conclusions underscore the fact

that the initial picture in which GRBs always produce roughly 1051 erg in ∼ 5 deg

relativistic jets is not the complete story. Bursts with significantly less relativistic

energy and/or very wide jets exist in large numbers and likely outnumber what we

know as “typical” GRBs.
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1.2.3 An Optical View of the GRB-SN Connection

The discovery of a GRB-XRF connection directly led to the question: do XRFs

also show evidence for an association with Type Ibc supernovae? In Part III, I

report the results of an optical search for XRF-SNe using deep HST/ACS images of

four XRFs (including XRF 02093). The images were taken between 20 and 70 days

after the burst (rest frame) and are thus well matched to the timescale on which

SNe Ibc reach maximum light. The HST images reveal evidence for a late-time

bump in the optical afterglow light-curve of XRF 020903. Through simultaneous

optical spectroscopy, I show that the bump had spectral features consistent with

those of SN 1998bw and other Type Ibc supernovae. At the same time, the other

three XRFs in this HST study showed no evidence for an associated SN. Therefore,

I conclude that at least some XRFs are associated with Nickel-rich SNe, thereby

reinforcing their connection to GRBs, and in turn, massive stellar death (363).

The non-detections indicate, more importantly, that there is a wide diversity in

the energetic of the SNe.

I next present a compilation of GRB-SN and XRF-SN optical peak magnitudes

(drawn largely from this thesis effort) and compare them with those of ordinary

(non-GRB associated) SNe Ibc. This study was motivated by the fact that of all

the bursts at z ∼< 13 for which a SN search was undertaken, nearly every one shows

an associated SN (447). The following key results came from this study. First, I

find a significant dispersion in the properties of GRB- and XRF-SNe; most are not

as luminous as GRB-SN1998bw. Next, the study shows statistically that photo-

spheric velocities do not correlate with peak optical luminosity in either the local

or GRB/XRF-SN samples. This result is contrary to early expectations fueled by

the broad absorption lines (“broad lined”) and luminous peak magnitude observed

for GRB-SN1998bw. Finally, I show that there is significant overlap in the peak

optical luminosities of GRB/XRF-SNe and ordinary SNe Ibc (Figure 1.5). Since

the optical emission is dominated by the radioactive decay of Nickel-56, this study
3I constrain the study to z ∼< 1 since UV line-blanketing in the rest-frame of the SN suppresses

the observed emission in higher redshift bursts.
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suggests that these explosions share a similar Nickel-56 production mechanism

(366). This result is by no means expected since the collapsar model predicts a

different Nickel-56 production mechanism for engine-driven explosions (GRBs and

XRFs) than that inferred for standard core-collapse SNe.

Figure 1.5: A comparison of the peak optical magnitudes for GRB/XRF-SNe and

ordinary SNe shows a significant overlap. This study suggests that the two classes

may share a similar Nickel-56 production mechanism. From (366).

1.2.4 A Large Radio Survey of Type Ibc Supernovae

Part IV represents the largest component of this PhD thesis effort. Motivated

by the extraordinary radio emission from GRB-SN1998bw, I began in 2002 a

dedicated survey with the Very Large Array (VLA) to search for engine-driven

SNe in the local Universe. The driving idea is that sub-energetic and/or off-

axis GRBs show little or no gamma-ray emission. Radio and X-ray follow-up of

optically selected SNe Ibc may therefore represent the most efficient (and perhaps
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only) way to identify such explosions. Luminous radio and/or X-ray emission may

indicate a mildly-relativistic outflow, which in turn, is a proxy for the presence of

a central engine.

Figure 1.6: To date, 30 local (d ∼< 200 Mpc) SNe Ibc have been detected at radio

wavelengths, the majority of which were found through our dedicated VLA sur-

vey. Detections are shown as colored light-curves and 3σ upper limits as inverted

grey triangles. GRB-SN1998bw and XRF 2006aj, also within the maximum dis-

tance of this sample, are distinguished by their bright early peaking radio emission

(black). Both of these events were sub-energetic in comparison with typical GRBs

(e.g., GRB 030329; grey) and XRFs (e.g., XRF 020903; grey).

I report radio observations from ∼ 200 SNe Ibc within ∼ 200 Mpc that span

timescales of days to decades after the explosion. Early radio observations are

crucial for identifying sub-energetic and/or uncollimated explosions. On the other
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hand, late-time radio observations are sensitive to jets initially beamed away from

our line-of-sight. Moreover, since radio observations probe the interaction of the

ejecta with the CSM, they directly trace the density profile of the local environ-

ment thereby revealing the mass loss history of the progenitor star. Through this

dedicated VLA survey, I have characterized in a systematic way the environments

(density, profile) and ejecta properties (kinetic energy, velocity, geometry) of SNe

Ibc for the first time.

Several surprising results have emerged from this effort. First, only ∼ 15% of

local SNe Ibc show detectable radio emission despite the fact that a radio supernova

103 times fainter than GRB-SN1998bw can be detected with the current sensitivity

of the VLA (Figure 1.6). Next, the thirty radio bright SNe Ibc discovered to

date (see Part IV) vary in peak luminosity by four orders of magnitude, with

peak times spanning roughly 1 to 1000 days. These observed differences indicate

similarly large variations in their CSM densities and/or energy coupled to fast

ejecta. Moreover, I find that roughly 40% of well-studied radio SNe show evidence

for abrupt fluctuations which may be attributed to density and hence mass loss

inhomogeneities (356). Interestingly, I note that a similar fraction of massive stars

are expected to die in close binary systems (295).

In the context of the GRB-SN connection, I compare the radio properties of

local SNe Ibc with those of GRB 980425/SN1998bw and XRF 060218/SN2006aj -

the only bursts within this same volume. I find that none of the SNe Ibc in this

study show evidence for mildly relativistic ejecta, though a few show velocities as

high as ∼ 0.5c. Statistically, I constrain the fraction of SNe with radio properties

like GRB-SN1998bw to be less than 1% and those like XRF-SN060218 to be less

than 3%. The latter case is less constrained, owing to the fact that XRF 060218

had a radio light-curve 10 times less luminous and peaking 10 times faster than

SN1998bw.

Focusing on just those radio observations taken ∼> 100 days after the explosion,

I search for evidence of off-axis GRB jets spreading into our line-of-sight. Of the

68 SNe Ibc in this sub-sample, I find no evidence for off-axis emission and therefore
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Figure 1.7: Cosmological GRBs show copious energy coupled to relativistic mate-

rial while ordinary SNe show less than 1048 erg coupled to materiel no faster than

∼ 0.5c. The new class of sub-energetic bursts bridge the two classes and hint at

an overall continuum.

statistically constrain the fraction of SNe Ibc which harbor typical GRB jets to

be less than 10% (365). This holds, in particular, for the ∼ 5% of local SNe that

show broad optical absorption lines like GRB-SN1998bw. This result supports

my earlier conclusion that neither a high optical luminosity nor fast photospheric

velocities are indicators of relativistic ejecta.

Combining these results with those from Parts I and II, I show that there is a

clear dichotomy between GRBs and ordinary SNe Ibc with respect to the kinetic

energy coupled to fast ejecta. However, the newly discovered class of sub-energetic

bursts bridge these two classes and hint at an overall continuum (Figure 1.7).

Finally, I conclude Part IV with a discussion of future prospects for the study

of GRBs, XRFs, sub-energetic bursts, and SNe Ibc as we enter the era of wide-field

optical transient surveys (e.g., PanSTARRS, LSST).
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Abstract

It has been suggested that the peculiar properties of the luminous Type Ic super-

nova SN 1998bw and its low-energy gamma-ray burst GRB 980425 may be under-

stood if they originated in a standard gamma-ray burst explosion viewed far from

the axis of the relativistic jet. In this scenario, strong radio emission is predicted

from the jet on a timescale 1 to 10 years after the explosion as it decelerates and

spreads into our line of sight. To test this hypothesis we have carried out late-time

radio observations of SN1998bw at t = 5.6 years, yielding upper limits which are
†A version of this chapter was published in The Astrophysical Journal, vol. 607, L13-L16,

(2004). Reproduced by permission of the AAS.



23

consistent with the continued fading of the supernova. We find these limits to be

consistent with an off-axis jet only if the progenitor mass loss rate is Ṁ ∼< 4×10−7

M� yr−1 (for a wind velocity vw = 1000 km s−1) or the fraction of the shock energy

in magnetic fields is εB ∼< 10−3. These values are low relative to those inferred

for cosmological GRBs. We combine the SN 1998bw measurements with existing

observations for a sample of 15 local Type Ibc supernovae to estimate that at most

6% produce collimated, relativistic outflows.

1.1 Introduction

GRB980425 was the first gamma-ray burst (GRB) to be identified with a super-

nova (SN), SN1998bw (151, 290). However, this association was not universally

accepted since the spatial and temporal coincidence of these events could only be

approximated to ±8′ and ±2 d, respectively. Recently, the detection of spectro-

scopic features in the light curve of GRB 030329, similar to those seen in SN 1998bw

(377, 187), has strengthened the hypothesis of the SN 1998bw/GRB 980425 asso-

ciation. These results have given a powerful impetus to the “collapsar” model

(233, 451) in which a Wolf-Rayet progenitor undergoes core collapse, producing a

rapidly rotating black hole surrounded by an accretion disk which injects energy

into the system and thus acts as a “central engine”. The energy extracted from

this system supports a quasi-spherical Type Ibc SN explosion and drives collimated

jets through the stellar rotation axis which produce the prompt gamma-ray and

afterglow emission (see review by Zhang and Meszaros 449).

Despite this progress, some unresolved issues remain. Foremost among these

is understanding the connection between local SNe Ibc and cosmological GRBs.

Estimates of the fraction of Type Ibc SNe that produce a GRB range from 10−5

(288), to 0.5% (133), and even approaching 100% (218). This uncertainty in the

relative rates of Ibc SNe and GRBs is due to different assumptions about the

geometry and energetics of GRBs.

As the only local SN observed in association with a GRB, SN1998bw is the
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key to our understanding. At a distance of 38 Mpc, this Type Ic SN was unusually

luminous at optical and radio wavelengths (216, 151). The broad absorption lines

seen in early spectra of SN 1998bw implied expansion velocities of ≥ 30, 000 kms−1

and (isotropic) kinetic energies of ∼ 3 × 1052 erg (193, 436, 388). Likewise, the

bright, early-peaked radio emission implied a significant amount of energy (∼ 1050

erg) coupled to mildly (Γ ≈ 2) relativistic ejecta (216). Detailed modeling by Li

and Chevalier (226) confirmed this result and also showed the need for a second

energy injection episode, indicating the presence of a central engine, similar to the

model inferred for GRBs.

However, in contrast to the large energies inferred from the optical and radio

emission from SN 1998bw, GRB980425 was a sub-energetic gamma-ray burst. The

prompt emission had an (isotropic) energy release of only 8× 1047 erg (290) – 4 to

6 orders of magnitude below typical GRBs (133).

One popular explanation posits that SN 1998bw/GRB980425 was a typical

GRB viewed away from the jet axis (263, 65, 106, 436, 334, 440). This hypothesis

can been described by two different scenarios based on the ratio of the off-axis

angle, θoa, to the opening angle of the GRB jet, θj . In Case 1, θoa ∼ 3θj so the

jet emission is detected at early time. Here, the γ-rays originate from the edge of

the relativistic jet, causing the inferred (isotropic) energy to be suppressed (168).

In Case 2, θoa is large (� 10 θj) so the jet emission is only detectable at late time

(t ∼ 1 − 10 years) when the jet has reached spherical symmetry. In this case,

the prompt γ-ray emission may be due to Compton scattering of photons into our

line-of-sight (417).

Granot et al. (168) have investigated Case 1, finding the optical and γ-ray

emission to be consistent with an off-axis angle of θoa ≈ 4o (for Γ ≈ 100). This

scenario, however, may have difficulty explaining the X-ray and radio evolution.

Waxman (417) has recently investigated Case 2, predicting a late-time rise in the

observed luminosity which is most easily detectable at radio frequencies (275, 398,

166).

The possibility of Case 2 has given rise to unification models which imply some
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fraction of local Ibc SNe can also be described as GRBs viewed off-axis (417, 218).

While the off-axis jet model provides a convenient framework in which to unite

the GRB and SN phenomena, confirmation of the model requires observational

evidence for a GRB jet within a local SN. In this paper we carry out late-time

radio observations of SN 1998bw in an effort to detect the putative off-axis jet

from GRB980425. We combine this measurement with existing observations for a

sample of nearby Type Ibc SNe to place constraints on the parameters of the off-

axis jet and the fraction of local Ibc SNe which could be associated with relativistic

jets similar to those seen in cosmological GRBs.

1.2 Observations

We observed SN 1998bw with the Australia Telescope Compact Array (ATCA)1

beginning at 2003 December 4 21:00 UT and ending on 2003 December 5 8:30 UT.

Dual frequency observations were made at 1384 and 2368 MHz, using a bandwidth

of 128 MHz and two orthogonal linear polarizations for each frequency band. The

final synthesized beams were 8×14′′ and 5×8′′, at 1384 and 2368 MHz, respectively.

No emission is detected toward SN 1998bw at either frequency but there is

a weak source (209 µJy) detected at 2368 MHz 1.7′′ west and 3.1′′ north of the

SN. This source is too bright to be due to thermal emission from the complex

of HII regions in this area. It is possible that this is the radio counterpart of the

ultraluminous X-ray transient (S1b) recently identified by Kouveliotou et al. (2004)

but it would be 60-times more luminous than the only other known detection (198).

The peak flux density at the position of the SN was 62± 40 and 149 ± 50 µJy for

1384 and 2368 MHz, respectively. These new upper limits, taken 2049.19 d after

GRB980425 exploded (t �5.6 yrs), lie just below the extrapolation of a power-law

decay from 50 to 790 days (Figure 1.1).
1The Australia Telescope is funded by the Commonwealth of Australia for operation as a

National Facility managed by CSIRO.
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1.3 SN 1998bw: Constraining the Off-Axis Jet Model

Waxman (417) has made predictions for the evolution of late-time radio emission

from a typical GRB jet viewed far from the jet axis. As the off-axis jet sweeps up

material and decelerates, it eventually undergoes a dynamical transition to sub-

relativistic expansion (135) and spreads sideways into our line-of-sight. This occurs

on a timescale toa ≈ E51/(Ṁ−5/vw,3) years. Here E51 is the energy of the jet (nor-

malized to 1051 erg), vw is the velocity of the stellar wind, and Ṁ−5/vw,3 is the mass

loss rate of the progenitor star normalized as (Ṁ/10−5 M� yr−1)(vw/103 km/s)

and equivalent to A∗ = 1 in the notation commonly used for GRBs (75). On this

same timescale the radio emission from the SN, which is produced by a spheri-

cal shock interacting with the circumstellar medium, will fade significantly with a

power-law decay index of α ≈ 1.3 − 1.6 (226).

Particle acceleration within the jet produces bright synchrotron emission which

causes a rapid rise of the radio luminosity as the jet comes into our line-of-sight.

Making the typical assumption that the energy is partitioned between the electrons

and the magnetic field, and that these fractions (εe and εB) are constant throughout

the evolution of the jet, the spectral luminosity is given by Waxman (417) as:

Lν = 1.7 × 1030(3εe)(3εB)3/4 × (1.1)

(Ṁ−5/vw,3)9/4

E
1/2
51

( ν

10 GHz

)−1/2
(

t

toa

)−3/2

erg/s/Hz

On timescales t ≤ toa the spectral luminosity of the jet rises steeply as t+3.9 (168)

and during t ≥ toa it decays as t−1.5, assuming an electron spectral index p = 2. As

indicated by Eqn 1, an off-axis GRB jet is most easily detected at radio frequencies.

Late-time radio observations of SN 1998bw can therefore be used to impose

constraints on the parameter space for an associated off-axis GRB jet. In modeling

the evolution of the putative jet emission, we consider four model parameters, E51,

Ṁ−5/vw,3, εe and εB, for which we adopt values comparable to those inferred for
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for cosmological GRBs. The kinetic energy of the jet and the energy fraction in

electrons are fairly well constrained by broadband observations of GRB afterglows,

so we assume typical values for these parameters of E51 = 1 and εe = 0.1 (133,

279, 445). The energy fraction in magnetic fields is significantly less constrained,

however, showing a typical range of values between εB = 0.002 − 0.25 (445). This

range imposes a significant uncertainty in the luminosity of an off-axis jet, through

Eqn 1.

The model is also strongly dependent on the mass loss rate of the progenitor –

generally believed to be a massive Wolf-Rayet (WR) star. Mass loss rates inferred

from broadband modeling of GRBs are typically Ṁ−5/vw,3 ≈ 0.1−1 (75, 280, 445),

yet local WR stars have observed mass loss rates significantly larger, on the order

of Ṁ−5 ≈ 0.6− 9.5 (62). The uncertainty associated with the progenitor mass loss

rate maps to a large range in the predicted peak time and luminosity of an off-axis

jet. Thus the uncertainty in Ṁ−5/vw,3 and εB produces a degeneracy in the model

which we are able to constrain using late-time radio observations of local Ibc SNe.

1.3.1 The εB − Ṁ−5/vw,3 Degeneracy

Figure 1.1 shows the predicted radio luminosity evolution of an off-axis GRB jet

based on Eqn 1 and using values of Ṁ−5/vw,3 = 0.01, 0.1, 1 and 10. This plot

demonstrates how the uncertainty in εB produces a family of lightcurves for each

Ṁ−5/vw,3 value.

The full set of constraints is derived through investigation of the two-dimensional

parameter space of εB − Ṁ−5/vw,3. Figure 1.2 shows how the predicted spectral

luminosity of the putative jet at time, t, maps to a single contour in this parameter

space. By comparing the observed luminosity of SN 1998bw at each epoch with the

jet luminosity predicted for that time, we exclude the region of parameter space

rightward of the corresponding contour since this region produces a jet which is

brighter than the observed SN 1998bw emission at that epoch.

The region of reasonable parameter space for the putative jet is bracketed by

Ṁ−5/vw,3 = 0.04 − 6 as derived from modeling of SN 1998bw radio light curves
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(226, 418)2, and by εB = 0.002 − 0.25 as inferred for most cosmological GRBs.

The summed constraints (from t = 11 to 2049 days) rule out the majority of this

region.

1.4 Local Type Ibc Supernovae: Further Constraints

The search for an off-axis jet can similarly be carried out toward other local (dL <

100 Mpc) Type Ibc SNe for which there are late-time (t ∼ 1−20 year) radio obser-

vations. Eight type Ibc SNe were taken from Berger et al. (26): seven upper limits

(SN2001B, SN 2001ci, SN 2001ef, SN2001ej, SN 2001is, SN 2002J, SN2002bm),

and a detection (SN 2002ap) at t ≈ 0.5 years. We have supplemented this sample

with Very Large Array3 archival observations of SN1983N, SN 1984L, SN 1985F,

SN1990B, SN 1994I, and SN1997X taken at t ≈ 16.7, 2.9, 7.1, 0.8, 8.0 and 2.4

years, respectively. In addition, we include the recent detection of SN 2001em at

t ≈ 2.4 years (381) – the only SN within this sample for which there are no early

time radio observations. The SNe data are plotted in Figure 1.1. With the excep-

tion of SN2001em, all of the late-time observations are significantly fainter than

the Ṁ−5/vw,3 = 1 off-axis jet prediction and nine SNe constrain Ṁ−5/vw,3 ≤ 0.1.

Using the same method applied in §1.3, we derive constraints for these 15

SNe. The resulting contours are plotted with SN 1998bw in Figure 1.3. For SNe

with later observations, the constraints on εB values improve, as demonstrated by

the contours for SN 1994I and SN1983N. The more robust constraints are pro-

vided by the faintest luminosity limits given by the nearest type Ic supernovae,

SN1994I, SN 2002ap, SN 1983N and SN 1985F, all at ∼< 8 Mpc. Additional con-

straints are derived from the SNe for which we detect late-time emission, SN1994I

and SN 2002ap4, since they show evidence that the radio luminosity is decaying
2Li and Chevalier (226) prefer Ṁ−5/vw,3 = 6 for fitting the rise of the radio light curves, while

Waxman (418) prefers Ṁ−5/vw,3 = 0.04 for fitting the X-ray light-curve decay.
3The Very Large Array is a facility of the National Science Foundation operated under coop-

erative agreement by Associated Universities, Inc.
4This rules out the Totani (2003) model for SN2002ap predicting the radio flux to increase

rapidly at t ≈ 0.46 years due to an off-axis jet. However, this prediction assumes Ṁ−5/vw,3 ≈ 0.3
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with respect to earlier lightcurve measurements (see Berger et al. 22) and are thus

inconsistent with rising off-axis jet emission.

The region of reasonable parameter space for an off-axis jet is roughly bracketed

by Ṁ−5/vw,3 = A∗ = 0.1 − 1 and εB = 0.002 − 0.25 as typically inferred from

broadband modeling of cosmological GRBs (280, 75, 445). Figure 1.3 shows that

four of the SNe (1994I, 1985F, 1997X, 1990B) have contours that independently

rule out this entire parameter space while eleven place significant constraints. The

late-time radio emission of SN 2001em is consistent with a typical GRB jet only if

the mass loss rate is Ṁ−5/vw,3 ≈ 1 (for εB ≈ 0.2). Continued radio monitoring of

SN2001em will reveal the origin of the emission, which may simply result from a

late peaking radio SN within a dense circumstellar medium (433).

1.5 Discussion and Conclusions

Late-time observations of SN 1998bw (t �5.6 yrs) have allowed us to test the

hypothesis that GRB 980425 was a standard GRB viewed far away from the jet

axis. Our measured upper limits at 1384 and 2368 MHz are consistent with the

continued power-law decay of the SN emission. These limits imply an off-axis

jet is only plausible if the normalized mass loss rate of the progenitor star is

Ṁ−5/vw,3 ≤ 0.04 (for εB ≥ 0.1). This is ∼ 20 − 200 times smaller than the

observed mass loss rates for local Wolf-Rayet stars (62) and is below the range

typically observed in GRBs. Larger mass loss rates are possible but only if the

energy fraction in magnetic fields is low (i.e., εB ∼< 10−3).

Even tighter constraints are derived for the off-axis jet model when we examine

a larger sample of local Ibc SNe. The low luminosity limits derived for this sample

require values of Ṁ−5/vw,3 ≈ 0.01 − 0.1 or εB ∼< 10−3 which are below values

for typical GRBs. The absence of any late-time radio emission can therefore be

used to put a limit on the fraction of core-collapse SNe that produce collimated,

relativistic outflows. Our results imply that off-axis jets from nearby SNe are rare

whereas lower values could delay the onset of re-brightening.
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(∼<6%) with the possible exception that the radio emission from SN 2001em is due

to a GRB jet.

This conclusion complements the findings of Berger et al. (26) who constrained

the GRB/SN fraction through a radio survey of local Ibc SNe at early time. Berger

et al. (26) used early, bright radio emission as a proxy for relativistic ejecta, as

in the case for SN 1998bw. After studying 33 local SNe with detection limits 103

times fainter than SN1998bw, Berger et al. (26) found no evidence for relativistic

ejecta in any of the SNe observed, thereby constraining the GRB/SN fraction to

∼< 3%.

Taken together, these results support a view that SN1998bw was a rare and

unusually energetic SN – distinct from local SNe and GRBs. In this scenario,

the characteristics of SN 1998bw/GRB 980425 are not dictated by the observer’s

viewing angle, but rather by the properties of its central engine. SN 1998bw was

an engine-driven explosion (226), in which 99.5% of the kinetic energy (∼ 1050

erg) was coupled to mildly (Γ ≈ 2) relativistic ejecta (216), while a mere 0.5% was

detected in the ultra-relativistic (Γ ≈ 100) flow. In contrast, GRBs couple most

of their energy to relativistic γ-rays. The observed diversity of cosmic explosions

(SNe, X-ray flashes, and GRBs) may therefore be explained with a standard energy

yield, but with a varying fraction of that energy given to relativistic ejecta (27).

We thank Edo Berger, Sarah Yost and Eli Waxman for helpful discussions.

AMS is supported by the NSFGRFP.
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Figure 1.1: The radio luminosity evolution of SN 1998bw is shown with late-

time detection limits for 12 nearby Ibc supernovae (triangles) and three late-time

detections for SN 1994I, SN 2002ap and SN 2001em. The four shaded regions

represent an off-axis GRB jet for A∗ = Ṁ−5/vw,3 = (0.01, 0.1, 1, 10) and assuming

a range of values, εB = 0.002 − 0.25. We have assumed typical values of E51 = 1

and εe = 0.1. With the exception of SN 2001em, all of these late-time observations

are significantly fainter than the Ṁ−5/vw,3 = 1 off-axis jet prediction and nine of

the SNe constrain Ṁ−5/vw,3 ≤ 0.1.
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Figure 1.2: Every flux measurement allows us to exclude the region of εB−Ṁ space

rightward of the corresponding contour since this region produces a jet which is

brighter than the observed radio emission at that epoch. The break in each contour

marks the εB and Ṁ−5/vw,3 values that predict a peak jet luminosity equal to

that observed. Above the break, a contour constrains a jet with rising flux, while

below the break it constrains one with decaying emission. The sum of the excluded

regions rules out the area rightward of the thick solid line. The region of reasonable

parameter values for the putative jet is bracketed by Ṁ−5/vw,3 = 0.04−6 as derived

from modeling of SN1998bw radio light curves, and by εB = 0.002−0.25 as inferred

for cosmological GRBs. Our observations of SN 1998bw allow us to rule out the

majority of this region.
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Figure 1.3: Our observations allow us to exclude the region of εB − Ṁ space

rightward of each SN contour since this region produces a jet which is brighter

than the observed limit. The region of reasonable parameter values for an off-axis

jet is roughly bracketed by Ṁ−5/vw,3 = A∗ = 0.1 − 1 and εB = 0.002 − 0.25 as

typically inferred inferred from broadband modeling of cosmological GRBs. Four

of the SNe contours rule out this entire shaded region while eleven place significant

constraints. The recent detection of SN 2001em is consistent with a typical GRB

jet only if the mass loss rate is Ṁ−5/vw,3 ≈ 1 (for εB ≈ 0.2). The low end of the

local distribution of observed Wolf-Rayet mass loss rates is also shown.
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Over the six years since the discovery (290) of the γ-ray burst GRB 980425,

associated (151) with the nearby (distance, ∼ 40 Mpc) supernova 1998bw, as-

tronomers have fiercely debated the nature of this event. Relative to bursts located

at cosmological distances, (redshift, z ∼ 1), GRB 980425 was under-luminous in

γ-rays by three orders of magnitude. Radio calorimetry (216, 226) showed the

explosion was sub-energetic by a factor of 10. Here, we report observations of the

radio and X-ray afterglow of the recent z = 0.105 GRB 031203 (164, 304, 341) and

demonstrate that it too is sub-energetic. Our result, when taken together with the

low γ-ray luminosity (341), suggest that GRB 031203 is the first cosmic analogue

to GRB 980425. We find no evidence that this event was a highly collimated explo-

sion viewed off-axis. Like GRB 980425, GRB 031203 appears to be an intrinsically

sub-energetic γ−burst. Such sub-energetic events have faint afterglows. Inten-

sive follow-up of faint bursts with smooth γ−ray light curves (46, 267) (common

to both GRBs 031203 and 980425) may enable us to reveal their expected large

population.

On 3 December 2003 at 22:01:28 UT, the INTEGRAL satellite detected (164,

341) a seemingly typical long-duration (∆t ≈ 20 sec) γ-ray burst. Within 6 hours,

the Newton X-ray Multiple Mirror (XMM) Observatory detected (335, 415) an X-

ray source with flux (2–10 keV band), FX = 3.95±0.09×10−13 erg cm−2 s−1, fading

gradually ∝ tα with α = −0.4. Using the Very Large Array (VLA), we discovered a

radio source at α(J2000)=08h02m30.18s and δ(J2000)=−39◦51′03.51′′ (±0.1 arcsec

in each axis), well within the 6-arcsecond radius error circle of the XMM source.

A subsequent XMM observation (320) confirmed the gradual decay of the X-ray

source. From our analysis of the XMM data we find the flux ∝ t−0.4 between the

two epochs and the spectral flux density, Fν,X ∝ νβ, is fit by β = −0.81 ± 0.05

with an absorbing column density, NH = 6.2 × 1021 cm−2. Taken together, the

transient X-ray and radio emission are suggestive of afterglow emission.

In addition to monitoring the afterglow in various radio bands (Table 4.1 and

discussion below) we obtained an observation of the source with the Advanced CCD

Imaging Spectrometer (ACIS) instrument aboard the Chandra X-ray Observatory
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(CXO). The CXO observations began on 22 January 2004 at 21:35 UT and lasted

about 22 ksec. We detected a faint source, count rate in the 2–10 keV band of

5.6 × 10−4 s−1, at α(J2000)=08h02m30.159s and δ(J2000)=−39◦51′03.51′′ (±0.18

arcsec in each axis), precisely coincident with the VLA source. Using the XMM

model parameters stated above we obtain FX = 6.4×10−15 erg cm−2 s−1, implying

a faster decline (α = −1±0.1) between the second XMM and Chandra observations.

The primary interest in this burst is that the radio and X-ray afterglow coin-

cides at the sub-arcsecond level (148) with a nearby (z = 0.1055) galaxy (304),

making it the nearest GRB with the exception of the peculiar GRB 980425 (151).

At this redshift, the isotropic γ−ray energy release is 102 times smaller (341) than

that of the nearest classical event GRB 030329 (z = 0.169) (410) and yet a factor

of 102 larger (290, 151) than that of GRB 980425.

The afterglow properties of GRB 031203 also appear to be intermediate be-

tween classical cosmological GRBs and GRB 980425: the isotropic X-ray luminos-

ity of GRB031203 at t ≈ 10 hours is LX = 9×1042 erg cm−2 s−1, nearly 103 times

fainter than that observed (23) for classical GRBs but a factor of 102 brighter

(290) than that of GRB980425. In the centimetre band, the peak luminosity is

Lν,8.5 GHz ≈ 1029 erg s−1 Hz−1, fainter (132) by a factor of 102 than that of most

radio afterglows but comparable (216) to that of GRB980425. Since LX and peak

radio luminosity of an afterglow can be used (280, 23) as rough proxies for the af-

terglow energy, the data suggest that GRBs 031203 and 980425 are sub-energetic

in comparison with classical GRBs.

As a next step, we applied the simplest afterglow model (339, 171) (a spher-

ical relativistic blastwave shocking a constant density circumburst medium and

accelerating relativistic electrons; the afterglow emission arises from synchrotron

emission of shocked electrons) to the afterglow data and we obtain a satisfactory

fit (Figure 2.1). On the timescales best probed by the radio data - days to months

- we see no evidence for a collimated (jet) geometry commonly seen (133) in the

afterglows of cosmological GRBs.

From our modeling we confirm that the blast wave is sub-energetic, find-
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ing an inferred afterglow energy of EAG ≈ 1.7 × 1049 erg. The circumburst

particle density n ≈ 0.6 cm−3, is not atypical of that inferred (280) for other

GRBs. The blastwave is expected to become (417) non-relativistic on a timescale,

tNR ≈ 34(EAG,50/n0)1/3 d, where we adopt the notation q ≡ 10xqx. The ob-

servational signatures (135) of this transition, a steeper decay of the spectral

peak frequency (νm ∝ t−1.5 → t−3) and an increase in the spectral peak flux

(Fνm ∝ t0 → t3/5) are consistent with the data (Figure 2.1).

Here we use EAG to denote the kinetic energy remaining in the blast wave after

the prompt γ−ray energy release. In turn, the γ-ray emission arises from ultra-

relativistic (bulk Lorentz factor, Γ ∼> 100) ejecta within the blastwave. Thus,

a more complete picture of the explosion energy is visualized through a two-

dimensional plot of Eprompt, the beaming-corrected prompt energy release versus

EAG (Figure 2.2).

The two nearest events, GRBs 031203 and 980425, are clearly sub-energetic

outliers in Figure 2.2. Furthermore, we draw the reader’s attention to several ad-

ditional similarities: GRBs 031203 and 980425 (1) show no evidence for jets (216),

(2) possess simple γ-ray light curves (290, 341); and with respect to cosmological

(“classical”) bursts the two events (3) violate (341) the Eprompt−Epeak relation (4)

and (4) are outliers in the luminosity-spectral lag relation (267). This discussion

motivates the question: How are these two events related to cosmological GRBs?

It has been suggested (e.g.,(264)) that all GRB explosions have the same ener-

getics and explosion geometry. In this framework, sub-energetic bursts are simply

events viewed away from the jet axis. Such bursts should have a soft Epeak and

also exhibit a rise in the inferred EAG as shocked ejecta eventually come into our

line of sight. For GRB031203, Epeak > 190 keV (341), comparable to cosmolog-

ical GRBs for which we have observational evidence favoring an on-axis viewing

angle. Moreover, we see no evidence for an increase in EAG during the timescale

of the radio observations (∼ 150 days). Similarly, there is no evidence that EAG is

increasing for GRB980425 despite dedicated radio monitoring (357) of the source

since 1998. With no indication of being off-axis explosions, we presently conclude
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that GRBs 031203 and 980425 are intrinsically sub-energetic events.

Astronomers have had to wait six years to discover a sub-energetic event sim-

ilar to GRB980425, despite a large population (as implied by their proximity).

The bulk of the population has escaped our attention due to their faint γ-ray and

afterglow emission which challenge our current detection limits. The Swift satel-

lite mission, with its higher γ-ray sensitivity (compared to current missions) and

improved localization capability (enabling rapid identification of afterglow coun-

terparts) is expected to revolutionize our understanding of cosmic explosions.
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Table 2.1. Radio Observations of GRB 031203

Epoch ∆t Fν,1.43 Fν,4.86 Fν,8.46 Fν,22.5

(UT) (days) (µJy) (µJy) (µJy) (µJy)

2003 Dec 5.52 1.60 · · · · · · 0.540 ± 0.062 · · ·
2003 Dec 7.52 3.60 · · · · · · 0.249 ± 0.043 · · ·
2003 Dec 8.35 4.43 · · · 0.393 ± 0.060 0.053 ± 0.052 · · ·
2003 Dec 12.38 8.46 · · · · · · 0.280 ± 0.049 · · ·
2003 Dec 15.37 11.45 · · · · · · 0.304 ± 0.042 · · ·
2003 Dec 17.38 13.46 · · · 0.520 ± 0.050 0.448 ± 0.039 0.483 ± 0.083

2003 Dec 21.35 17.43 · · · · · · 0.457 ± 0.041 · · ·
2003 Dec 23.37 19.45 · · · · · · 0.811 ± 0.040 · · ·
2003 Dec 26.40 22.48 · · · 0.583 ± 0.054 0.467 ± 0.046 · · ·
2003 Dec 31.33 27.41 · · · · · · 0.675 ± 0.045 · · ·
2004 Jan 4.33 31.41 · · · 0.728 ± 0.055 0.459 ± 0.047 · · ·
2004 Jan 8.26 35.34 · · · 0.624 ± 0.050 0.308 ± 0.043 · · ·
2004 Jan 12.29 39.37 1.011 ± 0.113 0.598 ± 0.063 0.647 ± 0.045 · · ·
2004 Jan 15.35 42.43 0.689 ± 0.136 0.749 ± 0.063 0.664 ± 0.061 · · ·
2004 Jan 25.24 52.32 0.710 ± 0.082 · · · 0.450 ± 0.044 · · ·
2004 Jan 26.34 53.42 · · · 0.556 ± 0.058 · · · · · ·
2004 Feb 7.24 65.32 0.937 ± 0.112 0.751 ± 0.045 0.533 ± 0.028 0.273 ± 0.066

2004 Feb 15.22 73.30 0.756 ± 0.147 0.576 ± 0.050 0.517 ± 0.042 · · ·
2004 Feb 28.13 86.21 · · · · · · 0.517 ± 0.047 0 ± 0.114

2004 Mar 6.17 93.25 0.631 ± 0.091 0.522 ± 0.058 0.304 ± 0.046 · · ·
2004 Mar 23.13 110.21 0.787 ± 0.169 0.593 ± 0.062 0.432 ± 0.042 · · ·
2004 Apr 19.07 137.15 · · · · · · 0.426 ± 0.037 · · ·

Radio observations made with the Very Large Array (VLA). Observations commenced on 5

December 2003 UT. For all observations we used the standard continuum mode with 2 × 50

MHz bands. At 22.5 GHz we used referenced pointing scans to correct for the systematic

10 − 20 arcsec pointing errors of the VLA antennas. We used the extra-galactic sources 3C147

(J0542+498) and 3C 286 (J1331+305) for flux calibration, while the phase was monitored using

J0828-375. The data were reduced and analyzed using the Astronomical Image Processing

System. The flux density and uncertainty were measured from the resulting maps by fitting a

Gaussian model to the afterglow emission.
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Figure 2.1: The solid lines are models of synchrotron (afterglow) emission from

spherical ejecta expanding into a uniform circumburst medium (171). The mod-

els include a contribution from the host galaxy, which is well-fit by Fhost ≈
0.4(ν/1.4 GHz)−0.6 mJy (dashed lines) and is consistent with the star forma-

tion rate inferred (304) from optical spectroscopy of the host. For our best-fit

model, we find χ2
r = 8.9 (38 degrees of freedom), dominated by interstellar scin-

tillation. The blastwave transitions to the non-relativistic regime at tNR ≈ 23

d. From the derived synchrotron parameters (at t = 1 d): νa ≈ 3.2 × 108 Hz,

νm ≈ 3.6 × 1012 Hz, and Fνa ≈ 0.04 mJy we find an isotropic afterglow energy,

EAG, iso ≈ 1.7×1049 ν
1/4
c,15.5 erg, a circumburst density n ≈ 0.6 ν

3/4
c,15.5 cm−3, and the

fractions of energy in the relativistic electrons (energy distribution N(γ) ∝ γ−p

with p ≈ 2.6) and magnetic field of εe ≈ 0.4 ν
1/4
c,15.5 and εB ≈ 0.2 ν

−5/4
c,15.5, respec-

tively. Here, νc = 3 × 1015 νc,15.5 is the synchrotron cooling frequency which is

roughly constrained by the (non-synchrotron) SN2003lw X-ray emission.



41

Figure 2.2: The energy in the prompt emission, Eprompt, and in the afterglow, EAG,

have been corrected (133, 44, 27) for beaming based on the jet-break time observed

for each burst, except in the cases of GRB 980425 (226, 216), XRF 020903 (360)

and GRB 031203 for which there is no evidence for a collimated outflow. For these

three cases we plot the isotropic values of Eprompt and EAG and use an arrow to

indicate they represent upper limits on both axes. The arcs mark lines of constant

Eprompt + EAG as a guide to the reader. Most cosmological GRBs tend to cluster

(27) around Eprompt + EAG ≈ 2 × 1051 erg while GRBs 031203 and 980425, the

nearest two bursts in the sample, are clearly sub-energetic. With the exception

of SN 1998bw, associated with GRB 980425, there are no local Ibc supernovae

with detected γ-ray emission, however the kinetic energy in the ejecta (excluding

the photospheric energy yield), is generally found (26) to be EAG ∼< 3 × 1048 erg

(bottom left corner). Histograms of EAG and Eprompt are shown in the bottom and

side panels, respectively, for cosmological GRBs and local Ibc SNe. The striped

energy bins show the locations of GRBs 980425 and 031203.
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Over the last decade, long-duration γ-ray bursts (GRBs) including the sub-

class of X-ray flashes (XRFs) have been revealed (151, 216, 243) to be a rare

variety of Type Ibc supernova (SN). While all these events result from the death

of massive stars, the electromagnetic luminosities of GRBs and XRFs exceed those

of ordinary Type Ibc SNe by many orders of magnitude. The essential physical

process that causes a dying star to produce a GRB or XRF, and not just an SN,

remains the crucial open question. Here we present radio and X-ray observations

of XRF 060218 (associated (292) with SN 2006aj), the second nearest (59, 258)

GRB identified to-date, which allow us to measure its total energy and place it

in the larger context of cosmic explosions. We show that this event is 100 times

less energetic but ten times more common than cosmological GRBs. Moreover, it

is distinguished from ordinary Type Ibc SNe by the presence of 1048 erg coupled

to mildly-relativistic ejecta, along with a central engine (an accretion-fed, rapidly

rotating compact source) which produces X-rays for weeks after the explosion.

This suggests that the production of relativistic ejecta is the key physical distinc-

tion between GRBs/XRFs and ordinary SNe, while the nature of the central en-

gine (black hole or magnetar) may distinguish typical bursts from low-luminosity,

spherical events like XRF 060218.

On 2006 February 18.15 UT, the Burst Alert Telescope (BAT), a hard X-ray

detector aboard the Swift satellite, detected (59) an exceedingly long-duration
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(∆t ≈ 2000 sec) transient. Within 153 seconds of the γ-ray trigger, the on-board

X-ray Telescope (XRT) and Ultra-Violet Optical Telescope (UVOT) identified (59)

a counterpart coincident (258) with a dwarf galaxy at z = 0.0335. The XRT and

BAT data show (59) that the event peaked at a photon energy of 4.9 keV, thereby

classifying this transient as an X-ray Flash, XRF 060218. Distinguished (181) by

their soft X-ray dominated spectrum (peak energy, Ep ∼< 25 keV versus 250 keV),

the subclass of XRFs are otherwise similar (see Soderberg et al. 361 and references

therein) to GRBs in their observational properties.

Using the Very Large Array (VLA), we discovered a radio source at α(J2000)=03h21m39.68s

and δ(J2000)=16◦52′01.82′′ (±0.02 arcsec in each axis), coincident with the UVOT

position. Our monitoring of the radio source showed a power-law decay with

α ≈ −0.8 through t ≈ 22 d (Table 4.1), similar to the decay of afterglows seen from

GRBs; here Fν ∝ tα is the spectral flux density. Over the same period the XRT

undertook intensive observations of the source in the X-ray band (0.3–10 keV). We

find the X-ray spectral flux density, Fν,X ∝ νβX , is fit by βX = −2.2± 0.2 with an

absorbing column density, NH = 3.9± 0.4× 1021 cm−2, consistent with previously

reported (59, 98) values.

Separately, we observed the source with the Advanced CCD Imaging Spectrom-

eter (ACIS) instrument aboard the Chandra X-ray Observatory (CXO). These

observations began on 2006 February 26.78 and March 7.55 UT (t ≈ 8.8 and

17.4 days) and lasted about 20 and 30 ks, respectively. The measured count

rates are (1.9 ± 0.3) × 10−3 and (1.3 ± 0.3) × 10−3 s−1, respectively. Using the

XRT model parameters stated above we derive FX = (4.5 ± 1.4) × 10−14 and

(2.8 ± 0.9) × 10−14 erg cm−2 s−1 for the unabsorbed flux values. The XRT-CXO

data spanning the range from a few minutes to 17 d are well fit a simple power-law

decay model with temporal index, αX = −1.1.

XRF 060218 is most interesting because it is nearby, distance d ≈ 145Mpc.

Indeed it is second only to GRB 980425/SN 1998bw (151) at just 36Mpc. Similar

to GRB 980425, XRF 060218 is also associated (292) with a Type Ic supernova

explosion, SN 2006aj. The isotropic prompt energy release (59) Eγ,iso = (6.2 ±
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0.3) × 1049 erg, is at least 100 times fainter than typical GRBs but comparable

to another nearby event, GRB031203 (341, 362) (z = 0.106). Similarly, the radio

and X-ray luminosities are 103 and 102 times fainter than those of cosmological

GRBs, respectively.

Radio observations directly probe the ejecta and environments of stellar ex-

plosions since the blastwave (velocity v) shocks the circumstellar medium and

accelerates relativistic electrons which give rise to radio synchrotron emission. For

radio sources dominated by synchrotron-self absorption, the brightness temper-

ature is TB ∼< 4 × 1010 K. As can be seen from Figure 3.1, at day 5 the radio

emission peaks between 1.4GHz and 4.9GHz. Applying the basic equipartition

analysis (see Kulkarni et al. 216) we find, at this epoch, that the radius of the

radio emitting region is r ≈ 3×1016 cm, the ejecta kinetic energy is EK ≈ 2×1048

erg and the circumburst particle density is n ≈ 5 cm−3. The blast wave thus

expands with a Lorentz factor Γ = (1 − β2)−1/2 ∼ 2.3; here β ≡ v/c.

The early, steady decay of the radio emission indicates (367) that it cannot

be attributed to a collimated jet directed away from our line-of-sight. Moreover,

on a timescale, tNR ≈ 7.3(EK,48/n0)1/3 days, the blastwave becomes (418) sub-

relativistic (Γβ < 1) at which point it effectively assumes spherical geometry, even

if the initial explosion was biconical. Independently, noting the absence of a “jet

break” in the radio light-curve (to 22 d) and applying the standard formulation

(338) we find the opening angle, θj ∼> 1.4 radian. Thus, on several grounds,

the radio data argue for a quasi-spherical ejecta with 1048 erg coupled to mildly-

relativistic material. In addition, our observations at 104 days show no evidence for

a late-time increase in the radio flux, thus constraining the presence of additional

ejecta components (off-axis jets; Figure 3.2) spreading into our line-of-sight.

As can be seen from Figure 3.1 the above synchrotron model is unable to explain

the strong X-ray emission. Attributing the emission to scattering of SN optical

photons by the mildly-relativistic ejecta requires an optical depth, τ ∼ 10−4, too

large to be produced by the shocked electrons which provide τ = nrσT ∼ 10−7;

here σT is the Thomson cross section. We must therefore seek an entirely different
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origin for the observed X-rays.

At day 1, the steep X-ray spectrum roughly connects to the peculiar opti-

cal/UV component (βOX ∼ −2) observed (59) to peak on this timescale. A sim-

ilar steep near-IR spectrum was seen (237) in GRB 031203 at t = 0.4 d. Given

that both GRB031203 and XRF 060218 are (362, 341) sub-energetic events, we

suggest that this mysterious steep component is ubiquitous among sub-energetic

GRBs and speculate that a central engine is the origin of this intense, long-lived

emission. One particularly attractive possibility is a rapidly rotating (period, P )

highly magnetized (field strength, B) neutron star, a magnetar. The spin down

power, Ė = 1045(P/10ms)−4(B/1015 G)2 erg s−1, can explain the peculiar optical

to X-ray integrated luminosity at 1 day while the temporal evolution requires a

braking index lower than three (magnetic dipole). We note that similarly low

braking indices are measured for young Galactic pulsars (e.g., Lyne et al. 232 and

references therein).

Combining the sky coverage and detection thresholds of γ−ray missions, we es-

timate the following sensitivity to the two exemplars of low energy events (GRB 980425

and XRF 060218): 3.8×10−3 (BeppoSAX), 1.2×10−3 (HETE-2) and 3.7×10−3 Gpc3 yr

(Swift). Thus, the true rate of sub-energetic GRBs is 230+490
−190 Gpc−3 yr−1 (90%

confidence range; see Supplementary Information I), about 10 times more abun-

dant than typical bright GRBs (346), for which we use a mean inverse beaming

factor of < f−1
b >∼ 100; here fb ≡ 1−cosθj . Separately, we note that sub-energetic

GRBs could not be strongly beamed or the true rate of such events would exceed

the local (d ∼< 100 Mpc) rate (64, 95) of Type Ibc supernovae, 9+3
−5×103 Gpc−3 yr−1.

Spectroscopy of the nearest GRB-associated supernovae (SNe 1998bw, 2003dh,

2003lw, and now 2006aj) reveals (see Pian et al. 292 and references therein)

remarkably broad absorption lines (indicative of fast ejecta) and may suggest that

all GRB-SNe are broad-lined (BL). Locally, BL events comprise (296) five percent

of SNe Ibc. Thus, the rate of BL events and sub-energetic GRBs are comparable,

suggesting that all BL SNe harbor a long-lived central engine.

Radio observations of an extensive sample of 144 optically-selected local SNe
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Ibc, however, suggest (26, 367) a different picture (Figure 3.2). Not a single SN

(BL or otherwise) shows strong early radio emission comparable to that seen in

SNe 1998bw and 2006aj. Thus, we constrain the volumetric rate of such events to

be ∼< 300 Gpc−3 yr−1 (see Supplementary Information II), consistent with the rate

of sub-energetic GRBs inferred above. Focusing on the BL SNe, less than one in

three are similar to GRBs, indicating that broad lines cannot be used as a reliable

proxy for a central engine.

The commonality between the three nearest events (980425, 060218, 031203) is

their substantial (EK ∼> 1048 erg) mildly-relativistic (Γ ∼> 2) ejecta and a smooth

pulse profile for the prompt emission. These two clues lead us to suggest that the

primary physical distinction between GRBs/XRFs and ordinary supernovae is the

velocity profile of the ejecta. For the latter, hydrodynamic collapse requires that

the ejecta energy is concentrated at low velocities, EK ∝ (Γβ)−5.2. In comparison,

the shallow velocity profiles inferred for GRBs and XRFs indicate that some other

agent (an engine) enables coupling of copious energy to to relativistic material

(Figure 3.3).

We conclude by noting that magnetars constitute (145) about 10% of the Galac-

tic neutron star birth-rate, and thus a similar fraction of SNe Ibc. This rate is

similar to that of the sub-energetic GRBs. Furthermore, magnetars produce long-

lived emission (see Hurley et al. 191 and references therein) and have been sug-

gested (404) previously as candidate GRB progenitors. We therefore speculate

that a magnetar central engine is what distinguishes sub-energetic GRBs from the

cosmological bursts, which are thought to be powered by a black hole.
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Table 3.1. Radio Observations of XRF 060218

Epoch ∆t Fν,1.43 Fν,4.86 Fν,8.46 Fν,15.0 Fν,22.5

(UT) (days) (µJy) (µJy) (µJy) (µJy) (µJy)

2006 Feb 20.02 1.87 — 78 ± 70 453 ± 77 — —

2006 Feb 21.14 3.00 — — 381 ± 60 — 250 ± 52

2006 Feb 21.77† 3.62 — — — 350 ± 350 —

2006 Feb 21.97 3.83 — 287 ± 56 269 ± 40 — —

2006 Feb 22.99 4.85 25 ± 25 328 ± 61 280 ± 47 — —

2006 Feb 25.12 6.97 134 ± 145 80 ± 47 164 ± 39 46 ± 141 —

2006 Feb 26.09 7.94 — 32 ± 32 30 ± 30 — —

2006 Feb 28.10 9.95 — — 39 ± 25 — —

2006 Mar 2.23 12.08 70 ± 70 — — — —

2006 Mar 3.03 12.88 — — 15 ± 15 — —

2006 Mar 6.89 16.74 — — 75 ± 13 — —

2006 Mar 10.01 19.86 — — 48 ± 14 — —

2006 Mar 12.11 21.96 — — 87 ± 39 — —

2006 Mar 15.04 24.91 — — 20 ± 20 — —

2006 Mar 20.86 30.71 — — 32 ± 20 — —

2006 Mar 24.96 34.81 — — 15 ± 18 — —

2006 Mar 26.85 36.70 69 ± 69 5 ± 37 — — —

2006 Mar 31.89 41.74 — — 22 ± 22 — —

2006 Apr 9.84 50.70 — — 25 ± 25 — —

2006 Jun 2.67 104.52 — — 17 ± 21 — —

Radio observations made with the Very Large Array (VLA) and the Ryle Telescope†. We used

the standard continuum mode with 2 × 50 MHz bands (VLA) and 350 MHz bandwidth (Ryle).

At 22.5 GHz we used referenced pointing scans to correct for the systematic 10 −−20 arcsec

pointing errors of the VLA antennas. We used the extra-galactic sources 3C48 (J0137+331) and

3C147 (J0542+498) for flux calibration, while the phase was monitored using J0319+190 (VLA)

and J0326+1521 (Ryle). The data were reduced and analyzed using the Astronomical Image

Processing System. The flux density and uncertainty were measured from the resulting maps by

fitting a Gaussian model to the afterglow emission.
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Figure 3.1: Radio measurements are summarized in Table 4.1. Upper limits are given as 3σ (inverted

triangles). Solid lines are models of synchrotron emission from a spherical shock expanding into a wind-

blown circumstellar medium (n ∝ r−2). At t = 5 d the radio spectrum peaks near 4 GHz due to the

synchrotron self-absorption frequency, νa. We assume that the energy density is partitioned between the

relativistic electrons (energy distribution N(γ) ∝ γ−p with p ≈ 2.1) and magnetic field as εe = εB = 0.1.

We find that EK ≈ 2 × 1048 erg is coupled to ejecta with Γ ≈ 2.3. The expansion, r ∝ tm, appropriate

(71) for a core-collapse SN explosion with a distribution of ejecta velocities, is fit with m ≈ 0.85. We infer

a progenitor mass loss rate of 2× 10−7 M� yr−1 (for wind velocity, vw = 103 km s−1). These parameters

constrain the characteristic synchrotron frequency, νm ≈ 0.3 GHz, and the synchrotron cooling frequency,

νc ≈ 1014 Hz, at t = 5 days and thus νm < νa; consistent with the observed radio spectrum (inset,

solid grey curve). A nearly identical fit is obtained for a trans-relativistic GRB blastwave expanding into

a constant density circumstellar medium (171) for parameters: EK ≈ 1.2 × 1048 erg, n = 102 cm−3,

εe = εB = 0.1, and p = 2.1; in this case the mildly-relativistic ejecta is assumed to expand with a single

bulk Lorentz factor. These values constrain the geometry of the ejecta to be effectively spherical, θj ∼> 1.4.

The X-ray flux (XRT=circles; XMM=encircled dot, scaled to XRT spectral model; CXO=squares) is

significantly brighter than an extrapolation of the above model as evidenced by the unusually flat radio to

X-ray spectral index, βRX ≈ −0.5 (inset, dashed line), and the steep X-ray spectrum βX ≈ −2.2 (inset,

black line), instead of βX ∼ −1.1 for typical GRBs. We suggest that the integrated optical to X-ray

luminosity (1044 erg s−1; 2 − 104 eV) can be attributed to the spin-down power of a magnetar. By day

5, the optical/UV spectrum is dominated by the thermal SN emission (inset).
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Figure 3.2: Since 1999 we have been monitoring the radio emission from optically-selected SNe Ibc

with the Very Large Array. We use radio luminosity as a proxy for mildly-relativistic ejecta to quantify the

fraction of SNe Ibc powered by central engines. Our observations of 144 SNe show that most SNe Ibc do

not produce strong radio emission and therefore show no evidence for a central engine. For comparison,

we include the radio afterglows for nearby (z ∼< 0.25) GRBs 980425 and 030329, and XRF 020903 all

three of which show (216, 27, 361) evidence for an engine-driven explosion. XRF060218 is intermediate

between GRBs and BL SN2002ap, demonstrating that broad lines are not a reliable proxy for strong

radio emission. Radio limits for other local broad-lined SNe (encircled triangles) show that less than one

in three of these events may have a radio luminosity comparable to XRF060218 or GRB980425 (90%

confidence level). In addition, we show two 8.5 GHz model light-curves for a typical GRB viewed away

from the collimation axis. Both models adopt typical GRB parameters (see Soderberg et al. 367 and

references therein) of Γ = 100, EK,iso = 1053 erg, n = 1 cm−3, εe = εB = 0.1, and p = 2.1. In the first

model we assume that the observed γ−ray and radio emission are produced by a GRB jet viewed from an

angle θobs = 2θj ; here θobs is the angle between our line-of-sight and the jet axis. Under this framework,

the observed prompt emission properties (∆t, Ep, Eγ,iso) are related to the intrinsic values through the

quantity D ≡ [Γ(θobs − θj)]
−2. For D ∼ 0.02, the intrinsic properties for XRF 060218 would be typical

for GRBs: ∆t ∼ 40 sec, Ep ∼ 250 keV, Eγ,iso ∼ 1053 erg, and θj ∼ 4◦. The resulting off-axis model

(dotted line) is a factor of 103 brighter than the observed XRF060218 radio light-curve and can therefore

be ruled out. In the second model, we assume that in addition to the quasi-spherical mildly-relativistic

ejecta component producing the observed radio emission, XRF060218 also harbors a strongly collimated

relativistic jet directed significantly away from our line-of-sight. In this scenario, we expect (418, 367) a

late-time radio re-brightening as the jet becomes non-relativistic and spreads sideways into our line-of-

sight. Adopting θj = 4◦ we find that our latest radio limit (104 days; black triangle) rules out an off-axis

GRB with θobs ∼< 60◦ (dash-dot line). We conclude that the XRF060218 ejecta was quasi-spherical and

intrinsically sub-energetic.
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Figure 3.3: Optical data (small dark circles) probe (see Baron et al. 9, Mazzali et al. 250 and

references therein) the slowest ejecta in supernova explosions which typically carry the bulk of the kinetic

energy (EK = 0.3Mejv
2
ej ∼ 1051 erg). On the other hand, radio observations (large light circles) trace

(27, 216, 362, 26, 71) only the fastest ejecta in the explosion. For GRBs 030329 and 031203, Γ ∝ t−3/8; we

adopt the bulk velocity of the relativistic ejecta at day 1 as inferred from radio modeling. For GRB980425,

XRF060218, SN 20020ap and SN 1994I the bulk velocity is roughly constant on the timescale probed by

the radio observations; we adopt the velocity at the radio peak time. Standard hydrodynamic collapse

results (388) in a kinetic energy profile, EK ∝ (Γβ)−5.2 (grey line), and thus a negligible fraction of the

kinetic energy may be coupled to mildly-relativistic ejecta, consistent with the radio observations of local

Ibc SNe 1994I and 2002ap. In the case of typical GRBs (e.g., GRB030329), however, the kinetic energy

of the mildly-relativistic ejecta is nearly comparable to that of the slower material indicating the presence

of a central engine. Since the origin of the relativistic flow is separate from the SN, there is probably not

a continuous distribution of matter between the two data points but rather distinct ejecta components.

Sub-energetic bursts such as XRF 060218 are intermediate between these two classes and may indicate

that their central engines are different than those of typical GRBs. We conclude that the minimum criteria

for producing GRBs and XRFs is a mildly-relativistic (Γ ∼> 2), quasi-spherical ejecta carrying at least 1048

erg.
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SUPPLEMENTARY INFORMATION

I. Estimates for the Rate of Sub-energetic GRBs: To estimate the rate

of sub-energetic events similar to GRB 980425 (d = 36.1 Mpc) and XRF 060218

(d = 145 Mpc), we consider only the satellite instruments with precise localiza-

tion capability: BeppoSAX Wide Field Cameras (WFC), High Energy Transient

Explorer 2 (HETE-2) Wide Field X-ray Monitor (WXM), and Swift Burst Alert

Telescope (BAT). Inclusion of INTEGRAL would not significantly affect our re-

sults due to its low GRB detection rate. For these three instruments we adopt the

detection threshold curves calculated by Band (2003, ApJ, 588, 945; 2006, ApJ,

644, 378) in units of peak photon flux per second (Fpeak; 1-1000 keV) as a function

of the νFν spectral peak energy, Epeak. We assume the shape of the prompt emis-

sion spectrum is fit by a broken power-law (Band et al. 1993, ApJ, 413, 281) such

that Fν ∝ να (Fν ∝ νβ) for hν < Epeak (hν > Epeak). Using the observed spectral

parameters (Fpeak, Epeak, α, β) we calculate the sensitivity of each instrument to

each of the two events.

For GRB 980425, Fpeak ≈ 3 × 10−7 erg cm−2 s−1 (24-1820 keV; Galama et al.

1998, Nature, 395, 670) Epeak ≈ 160 keV, α ≈ −0.27 and β ≈ −2 (Jimenez, Band

& Piran 2001, ApJ, 561, 171). Extrapolating to the 1-1000 keV band, we find that

the peak photon flux is Fp ≈ 8.4 ph cm−2 s−1 and thus the event could be detected

to 120 (WFC), 60 (WXM) and 130 (BAT) Mpc.

For XRF 060218, Fpeak ≈ 5 × 10−8 erg cm−2 s−1 (15-150 keV; Campana et

al. 2006, Nature, submitted) Epeak ≈ 4.9 keV, β ≈ −1.5 and α is not con-

strained (15-150 keV; Campana et al. 2006, Nature, submitted). We estimate

Fp ≈ 1.9 ph cm−2 s−1 and therefore XRF 060218 could be detected to 220 (WFC),

110 (WXM) and 180 (BAT) Mpc. We note that unlike other missions, the BAT

detection threshold is significantly lower (factor of ∼ 3) for unusually long duration

events such as XRF 060218.

Next we estimate the effective monitoring time, Tm of each of the missions

assuming their sky coverage, S and operation time, T . For the two Wide Field

Cameras S = 2 × 0.123 = 0.246 sr (Band, 2003, ApJ, 588, 945) and T = 4 yrs,
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and for WXM S = 0.806 sr and T = 3 yrs (Guetta et al., 2004, ApJ, 615, L73).

For BAT, S = 2 sr and T = 1 yr (S. Barthelmy, private communication). Thus

we find monitoring times, Tm = (T/4π)S, of 0.08 (WFC), 0.19 (WXM), and 0.16

(BAT) yrs. We estimate the sensitivity of these instruments to each of the events

as Tm ×V ; here V is the volume to which each event could be detected. Adopting

the larger of the two sensitivities for each instrument we find 3.8 × 10−3 (WFC),

1.2× 10−3 (WXM) and 3.7× 10−3 (BAT) Gpc3 yr. Summing the sensitivities, we

find that the rate of sub-energetic events is 230+490
−190 Gpc−3 yr−1 where the errors

are dominated by the 90% Poisson statistics for two detections (Gehrels, 1986,

ApJ, 303, 336).

II. Estimates for the rate of Type Ibc supernovae like GRB 980425 and

XRF060218: To estimate the rate of SNe Ibc with strong, early radio emission

comparable to that observed for sub-energetic bursts we only consider the 75 events

(out of 144 optically-selected local SNe Ibc) with 3σ upper limits fainter than

the observed GRB 980425 and XRF 060218 light-curves at that same epoch. We

then assume various values for the true fraction of SNe Ibc with radio emission

comparable (or higher) to that of XRF 060218 and GRB980425 and determine the

probability of finding null-detections for all 75 events for each assumed fraction.

Larger fractions are ruled out with higher confidence. At 90% confidence, we

rule out the scenario where ∼> 3% of SNe Ibc are as radio bright as XRF 060218

and GRB 980425. Adopting the local rate of SNe Ibc, 9+3
−5 × 10q3 Gpc−3 yr−1, as

measured by Cappellaro et al. (1999, Astr. Astrophysics, 351, 459) and Dahlen

et al. (2004, ApJ, 613, 189), we conclude that the volumetric rate of events like

GRB980425 and XRF 060218 is less than 3% of the local SNe Ibc sample, or

∼< 300 Gpc−3 yr−1.

Repeating this analysis for the subset of broad-lined SNe Ibc, we find that at

90% confidence we can rule out the scenario where ∼> 30% of local, optically selected

BL SNe Ibc produce radio emission similar to that observed for GRB 980425 and

XRF 060218.
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The Nature of X-ray Flashes
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Abstract

We report the discovery of optical and radio afterglow emission from the extremely

soft X-ray flash, XRF 020903. Our spectroscopic observations provide the first

redshift for an X-ray flash, thereby setting the distance scale for these events. At
†A version of this chapter was published in The Astrophysical Journal, vol. 606, 994–999,

(2004). Reproduced by permission of the AAS.
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z = 0.251, XRF 020903 is one of the nearest cosmic explosions ever detected,

second only to the recent GRB 030329 and the unusual GRB 980425/SN 1998bw.

Moreover, XRF 020903 is the first X-ray flash for which we detect an optical

afterglow. The luminosity of the radio afterglow of XRF 020903 is 1000 times

greater than that of Ibc supernovae but similar to those of GRB afterglows. From

broadband afterglow modeling we show that the explosion energy of XRF 020903

is not dissimilar from values inferred for typical gamma-ray bursts, suggesting that

these cosmological explosions may derive from a similar mechanism.

1.1 Introduction

Prior to the detection of afterglows, gamma-ray bursts (GRBs) were enshrouded

in mystery for nearly thirty years. Great progress in our understanding of these

energetic events came with the first redshift measurement which placed GRBs at

cosmological distances (256). In a similar fashion, the mystery of X-ray flashes

(XRFs) has been fueled by the absence of confirmed redshifts. These events,

identified in the 1990s by BeppoSAX, are characterized by a peak energy in νFν of

Epeak ∼ 25 keV (compared to Epeak ∼ 250 keV for GRBs). With a distribution of

durations similar to those observed for GRBs, it has been assumed that XRFs are

associated with GRBs and therefore share their extragalactic distance scale (181).

The subsequent discovery of XRF X-ray and radio afterglows with properties

similar to those observed in GRB afterglows has further strengthened this associa-

tion (177, 3, 390). Still, the question of whether the difference between GRBs and

XRFs is intrinsic or extrinsic remains unanswered. Assuming XRFs are simply

GRBs observed away from the jet collimation axis, they would have less γ-ray

emission and the difference is extrinsic, based solely on the line-of-sight to the

observer. On the other hand, the difference could be intrinsic, namely XRFs may

represent a class of explosions which are similar in energetics to GRBs yet char-

acterized by less relativistic ejecta possibly due to a heavier baryonic load. It is

clear that by setting the distance scale for XRFs (and hence their energy scale) we
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can begin to distinguish between extrinsic and intrinsic effects.

In this paper we present the first spectroscopic redshift for an X-ray flash, XRF

020903, placing this event among the nearest high-energy explosions and offering

confirmation that X-ray flashes are cosmological and produce a total energy output

similar to that observed in GRBs.

1.2 Observations

On 2002 September 3.421 UT the Wide-Field X-ray Monitor (WXM) and Soft

X-ray Camera (SXC) aboard the High Energy Transient Explorer-2 (HETE-2)

detected an X-ray flash within the 0.5–10 keV energy band. With an exceptionally

low peak energy of Epeak ∼ 5 keV and a fluence of 7.2 × 10−8 erg cm−2, XRF

020903 is the softest event ever detected by HETE-2 with a ratio of X-ray fluence

(SX) to γ-ray fluence (Sγ) of log(SX/Sγ) = 4.3 (329). Ground analysis provided

a localization for XRF 020903 centered at α(J2000) = 22h49m01s, δ(J2000) =

−20o55′47′′ with a 4′ × 31′ uncertainty region at ∆t ≈ 0.3 days (318).

1.2.1 Ground-based Photometry

We began observing the field of XRF 020903 on 2002 September 4.32 UT (∆t ≈
0.9 days) with the Palomar Observatory 200-inch telescope (P200) equipped with

the Large Field Camera (LFC). With a total exposure time of 20 minutes under

photometric conditions (stellar FWHM ∼ 1.2′′) the observations reached a limiting

magnitude of R ∼ 23 mag. Visual comparison with Digitized Sky Survey archival

images did not reveal an afterglow candidate.

A second epoch was obtained on September 10.30 UT (∆t ≈7 days) using the

same observational set-up and in similar observing conditions. Image subtrac-

tion between the first and second epochs revealed one variable object within the

HETE-2 error region (Figure 1.1) located at α(J2000) = 22h48m42.34s, δ(J2000)−
20o46′09.3′′ and lying ∼ 4 arcsec NW of a bright elliptical galaxy (hereafter G2;

Soderberg et al. 371).
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With an approximate magnitude of R ≈ 19 at ∆t ≈ 1 day, the new object

decreased in brightness by 1.4 magnitudes between the two epochs, implying a

temporal flux decay index of α ≈ −1. As the source proved consistent with a

typical GRB afterglow evolution, the optical transient was adopted as a suitable

candidate for the optical afterglow of XRF 020903.

We observed the afterglow position on three additional epochs with the P200

and the MDM Observatory 1.3 meter telescope (Table 1.1 and Figure 1.2). These,

along with Digitized Sky Survey archival images, reveal the presence of an extended

source with R ∼ 21 mag coincident with the position of the transient and thereby

suggestive of a host galaxy (hereafter G1).

Due to the underlying extended source and the proximity of the transient to

G2, accurate magnitude estimates relied on careful PSF photometry of the field.

Absolute calibration of field stars was supplied by Henden (182). We used 12

unsaturated field stars in common between the Palomar and Henden images to fully

calibrate observations of the variable source. We note that although the transient

decreased in brightness quickly between the first two epochs, later epochs (∆t ≈
30− 40 days) appear to indicate a plateau in the light curve which was confirmed

by other observers (163) and may originate from unresolved flux contamination

from G1.

1.2.2 Ground-based Spectroscopy

Initial spectroscopy of the transient was performed on 2002 September 28.1 UT

with the Magellan Baade Telescope using the Low Dispersion Survey Spectrograph

(LDSS2). A position angle of 168 degrees was used such that spectral information

on G1 and G2 was obtained simultaneously. Despite the positional coincidence of

G2 and G1, it was found that the systems are not physically associated, separated

by 3900 km/s in velocity space (371). In this epoch, the transient source was still

significantly bright.

Further spectroscopic observations were made of the putative host (G1) with

the Echelle Spectrograph & Imager (ESI) mounted on the Keck II telescope on
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2003 July 4 UT (∆t ≈ 300 days). These observations do not include any flux

from the transient source. During a total exposure time of 1 hour, we obtained a

spectrum of G1 and G2 with a slit width of 0.75 arcsec.

We find that G2 is a large elliptical galaxy with at least one interacting galaxy

companion, G3, located < 1” to the NE (see Figure 1.4). Observations of G2

exhibit a relatively smooth continuum with features typical of an elliptical galaxy.

The Ca II H and K absorption lines give a redshift of z = 0.235, while G3 is offset

by only 240 km/s at a redshift of z = 0.236.

In contrast, G1 is shown to be an active star-forming galaxy at z=0.251 with

a rich set of narrow bright emission lines (Figure 2). The [OIII]/Hβ and [NII]/Hα

intensity ratios indicate that the galaxy is a low-metallicity and high-excitation

starburst galaxy. In addition, the flux ratio of the [NeIII] and [OII] lines is

F 3869/F 3727 ≈ 0.43, similar to the observed value for the host galaxy of GRB

970508 (41) and approximately 10 times higher than typical values for H II re-

gions. The bright [NeIII] emission lines observed in GRB hosts are thought to

be indicative of a substantial population of massive stars. On the other hand,

Chornock and Filippenko (76) note that a spectrum of G1 taken with the Low

Resolution Imaging Spectrometer (LRIS) on the Keck I telescope reveals a deficit

of emission at rest wavelengths < 4000 Å which is consistent with a population of

older stars.

1.2.3 Hubble Space Telescope

The afterglow candidate was observed with the Hubble Space Telescope (HST)

using the Advanced Camera for Surveys (ACS) under Program No. 9405 (P.I.: A.

Fruchter). Three epochs of imaging were obtained from ∆t ∼ 94 to ∼ 300 days

with exposure times of 1840 sec in the F606W filter. Following “On-The-Fly” pre-

processing the data were drizzled using standard IRAF tools (STSDAS; Fruchter

and Hook 141). In drizzling our final images, we retained the native WFC pixel

scale of 0.05” and used a pixfrac of 1.0. The HST images reveal a complex galaxy

morphology for G1, suggesting a system of at least four interacting galaxies (see
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Figure 1.4).

To locate the optical transient with respect to the host galaxy complex, we per-

formed a source to source comparison of our first-epoch Palomar (2002 September

4) and HST (2002 December 3) images. We found 42 unsaturated, unconfused

sources in common between these two images, and were able to match the two

coordinate lists with an rms mapping uncertainty of 0.06 arcsec. We derived the

position of the transient from the difference image of the 2002 September 4 and

September 10 data. Since the optical transient is well-detected in the difference

image, the uncertainty in its centroid position is negligible. The uncertainty in the

coordinate mapping thus dominates the uncertainty in the position of the source

relative to the host galaxy complex. The optical transient appears to overlap with

the SW component of the G1 complex (Figure 1.4).

1.2.4 Radio Observations of XRF 020903

Very Large Array Data

We began observations of the field of XRF 020903 with the Very Large Array

(VLA1) on 2002 September 27.22 UT. A radio source was detected in coincidence

with the optical transient at a location of α(J2000) = 22h48m42.34s, δ(J2000) =

−20o46′08.9′′ with an uncertainty of 0.1 arcsec in each coordinate. The initial

observation showed the radio source to have a flux density of Fν = 1.06 ± 0.02

mJy at 8.5 GHz. The National Radio Astronomy Observatory VLA Sky Survey

(NVSS; Condon et al. 89) did not show any evidence for a pre-existing source

at this location down to a limit of 1 mJy. Further observations at 8.5 GHz on

September 29.11 (∆t ≈ 26 days) showed that the source faded to Fν = 0.75± 0.04

mJy. We continued monitoring the transient source with the VLA over the next

≈ 370 days at frequencies of 1.5, 4.9, 8.5, and 22.5 GHz. The lightcurve is displayed

in Figure 1.5.
1The VLA is operated by the National Radio Astronomy Observatory, a facility of the National

Science Foundation operated under cooperative agreement by Associated Universities, Inc.
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Very Long Baseline Array Data

The relatively low redshift and strong radio emission of the transient source made

it an ideal candidate for Very Long Baseline Array (VLBA) observations. On

September 30.23 UT (∆t ≈ 27 days) we observed the radio transient for a to-

tal duration of 6 hours at 8.5 GHz. Using sources J2253+1608 and J2148+0657

we were able to flux calibrate the field and we phase referenced against source

J2256-2011 at a distance of < 2 degrees. Data were reduced and processed

using standard VLBA packages within the Astronomical Image Processing Sys-

tem (AIPS). We detected the radio transient with a flux of 0.89 ± 0.17 mJy at

a position coincident with the VLA and optical observations at a location of

α(J2000) = 22h48m42.33912s±0.00003, δ(J2000) = −20o46′08.945′′±0.0005. This

is our most accurate position measurement for the transient object. The source

is unresolved within our VLBA beam size of 1.93 × 1.73 mas. Furthermore, the

consistency between the flux measured with VLBA and low resolution VLA ob-

servations rules out the presence of diffuse components (e.g.,jets).

1.3 The Afterglow of XRF 020903

The large error box and the proximity of the optical transient to G2 and G3

delayed rapid identification of the transient (302, 285, 403, 140). As a result

there was little optical followup of the transient at early times (see Table 1.1).

At later times, the transient is rapidly dominated by the emission from G1. An

additional complication was introduced by Gal-Yam (146) who, based on archival

photographic plates from 1954 and 1977, proposed that G1 hosted a variable active

galactic nucleus (AGN).

In contrast to the above discussion, the extensive radio light curve (Figure 1.5)

provides strong evidence that the transient is the afterglow of XRF 020903. The

radio light curve is similar to the afterglow of GRBs (132). At 4.9 GHz, the source

was observed to rise to a peak flux at ∆t ≈ 29 days and subsequently decay with a

characteristic index of α ≈ −1.1. A steeper decline of Fν ∝ t−1.5 was observed at
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8.5 GHz where the peak flux precedes the first observational epoch. We note that

the dynamic range of the radio afterglow emission clearly distinguishes the source

from a radio bright AGN.

The afterglow interpretation is consistent with the optical spectroscopic obser-

vations of G1, namely the absence of broad lines or features typical of AGN, as

well as the absence of any jet structure in the VLBA images of the radio transient.

We proceed, accepting the notion that the optical/radio transient is the afterglow

of XRF 020903.

1.4 Energetics

At a redshift of z = 0.251, the X-ray fluence implies an isotropic equivalent energy

Eiso ≈ 1.1 × 1049 erg. This value is 3 to 6 orders of magnitude lower than the

isotropic energies of gamma-ray bursts (133). Since there is no evidence for a

jet break in the afterglow observations, the data are consistent with a wide jet

or a spherical explosion. This, along with the early decline of the optical flux

(Fν ∝ t−1.3 at ∆t ≈ 1 d; Figure 1.2) rules out the possibility that the inferred low

energy is due to a viewing angle significantly away from the jet axis. In such a

scenario, the optical flux would rise until the edge of the jet enters the observer’s

line of sight, peaking at ∆t ≥ tjet, where tjet is the observed time of the jet break

(e.g., Granot et al. 168).

Figure 1.6 shows that although the energy in the prompt emission of XRF

020903 is significantly lower than that observed for typical GRBs, the peak lu-

minosity of the radio afterglow is comparable to that found in GRB afterglows.

This indicates that XRF 020903 has a similar kinetic energy to GRB afterglows.

To study this in more detail we used standard broadband afterglow models with

spherical and collimated ejecta expanding into circumburst media with uniform

density and wind density profile, ρ ∝ r−2 (e.g. Berger et al. 29). We find that

independent of the assumed model, the total kinetic energy is E ∼ 4 × 1050 erg

with reasonable values for the circumburst density and energy fractions (electron
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and magnetic field) of n ≈ 100 cm−3, εe ≈ 0.6 and εB ≈ 0.01, respectively. Thus

we confirm the afterglow energy is similar to values found for GRB afterglows

(280, 23).

Recent evidence suggests a standard total energy yield (1051 erg) for all GRBs

(27), where the total energy yield (Etot) is defined as the sum of the energy in

the prompt emission (Eγ) plus the mildly relativistic energy as inferred from the

afterglow (Erad). Clearly, for XRF 020903 the explosion energy is dominated by

the mildly relativistic afterglow, while a minor fraction of energy couples to the

high Lorentz factors characterizing the prompt emission.

Figure 1.6 also compares the radio luminosity of XRF 020903 with other spher-

ical explosions - Type Ibc supernovae. With a radio luminosity ∼ 1000 times

greater than typical Ibc SNe, it is clear that XRF 020903 is a significantly more

energetic explosion. This suggests that despite their similar explosion geometries,

XRF 020903 and type Ibc supernovae are intrinsically different - possibly due to

the presense of a central engine (26).

1.5 Conclusions

We present radio and optical observations of the afterglow of XRF 020903 - the

first X-ray flash to have a detected optical afterglow and a spectroscopic distance

determination. At a redshift of z = 0.251, this burst has set the distance scale

for XRFs and confirmed the assumption that they are cosmological in origin. The

host galaxy of XRF 020903 appears to be a typical star-forming galaxy similar to

those of GRB host galaxies.

The isotropic energy release of the prompt (X-ray) emission of XRF 020903 is

at least two orders of magnitude smaller than those of GRBs. However, from our

broadband modeling of the afterglow we determine that the total kinetic energy is

about 1050 erg, not dissimilar to those inferred for GRBs (280, 23). In comparison

with a larger sample of cosmic explosions, XRF 020903 is a clear example where

less energy is coupled to high Lorentz factors. This source highlights the diversity
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in high-energy transients and underscores the importance of studying spherical

explosions.
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Table 1.1. Optical Observations of the Afterglow of XRF 020903.

Date ∆t Telescope R

(UT) (days) (mag)

2002 Sep 4.32 0.9 Palomar 200” 19.23±0.10

2002 Sep 10.30 6.9 Palomar 200” 20.60±0.10

2002 Sep 28.25 24.8 MDM 1.3 m 20.80±0.2

2002 Oct 7.17 33.8 Palomar 200” 20.73±0.17

2003 Jul 2.47 302.1 Palomar 200” 21.00±0.45

Residual

30 arcsec

2002 Sep 4.32 UT 2002 Sep 10.30 UT

OT + G1

G2 + G3

N

Figure 1.1: The field of XRF 020903 was observed with the Palomar 200-inch tele-

scope equipped with the Large Field Camera on 2002 September 4.32 and Septem-

ber 10.30 UT. Image subtraction techniques revealed one variable object within

the HETE-2 error-box lying ∼ 4 arcsec NW of a bright elliptical galaxy (G2).

The residual image clearly indicates a transient stellar source which decreased in

brightness by 1.4 magnitudes between the two epochs.
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Table 1.2. Radio Observations of the Afterglow of XRF 020903.

Date ∆t 1.5 GHz 4.9 GHz 8.5 GHz 22.5 GHz

(UT) (days) (µJy) (µJy) (µJy) (µJy)

2002 Sep 27.22 23.8 ... ... 1058±19 ...

2002 Sep 29.11 25.7 197±70 552±42 746±37 590±125

2002 Sep 30.23a 26.8 ... ... 892±166 ...

2002 Oct 2.06 28.6 210±91 788±45 765±41 0±270

2002 Oct 10.13 36.7 294±91 832±47 640±40 ...

2002 Nov 13.02 74.0 175±56 380±38 190±30 ...

2003 Mar 3.71 181.3 ... 215±59 ... ...

2003 Mar 7.72 185.3 ... 112±45 ... ...

2003 Mar 14.74 192.3 ... 127±32 ... ...

2003 Mar 17.69 195.3 ... 103±40 ... ...

2003 Sep 15.22 376.8 43±66 21±34 ... ...

aVLBA observation
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Figure 1.2: Data were obtained from the Palomar 200-inch and MDM 1.3-meter

telescopes. The solid line is our best fit to the broadband data, including the

afterglow component with a temporal decay of α ≈ −1.3 (dashed line) and the

host galaxy (G1) contribution of R ∼ 20.8 mag. The early decline rules out the

possibility that the viewing angle is significantly away from the jet axis (see Granot

et al. 168).
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Figure 1.3: On 2003 July 4 UT we obtained spectroscopic observations of the puta-

tive host galaxy (G1) underlying the optical transient source associated with XRF

020903. Data were taken with the Echelle Spectroscopic Imager (ESI) mounted

on the Keck II telescope. The source is shown to be an active star-forming galaxy

at z=0.251 with a rich set of narrow bright emission lines.
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OT

Figure 1.4: The transient discovered within the error-box of XRF 020903 was

observed with the Hubble Space Telescope (HST) using the Advanced Camera for

Surveys (ACS) on 2002 December 3 UT. The HST image reveals a complicated

galaxy morphology for G1, suggesting a system of at least four interacting galaxies.

The location of the optical transient is noted on the 7 × 7′′ HST cutout with a

circle which represents a 2σ positional uncertainty of 0.12”. Nearby galaxies G2

and G3 are labeled accordingly on the HST image. The optical transient appears

to overlap with the SW component of the G1 complex.
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Figure 1.5: We observed the field of XRF 020903 with the Very Large Array

over the period ∆t ≈ 25− 370 days. A bright radio counterpart was detected at a

position coincident with the optical transient. We continued monitoring the source

with the VLA over the next ≈ 300 days at frequencies of 1.5, 4.9, 8.5, and 22.5

GHz. Assuming the transient source is the radio afterglow component associated

with XRF 020903, we overplot the best fit broadband model (solid line) which

predicts a total kinetic energy of 4× 1050 erg in the afterglow. Allowing for a host

galaxy emission component, we find a better fit assuming a host galaxy flux of

F1.4GHz ≈ 80µJy (dashed line). The implied star-formation rate from the host is

5 M�yr−1 following the conversion from Yun and Carilli (446). The 8.5 GHz data

point marked by the open diamond symbol denotes the VLBA observation of the

unresolved transient source (beam size=1.93 × 1.73 mas).
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Figure 1.6: The histogram above compares the peak radio luminosity for various

cosmic explosions, including type Ib/c supernovae (spherical ejecta geometry) as

well as typical long-duration GRBs (collimated ejecta geometry). Although the

energy in the prompt emission of XRF 020903 is 102 − 103 times lower than that

observed for typical GRBs, the total kinetic energy in the afterglow of XRF 020903

is comparable to that found in typical GRBs afterglows. In comparison with a

larger sample of cosmic explosions, XRF 020903 is a clear example where there is

less energy coupled to high Lorentz factors.
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Abstract

We present detailed optical, near-infrared, and radio observations of the X-ray

flash 050416a obtained with Palomar and Siding Springs Observatories as well as

the Hubble Space Telescope and Very Large Array, placing this event among the

best-studied X-ray flashes to date. In addition, we present an optical spectrum

from Keck LRIS from which we measure the redshift of the burst, z = 0.6528. At

this redshift the isotropic-equivalent prompt energy release was about 1051 erg, and

using a standard afterglow synchrotron model we find that the blastwave kinetic

energy is a factor of 10 larger, EK,iso ≈ 1052 erg. The lack of an observed jet

break to t ∼ 20 days indicates that the opening angle is θj ∼> 7◦ and the total

beaming-corrected relativistic energy is ∼> 1050 erg. We further show that the

burst produced a strong radio flare at t ∼ 40 days accompanied by an observed

flattening in the X-ray band which we attribute to an abrupt circumburst density

jump or an episode of energy injection (either from a refreshed shock or off-axis
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ejecta). Late-time observations with the Hubble Space Telescope show evidence for

an associated supernova with peak optical luminosity roughly comparable to that

of SN 1998bw. Next, we show that the host galaxy of XRF 050416a is actively

forming stars at a rate of at least 2 M� yr−1 with a luminosity of LB ≈ 0.5L∗ and

metallicity of Z ∼ 0.2− 0.8 Z�. Finally, we discuss the nature of XRF 050416a in

the context of short-hard gamma-ray bursts and under the framework of off-axis

and dirty fireball models for X-ray flashes.

2.1 Introduction

Nearly a decade ago, X-ray flashes (XRFs) were observationally recognized as a

subclass within the sample of gamma-ray bursts (GRBs) detected by the Bep-

poSAX Wide-Field Cameras (180). The events are distinguished by a prompt

spectrum that peaks in the soft X-ray range (Ep ∼< 25 keV), a factor of ∼ 10 be-

low the typical values observed for GRBs (8). Since then, it has been shown that

XRFs and GRBs share many observational properties, including prompt emission

durations (332), redshifts (361), broadband afterglows (e.g., XRF 050406, Romano

et al. 321, Schady et al. 342), and host galaxy properties (43, 196, 308). Moreover,

the recent discovery of Type Ic supernovae (SNe) in association with XRFs 020903

(363, 31) and 060218 (292, 258, 259) indicate that XRFs, like GRBs, are produced

in massive stellar explosions. Together, these clues strongly suggest that XRFs

and GRBs share similar progenitors.

Driven by this progress, several theories have been proposed to explain the

soft prompt emission observed for XRFs under the framework of a standard GRB

model. One popular idea posits that XRFs are merely typical GRBs viewed away

from the collimation axis (e.g., Yamazaki et al. 441). In this scenario the prompt

emission is primarily beamed away from our line-of-sight, resulting in lower fluence

and Ep values for the observed burst. An important implication of the off-axis

model is that the early afterglow evolution should be characterized by a rising phase

as the jet decelerates and spreads sideways into our line-of-sight (168, 418, 367).
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Another theory suggests that XRFs are intrinsically different from GRBs in

their ability to couple energy to highly-relativistic material. In this scenario, XRFs

are produced in explosions characterized by lower bulk Lorentz factors, 10 ∼< Γ ∼<
100, than those inferred for typical GRBs, Γ ∼> 100 (450). This may be the

result of baryon loading of the high-velocity ejecta, a so-called “dirty fireball”

(102). Generally speaking, low Lorentz factor explosions may be identified through

an analysis of their prompt emission since an optically thin spectrum at high

energies implies a lower limit on the Lorentz factor (230). In the case of X-ray

flashes, however, there are generally insufficient high-energy photons for this type

of analysis. For these events, detailed modeling of the broadband afterglow may

be used to place a lower limit on the Lorentz factor.

Here we present an extensive, multi-frequency data set for XRF 050416a at

z = 0.6528 which extends to t ∼ 220 days after the burst. By combining near-

infrared, optical, ultra-violet, radio, and X-ray data we present an in-depth analysis

of the afterglow, energetics, supernova and host galaxy of XRF 050416a, placing it

among the best-studied X-ray flashes to date. Moreover, thanks to our dedicated

late-time monitoring campaign, we show that XRF 050416a produced a strong

radio flare at t ∼ 40 days accompanied by a brief plateau phase in the X-ray band.

Finally, we discuss the nature of XRF 050416a in the context of off-axis and dirty

fireball models for X-ray flashes.

2.2 Observations

XRF 050416a was discovered by the Swift Burst Alert Telescope (BAT) on 2005

April 16.4616 UT. The ratio of 15−−25 keV and 25−−50 keV channel fluences,

f15−25 keV/f25−50 keV ≈ 1.1, classifies the event as an X-ray flash (327). This is

consistent with the low peak photon energy, Ep = 15.0+2.3
−2.7 keV (327); a factor

of ∼ 10 lower than the typical values observed for long-duration GRBs (8) and a

factor of ∼ 3 larger than the values inferred for XRFs 020903 and 060218 (330, 59)

As discussed by Sakamoto et al. (327), the prompt emission light-curve is char-
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acterized by a relatively smooth, triangular peak which is only detected at energies

below 50 keV. The burst duration is T90 ≈ 2.4 sec (15–150 keV), placing it be-

tween the classes of short- and long-duration GRBs while the hardness ratio shows

a clear softening. In addition, Sakamoto et al. (327) note two intriguing features

of the data: (1) the rise time of the pulse is longer than the decay time, and

(2) the cross-correlation lag function (an indication of the spectral softening) is

−0.066+0.014
−0.018 sec, apparently inconsistent with the overall softening trend observed

for the light-curves. This lag function estimate is significantly different than the

typical values inferred for long-duration GRBs and even more extreme than the

zero spectral lags inferred for short-hard bursts (268). We note, however, that the

spectral lag for XRF 050416a was derived through a comparison of the two soft-

est BAT bands (15–25 and 25–50 keV) and therefore prevents a clear comparison

with the spectral lag estimates for other Swift GRBs for which 15–25 and 50–100

keV bands are typically used. Given that the temporal evolution is not strongly

variable, this may indicate that the prompt emission was produced by another

process (e.g.. external shocks, Dermer et al. 102). Finally, we note that this burst

is inconsistent with the lag-luminosity correlation for long-duration GRBs which

posits that low luminosity bursts such as XRF 050416a have long spectral lags

(269).

2.2.1 Early Optical Observations

Using the roboticized Palomar 60-inch telescope (P60) we initiated observations of

the field of XRF 050416a at 2005 April 16.4634 UT (2.5 minutes after the burst).

In our first 120 second image we discovered a new source within the Swift/BAT

error circle at α = 12h33m54s.58, δ = +21◦03′26′′.7 (J2000) with an uncertainty of

0.5 arcsec in each coordinate based on an astrometric tie to the USNO-B catalog

(Figure 2.1). We subsequently monitored the afterglow evolution with the Palomar

60-inch, 200-inch, and Siding Springs 2.3-meter telescopes in the R−, I−, z′−, and

Ks−band through t ≈ 7 days.

Aperture photometry was performed on each of the images in the standard
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method using the apphot package within IRAF. Absolute calibration of R-, I-,

and z′−band light-curves was derived using the field calibration of Henden (184)

and utilizing the transformation equations of Smith et al. (352). The Ks-band

light-curve was calibrated against 2MASS using 15 unconfused sources. The errors

resulting from calibration uncertainty (∼< 10%) were added in quadrature to the

measurement errors. As shown in Figure 2.2 and Table 2.1, the afterglow was

I = 18.82 ± 0.11 mag at t ≈ 1.6 min (mid-exposure).

We supplement these NIR/optical afterglow data with additional measure-

ments from the GCNs (225, 301, 305, 397, 444) and those reported by Holland

et al. (188), obtained with the Swift/UVOT and 1.54-m Danish Telescope. The

resulting dataset spans 1930 Å (Swift/UVOT UVW2) to 22000 Å (Ks); however,

we note that the majority of the UV observations are upper limits. Using this ex-

tended dataset we measure the temporal and spectral properties of the NIR/optical

afterglow emission. We find the following NIR/optical power-law decay indices (α,

where Fν ∝ tα) between ∼ 0.01 and 1 day: αKs = −0.7 ± 0.3, αI = −0.7 ± 0.3,

αR = −0.5 ± 0.3, αV = −1.0 ± 0.3, αB = −0.5 ± 0.3, consistent with the values

reported by Holland et al. (188). These values imply a mean temporal index of

αNIR/opt = −0.7 ± 0.2.

Finally, we analyze the spectral index (β with Fν ∝ νβ) within the NIR/optical

bands. As shown in Figure 2.5 there are two epochs at which the photometric

spectrum is well-sampled: t ≈ 0.014 and 0.8 days. We fit each of the observed

spectra with a simple power-law and find βNIR/opt ≈ −1.3 (χ2
r ≈ 0.5) and −1.5

(χ2
r ≈ 0.6) for the first and second epochs, respectively. As will be discussed

in §2.3.1, the observed steep spectrum is indicative of extinction within the host

galaxy.

2.2.2 Late-time Observations with HST

Using the Wide-Field Camera (WFC) of the Advanced Camera for Surveys (ACS)

on-board the Hubble Space Telescope (HST), we imaged the field of XRF 050416a

four times, spanning 37 to 219 days after the burst. Each epoch consisted of two
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or four orbits during which we imaged the field in filters F775W and/or F850LP,

corresponding to SDSS i′- and z′- bands, respectively.

The HST data were processed using the multidrizzle routine (141) within the

stsdas package of IRAF. Images were drizzled using pixfrac=0.8 and pixscale=1.0

resulting in a final pixel scale of 0.05 arcsec/pixel. Drizzled images were then reg-

istered to the final epoch using the xregister package within IRAF. We astro-

metrically tied the HST and P60 images using 12 unconfused sources in common

resulting in a final systematic uncertainty of 0.70 arcsec (2σ).

To search for source variability and remove host galaxy contamination, we used

the ISIS subtraction routine by Alard (1) which accounts for temporal variations

in the stellar PSF. Adopting the final epoch observations as templates we pro-

duced residual images. These residual images were examined for positive sources

positionally coincident with the P60 afterglow.

Photometry was performed on the residual sources within a 0.5 arcsec aperture.

We converted the photometric measurements to infinite aperture and calculated

the corresponding AB magnitudes within the native HST filters using the aperture

corrections and zero-points provided by Sirianni et al. (349). Here we made the

reasonable assumption that the transient flux is negligible in the template images.

For comparison with ground-based data, we also converted the F775W measure-

ments to Johnson I-band (Vega) magnitudes using the transformation coefficients

derived by Sirianni et al. (349) and assuming the Fν source spectrum implied by

the first epoch HST data.

As shown in Table 2.1 and Figure 2.4, the transient is clearly detected in the

first epoch HST residual images. An astrometric tie between the first and final

epochs shows that the residual is offset 0.02 ± 0.02 arcsec from the center of the

host galaxy. Our residual images show the source to be F775W= 24.35 ± 0.02

and F850LP= 23.83 ± 0.03 mag in the AB system (I = 23.82 ± 0.02 mag in the

Vega system) at t ≈ 37 days. As shown in Figure 2.2, these values are a factor

of ∼ 5 above an extrapolation of the early afterglow decay. The observed spectral

index between the F775W and F850LP filters is βHST ≈ −2.8 ± 0.3, significantly
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steeper than the afterglow spectrum observed at early time (§2.2.1 and Figure 2.5)

as well as the typical values measured for NIR/optical afterglows (βNIR/opt ≈ −0.6;

Panaitescu and Kumar 280, Yost et al. 445). As will be discussed in §2.4.4, the

timescale and spectral signature of the observed flux excess are suggestive of a

thermal supernova component.

2.2.3 Spectroscopic Observations

We observed the host galaxy of XRF 050416a with the Low Resolution Imaging

Spectrograph on Keck I on 2005 June 6.3 UT (t ∼ 50 days). We placed a 1.0

arcsec longslit across the host galaxy at a position angle of PA=87◦. Data were

reduced in standard manner using the onedspec and twodspec packages within

IRAF. Flux calibration was performed using the spectrophotometric standard star

BD+284211.

As shown in Figure 2.5 and Table 2.3, we detect several strong emission lines in

the spectrum including Hβ, Hγ, [O Roman2]λ3727, and [O Roman3]λλ4959, 5006 at

a redshift of z = 0.6528± 0.0002. Adopting the standard cosmological parameters

(H0 = 71 km s−1 Mpc−1, ΩM = 0.27, ΩΛ = 0.73), the isotropic gamma-ray

energy release is Eγ,iso ≈ 1.2 ± 0.2 × 1051 erg (1 keV – 10 MeV; Sakamoto et al.

327). Compared with typical long-duration bursts, the prompt energy release of

XRF 050416a is a factor of ∼ 100 lower (Frail et al. 133, Bloom et al. 44, Amati 2

and references therein).

2.2.4 Radio Observations

We began observing XRF 050416a with the Very Large Array1 (VLA) on 2005 April

16.49 UT (t ≈ 37 min). No radio source was detected coincident with the optical

position to a limit of Fν < 122 µJy at ν = 8.46 GHz. However, further observations

at t ≈ 5.6 days revealed a new radio source with Fν ≈ 101 ± 34 µJy coincident
1The Very Large Array and Very Long Baseline Array are operated by the National Radio

Astronomy Observatory, a facility of the National Science Foundation operated under cooperative

agreement by Associated Universities, Inc.
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with the optical and X-ray afterglow positions at α = 12h33m54.594s ± 0.002,

δ = 21◦03′26.27′′ ± 0.04 (J2000) which we identify as the radio afterglow.

We continued to monitor the radio afterglow at 1.43, 4.86, and 8.46 GHz

through t ≈ 140 days (Table 4.1). All observations were taken in standard

continuum observing mode with a bandwidth of 2 × 50 MHz. We used 3C286

(J1331+305) for flux calibration, while phase referencing was performed against

calibrators J1221+282 and J1224+213. The data were reduced using standard

packages within the Astronomical Image Processing System (AIPS).

As shown in Figure 2.6, the evolution of the radio afterglow is dissimilar from

those of typical GRBs and inconsistent with a standard blastwave model. Between

t ∼ 20 and 40 days an abrupt rebrightening (factor of ∼ 3) is observed at all radio

bands with a temporal index steeper than αrad ≈ 0.9. Following this radio flare the

emission decays rapidly with an index of αrad ∼< −1.5. The peak radio luminosity

at 8.46 GHz, Lrad ≈ 1.3× 1031 erg s−1 Hz−1, is typical for GRBs (132), a factor of

∼ 10 and 103 larger than those of XRFs 020903 and 060218, respectively (361, 365),

and between 102 and 106 times higher than the peak radio luminosities observed for

optically-selected Type Ibc supernovae (353). By t ≈ 105 days the radio afterglow

is no longer detected at any frequency.

2.2.5 X-ray Observations

The afterglow of XRF 050416a was observed with the Swift X-ray Telescope (XRT)

beginning 1.2 minutes after the burst and continuing through t ∼ 69 days, placing

it among the best studied X-ray afterglows to date (270, 271). From their anal-

ysis of the XRT data, Mangano et al. (239) report a spectral index of βX =

−1.04+0.11
−0.05 and evidence for significant absorption in the host galaxy, NH =

6.8+1.0
−1.2 × 1021 cm−2, corresponding to E(B − V )rest = 1.2± 0.2 assuming the con-

version of Predehl and Schmitt (299) and a Milky Way extinction curve (286). As

shown in Figure 2.7, at t = 10 hours the X-ray luminosity was LX,iso(t = 10 hrs) ≈
2.3 × 1045 erg s−1, placing it at the lower edge of the observed distribution for

GRBs (23, 138).
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As discussed by Mangano et al. (239) and shown in Figure 2.7, the early evo-

lution of the X-ray afterglow can be characterized by three phases: [1] an initial

steep decay, [2] a flattening between t ≈ 7 and 20 minutes during which the flux is

roughly constant, and [3] a resumed decay through t ∼ 20 days. These three phases

have been shown to be ubiquitous among Swift X-ray afterglows (270). However,

at t ∼ 20 days there is a second flattening which continues through t ∼ 40 days. By

70 days the X-ray afterglow is no longer detected, implying a significant steepening

to αX ∼< −1.8 between the last two observations. We note that the timescale for

the X-ray flattening and subsequent steep decay is coincident with the observed

radio flare.

2.3 Properties of the Early Afterglow

Using the detailed multi-frequency observations of the XRF 050416a afterglow we

can constrain the physical properties of the ejecta and the circumburst density.

We adopt a standard relativistic blastwave model in which the afterglow emission

is produced through the dynamical interaction of the ejecta with the surrounding

medium (the forward shock, FS) with an additional component from shock heating

of the ejecta (the reverse shock, RS). In this scenario, the total energy density is

partitioned between relativistic electrons, εe, and magnetic fields, εB, while the

thermal energy of the shocked protons accounts for the fraction remaining (see

Piran 293 for a review). The shocked electrons are accelerated into a power-law

distribution, N(γ) ∝ γ−p above a minimum Lorentz factor, γm. The emission

resulting from the forward and reverse shock components is described by a syn-

chrotron spectrum characterized by three break frequencies - the self-absorption

frequency, νa, the characteristic frequency, νm, and the cooling frequency, νc - and

a flux normalization, Fνm (339). In modeling the afterglow spectral and tempo-

ral evolution, we adopt the formalism of Granot and Sari (171) for a relativistic

forward shock expanding into a constant density circumburst medium.
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2.3.1 Preliminary Constraints

In fitting the forward shock model to the afterglow data of XRF 050416a we use

only observations between 0.014 and 20 days when the afterglow follows a simple

power-law evolution. To constrain the spectrum of the forward shock, we first

investigate the afterglow evolution in the optical and X-ray bands. As shown in

Figure 2.7, the X-ray data between 0.014 and 20 days are reasonably fit with

αX ≈ −1.1 (χ2
r ≈ 0.70). Mangano et al. (239) report that the X-ray spectral index

on this same timescale is βX ≈ −1.04, leading to α − 3β/2 ≈ 0.5. A comparison

to the standard closure relations, α− 3β/2 = 0 (νm < ν < νc) and α− 3β/2 = 1/2

(ν > νc) indicates that νX > νc. This conclusion is supported by the near-IR to

X-ray spectral slope, βK,X = −0.47 ± 0.06 at t ≈ 0.6 days, which is flatter than

βX as expected if νNIR/opt < νc < νX . Therefore, the X-ray observations suggest

that p = −2β ≈ 2.1.

Next we consider the spectral index within the NIR/optical bands. As dis-

cussed in §2.2.1 and shown in Figure 2.5, the observed NIR/optical spectral index

on this timescale is βNIR/opt ≈ −1.3 to −1.5. These values are significantly steeper

than βK,X and imply that the optical flux is suppressed by host galaxy extinc-

tion. Making the reasonable assumption that νm ∼< νNIR/opt on the timescale

of our afterglow observations, and adopting p ≈ 2.1 as indicated by the X-ray

observations, we estimate βNIR/opt = −(p − 1)/2 ≈ −0.55 for the intrinsic spec-

tral index of the NIR/optical afterglow. Adopting this value for βNIR/opt, we find

that both NIR/optical spectra are reasonably fit with a Galactic extinction of

E(B − V ) = 0.03 (343) and a host galaxy component of E(B − V )rest ≈ 0.28

(Figure 2.5). Here we have assumed a Milky Way extinction model for the host

(286) but note that a comparable fit may be obtained for an SMC extinction curve.

We further note that this optically-derived extinction estimate is lower than that

inferred from the X-ray spectrum (239), consistent with the trend observed for

long-duration GRBs (152).

With this extinction correction, the near-IR to X-ray spectral index becomes

βK,X ≈ −0.5 ± 0.1, consistent with our estimate for the intrinsic spectral in-
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dex within the NIR/optical band. Moreover, the extinction-corrected NIR/optical

spectral index and observed average temporal index of αNIR/opt = −0.7 ± 0.2 are

consistent with the standard closure relation: α − 3β/2 = 0 ≈ 0.1. We also note

that this supports our assumption of a constant density medium since, in a wind

environment, the expected temporal index is steeper than α = −1.25, and thus

inconsistent with the observed values. Using all the available optical and X-ray

observations we estimate that νc ≈ 1 × 1017 Hz at t = 1 day.

Next we compare the near-IR and radio afterglow data to constrain νm and the

peak spectral flux, Fνm . Assuming that νm passed through the NIR/optical bands

near the time of our first Ks-band observations implies that the peak spectral

flux is roughly comparable to the extinction-corrected Ks flux: FKs ≈ 230 µJy

at t ≈ 11 minutes. Here we focus on the Ks-band data since they are the least

sensitive to host galaxy extinction, which we estimate to be AK ≈ 0.24 mag (a 20%

increase in flux) for E(B − V )rest ≈ 0.28. Scaling these constraints to t = 1 day

(νm ∝ t−1.5 and Fνm ∝ t0) and accounting for the smooth shape of the spectral

peak, we find νm ≈ 4.0 × 1011 Hz and Fνm ≈ 350 µJy. Here and throughout,

Fνm is the asymptotic extrapolation of the smooth spectrum peak and is therefore

slightly higher than the intrinsic peak flux. We note that since the NIR/optical

data require Fνm ∝ ν−(p−1)/2, lower values of νm imply increasingly higher values

of Fνm at the time of the first Ks-band observations.

Finally, we test that these constraints are consistent with the radio observa-

tions. Given the evolution of νm, these constraints predict that the spectral peak

should pass through the radio band at t ≈ 13 days with an extrapolated peak

flux density of Fνm ≈ 350 µJy, roughly consistent with the 4.86 GHz observations

on this timescale. We emphasize that the early steady decay of the NIR/optical

data require that νm passes through the radio no later than 13 days. Finally, we

note that the radio spectrum is optically thin throughout the timescale of VLA

monitoring (see Figure 2.6) and thus we observationally constrain νa to be below

1.43 GHz.
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2.3.2 Forward Shock Broadband Model

Adopting these constraints we apply a broadband afterglow model fit to the multi-

frequency data in order to determine the physical parameters of the burst. The

four spectral parameters (Fνm , νa, νm, and νc) are fully determined by four phys-

ical parameters: the isotropic ejecta energy, EK,iso, the energy density partition

fractions, εe and εB, and the circumburst density, n. Therefore by constraining

the four spectral parameters through broad-band observations, we are able to de-

termine a unique solution for the four physical parameters (see Sari et al. 339 and

Piran 293 for reviews). Although the radio observations provide only an upper

limit on νa, we are able to define a range of reasonable values by requiring that

εe,εB ≤ 1/3, which accounts for an equal or greater contribution from shocked

protons. This requirement excludes unphysical solutions in which the sum of the

contributions from shocked electrons, protons, and magnetic fields exceed the total

energy density. Combined with the observed constraints for Fνm , νm, and νc we

find the following ranges for the physical parameters:

EK,iso ≈ (8.2 − 14) × 1051 erg (2.1)

n ≈ (0.33 − 4.2) × 10−3 cm−3 (2.2)

εe ≈ (0.20 − 1/3) (2.3)

εB ≈ (0.072 − 1/3). (2.4)

As shown in Figures 2.2, 2.6, and 2.7, this model provides an adequate fit to the

broadband data between t ∼ 0.01 and 20 days.

2.3.3 Collimation of the Ejecta and Viewing Angle

The lack of an observed jet break in the X-rays to t ∼ 20 days, together with

the inferred physical parameters constrain the opening angle of the jet (e.g., Sari

et al. 338) to θj ≈ 3.1t
3/8
j E

−1/8
K,iso,52n

1/8
−3 (1 + z)−3/8 ∼> 6.9 degrees. Here, tj is the
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jet break time in days and we have adopted the notation 10xQx = Q. This

limit is slightly larger than the median of the jet opening angles inferred for long-

duration GRBs, θj ∼ 5◦ (Bloom et al. 44, Ghirlanda et al. 160, Soderberg et al. 354

and references therein). This indicates that the beaming-corrected ejecta energy

release is EK ≡ EK,iso(1 − cosθ) ≈ (9.8 × 1049 − 1.4 × 1052) erg where the range

includes the uncertainty in EK,iso and the lower limit on θj . Moreover, we expect

the blastwave to become non-relativistic on a timescale tNR ≈ 2.0 E
1/3
51 n

−1/3
−3 ∼

(0.6− 6.8) yrs (231). On a similar timescale, the ejecta are predicted to approach

spherical symmetry after which the blastwave evolution is well described by the

Sedov-von Neumann-Taylor (SNT) solution (448, 135); in this regime the afterglow

emission decays with α = −9/10 (−1) for frequencies below (above) the cooling

frequency.

Next, the early steady decay of the X-ray and NIR/optical afterglow indicates

that the jet collimation axis is directed roughly along our line-of-sight. In com-

parison, GRBs viewed significantly off-axis (θobs > 2θj) are predicted to show a

rising afterglow light-curve as the jet spreads sideways and intersects our viewing

angle (168, 418, 367). Here, θobs is the angle between our line-of-sight and the

jet collimation axis. We conclude that the ejecta are viewed roughly on-axis and

therefore the inferred beaming-corrected energies are not affected significantly (if

at all) by viewing angle effects.

2.4 Properties of the Late-time Afterglow

Next we address the nature of the late-time broadband afterglow evolution with

special attention to the strong radio flare observed at ∼ 40 days. Radio flares have

been noted for several other GRBs, though only at early times (e.g., GRB 990123

at t ∼< 1 day; Kulkarni et al. 215). Based on their observed timescale and evolu-

tion, radio flares are typically attributed to emission from the reverse shock (337).

Here we present detailed radio observations for XRF 050416a which show for the

first time a strong radio flare at late time. Possible causes for a late-time radio
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rebrightening include the emission from a decelerating jet initially directed away

from our line-of-sight (418, 227), circumburst density variations (432, 306), and

energy injection from a slow shell catching up to and refreshing the afterglow shock

(311). We discuss each of these possibilities below.

2.4.1 Off-axis Jet Emission

It has been shown that the observational signature of a relativistic jet viewed

significantly away from our line-of-sight is a rapid achromatic rise in the early

afterglow light-curves (275, 168, 418). In this scenario, the observed peak of the

afterglow emission occurs as the spreading jet crosses our viewing angle. The

timescale for this peak is ∼ 100 days for a GRB jet with typical parameters (EK =

1051 erg, n = 1 cm−3, εe = εB = 0.1, θj = 5◦) viewed from an angle θobs = 30◦

(367). The subsequent afterglow evolution is the same as that seen by an on-axis

observer, decaying steeply with α = −p ≈ [−2 to −3] for frequencies above νm

(338). The observed timescale and evolution of the XRF 050416a radio flare are

therefore roughly consistent with the predictions of an off-axis relativistic jet.

However, as noted by Mangano et al. (239) and discussed in §2.3.3, the early

and steady decay of the XRF 050416a broadband afterglow implies the presence

of relativistic ejecta directed along our line-of-sight. These ejecta are also respon-

sible for the production of the observed prompt emission. Attributing the strong

late-time radio flare to an energetic off-axis relativistic jet therefore implies that

multiple relativistic ejecta components were produced in the explosion. Moreover,

the steep rise and peak flux of the radio flare imply sharp edges for the off-axis jet

and a kinetic energy 2 to 3 times larger than that of the on-axis ejecta. While this

scenario cannot be ruled out, we consider it unlikely given the complicated ejecta

geometry required.

A Receding Jet

Li and Song (227) describe a related scenario in which a strong late-time radio

flare is observed from a receding jet initially directed anti-parallel to our line-of-
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sight. In this case, early afterglow emission is expected from the approaching jet

while emission from the receding jet is expected on a timescale 5 × tNR due to

the light travel time delay. This scenario is appealing in that it may explain both

the early and late-time afterglow emission observed for XRF 050416a within the

standard framework of engine-driven (accretion-fed compact source; Piran 293)

double-sided jets. However, as discussed in §2.3.3, broadband modeling of the

afterglow emission predicts the non-relativistic transition to occur no earlier than

0.6 yrs - too late to explain the radio flare at 40 days. Moreover, the peak emission

from a receding jet should be comparable to the radio flux at tNR and decay with

a temporal index given by the Sedov solution, αrad = −9/10 (227); both of these

predictions are inconsistent with the observations. We conclude that afterglow

emission from a receding jet is unlikely to produce the observed radio flare.

2.4.2 Circumburst Density Variations

It has been argued that abrupt variations in the circumburst medium can produce a

strong rebrightening in the radio afterglows of GRBs. Specifically, the dynamical

interaction of the forward shock with a wind-termination shock at r ∼ 1 pc is

predicted to cause a rebrightening of the radio afterglow on a timescale of a few

years (432, 306, 307). Here it is assumed that the blastwave is expanding non-

relativistically when it encounters the density jump, overall consistent with the

observed timescales for non-relativistic transitions (135, 24, 134). For comparison,

the interaction of a relativistic blastwave with an abrupt (step function) density

jump is not expected to cause strong variations in the afterglow light-curves, where

here it has been assumed that the post-jump expansion is also relativistic (266).

In the case of XRF 050416a, the strong radio flare and X-ray plateau phase

occur on a timescale when the blastwave is still relativistic, and therefore an abrupt

circumburst density jump appears an unlikely explanation. This is supported by

the fact that during the relativistic regime, the flux at frequencies above νc should

be unaffected by circumburst density variations (171). We speculate, however,

that a very large density jump may be able to decelerate the blastwave to non-
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relativistic speeds on a very short timescale and may therefore be able to explain

the unusual late-time afterglow evolution. The increase in density would cause a

shift in νa which may explain the peculiar evolution of the spectral index in the

radio band (Figure 2.6). Based on our afterglow modeling (§2.3.2), we estimate

that the circumburst radius of the forward shock at the onset of the radio flare

was roughly ∼ 1 pc, roughly consistent with the radius of a wind-termination

shock (154, 74). In this scenario, we expect a post-jump self-similar evolution

consistent with the Sedov-Taylor solution. Since the late-time radio and X-ray

data are not sufficiently sensitive to trace the post-flare evolution, we cannot rule

out this possibility.

Finally, we investigated a scenario where the radio/X-ray flare is produced by

the dynamical interaction of the quasi-spherical, non-relativistic SN ejecta with a

CSM density enhancement. In fact, density jumps have been invoked to explain

radio modulations observed for local (non-relativistic) SNe Ibc (e.g., SN 2003bg;

Soderberg et al. 355). Adopting a simple minimum energy calculation (216) and

requiring that the shock energy is equally partitioned between magnetic fields and

relativistic electrons, we find that attributing the strong radio emission to the

quasi-spherical SN component requires that the SN ejecta is relativistic (Γ ∼ 10)

at the time of the radio/X-ray flare. However, as discussed above, strong flux

variations are not expected while the blastwave is relativistic. Combined with the

fact that the flare is at least a factor of 102 more radio luminous than any other SN

Ibc ever observed (including GRB-SN1998bw, Kulkarni et al. 216), we conclude

that the radio/X-ray flare can not be attributed to the quasi-spherical SN ejecta.

2.4.3 Energy Injection

An episode of energy injection may also cause a rebrightening of the afterglow

flux. Energy injection may arise from long-lived central engine activity or under

the framework of a “refreshed” shock where a slow moving shell ejected during

the initial burst eventually catches up with the afterglow shock (311, 167). The

observed ratio of the settling time to the epoch of injection, δt/t, can distinguish
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between these two scenarios. For δt/t < 1 the injection is produced by engine

activity, while δt/t ∼> 1 indicates a refreshed shock. In the case of XRF 050416a,

the X-ray and radio data after 20 days imply δt/t > 1, suggesting that the ejecta

were refreshed on this timescale.

As shown in Figure 2.6, an extrapolation of the early radio evolution lies a factor

of ∼ 3 below the observed flux at the onset of the radio flare. An energy increase

affects the spectral parameters according to the following scalings: νa ∝ E
1/5
K,iso,

νm ∝ E
1/2
K,iso, Fνm ∝ EK,iso, and νc ∝ E

−1/2
K,iso (171). Given that νm is within

the radio band on this timescale we have Fν,rad ∝ EK,iso and thus the radio flare

corresponds to an energy injection of a comparable factor, ∼ 3. For the X-ray band,

Fν,X ∝ E
(p+2)/4
K,iso , thus for p ≈ 2.1 an energy injection of a factor of ∼ 3 corresponds

to a comparable increase in the X-ray flux. The Swift/XRT observations suggest a

flattening on this timescale. Here we adopt the conservative assumption that the

shock microphysics (εe, εB and p) do not evolve during the energy injection.

One important implication of the energy injection model is that the post-

injection asymptotic temporal decay should be the same as that before the injec-

tion. This prediction is consistent with the energy injection episodes invoked for

GRBs 021004 and 030329 (38, 167). However, in the case of XRF 050416a, the

late-time radio and X-ray data suggest a steep post-injection decay, α ∼> −2, sig-

nificantly steeper than that observed pre-injection. Moreover, the afterglow should

asymptotically approach a flux normalization larger by a factor of ∼ 3 in both the

radio and X-ray bands. As shown in Figures 2.6 and 2.7, this appears inconsistent

with the observations which suggest that the late-time afterglow is comparable (or

fainter) than an extrapolation of the early afterglow model. We note, however,

that the faintness of the late-time afterglow and the steep post-injection decay

may be explained if a jet break occurred on roughly the same timescale as the

energy injection.

In comparison with other late-time afterglow studies (135, 393, 24, 212, 134),

the radio flare and X-ray flattening observed for XRF 050416a are clearly atypical

for long-duration GRBs. We therefore attribute the observed evolution to an
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unusual scenario involving either a large circumburst density jump or a late-time

injection of energy (from a slow shell or off-axis ejecta).

2.4.4 An Associated Supernova

The HST measurements at late-time can be used to constrain any possible con-

tribution from an associated supernova. Based on previous studies of GRB-SNe,

the thermal emission from an associated supernova is predicted to reach maximum

light on a timescale of 20 × (1 + z) days with a peak magnitude of MV,rest ≈ −20

mag or fainter (Zeh et al. 447, Soderberg et al. 366 and references therein). Obser-

vationally, the emergence of a SN component produces a steepening of the optical

spectrum as the supernova nears maximum light and dominates the afterglow

emission.

An extrapolation of the broadband afterglow model to 40 days shows that the

HST data are brighter by a factor of ∼ 5. For comparison, the radio flare and X-

ray plateau on this same timescale represent flux density enhancements by factors

of roughly ∼ 3 and 2, respectively.

As discussed in §2.2.2 we measure the spectrum of the optical transient within

the ACS bands and find βHST ≈ −2.8 ± 0.3 at 37 days. After correction for ex-

tinction (see §2.2.1), the implied spectral index becomes βHST ≈ −1.9. For com-

parison, the spectral index between the radio and X-ray bands on this timescale

(coincident with the radio flare and X-ray flattening) is βradX ≈ −0.56 ± 0.04 and

the indices within the bands are βrad ≈ −0.6 ± 0.2 (Figure 2.6) and βX ≈ −1.0

(239), respectively. Given that the HST-derived spectral index, even after correc-

tion for extinction, is (1) significantly steeper than the NIR/optical index observed

at early time, βNIR/opt ≈ −1.4, (2) significantly steeper than βradX measured at

a comparable epoch, and (3) inconsistent with the range of synchrotron spectral

indices predicted for a relativistic blastwave (β = [−1.5, 2.5], Sari et al. 339), we

conclude that the optical flux at t ∼ 40 days is dominated by another emission

process, likely an associated SN.

Next, to determine if the late-time optical data are consistent with the temporal
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evolution of a typical GRB/XRF-associated supernova, we compare the HST flux

values with synthesized SN light-curves. We compiled UBVRIJHK observations

of SN 1998bw from the literature (151, 254, 282) and smoothed the extinction-

corrected (Galactic component of E(B-V)=0.059, Schlegel et al. 343) light-curves.

Here we assume that the SN 1998bw host-galaxy extinction is negligible, consistent

with the findings of Patat et al. (282) based on a spectroscopic analysis of the host

galaxy. We then produced k-corrected NIR/optical light-curves of SN 1998bw at

the redshift of XRF 050416a by interpolating over the photometric spectrum and

stretching the arrival time of the photons by a factor of (1 + z).

Shown in Figure 2.2 are the synthesized light-curves for SN1998bw at z =

0.6528, summed together with the afterglow model. The HST data are roughly

comparable with the flux normalization and evolution of the summed model.

Therefore, the temporal and spectral properties of the HST data suggest that

XRF 050416a was associated with a supernova similar to SN 1998bw. However, we

caution that the temporal coincidence of the SN peak with the radio flare makes

it difficult to estimate the relative contributions of the SN and afterglow.

2.5 Host Galaxy Properties

We now turn to the properties of the GRB host galaxy. We measure the brightness

of the host galaxy in the final HST epoch to be F775W= 23.1 ± 0.1 mag (I =

22.7 ± 0.1 mag). These values are not corrected for extinction. At z = 0.6528 the

rest-frame B-band is traced by the observed F775W band, leading to an absolute

magnitude, MB ≈ −20.3 ± 0.1 mag, or a luminosity LB ≈ 0.5L∗. This host

luminosity is similar to that inferred for XRF 030528 (308) and the hosts of typical

GRBs (219). At z = 0.6528, the measured offset of the optical transient (§2.2.1)

relative to the center of the host galaxy corresponds to 140 ± 140 pc. This offset

is a factor of ∼ 10 smaller than the median value for long-duration GRBs (45).

As shown in Figure 2.5, the host exhibits several emission lines typical of star-

forming galaxies. We estimate the star formation rate in the host galaxy from the
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observed fluxes of the various emission lines. Using the flux of the [O Roman2]λ3727

line, F[OII] ≈ 9.6×10−17 erg cm−2 s−1 (Table 2.3), and the conversion of Kennicut

(205), SFR = (1.4 ± 0.4) × 10−41L[OII] M� yr−1, we find a star formation rate

of about 2.5 ± 0.7 M� yr−1. From the Hβ line flux, FHβ ≈ 3.7 × 10−17 erg

cm−2 s−1, and assuming the Case-B recombination ratio of FHα/FHβ = 2.87 and

the conversion of Kennicut (205), we infer a star formation rate of SFR = 7.9 ×
10−42LHα ≈ 1.5 ± 0.2 M� yr−1. Thus, we conclude that the star formation rate

(not corrected for extinction) is roughly 2 M� yr−1. We note that the observed

ratio of Hγ/Hβ = 0.3 ± 0.1 compared to the theoretical value of about 0.47 (273)

suggests a significant extinction correction (factor of ∼ 10) following the method

of (58). We conclude that the star formation rate for the host of XRF 050416a is

similar to those inferred for long-duration GRBs (77, 17) and at least an order of

magnitude larger than that inferred for XRF 020903 (361, 31).

The combination of the inferred star formation rate and host luminosity pro-

vides a measure of the specific star formation rate. We find a value of 4 M� yr−1

L*/L (uncorrected for extinction), which is about a factor of two lower than the

mean specific star formation rate for the hosts of long-duration GRBs (77).

Next, we use the relative strengths of the oxygen and hydrogen emission lines

to infer the ionization state and oxygen abundance. The relevant indicators are

R23 ≡ log (F[OII]+F[OIII]/FHβ) ≈ 0.74 and O32 ≡ log (F[OIII]/F[OII]) ≈ 0.055. Using

the calibrations of McGaugh (253) and Kobulnicky and Kewley (210) we find that

for the upper branch the metallicity is 12 + log (O/H) ≈ 8.6 while for the lower

branch it is about 7.9; the two branches are due to the double-valued nature of

R23 in terms of metallicity. Thus, the host metallicity of XRF 050416a is 0.2− 0.8

Z�, larger than that inferred for XRF 060218 (259, 430) and comparable to that

for XRF 030528 (308). Moreover, this range is somewhat higher than the typical

metallicities for GRB hosts, some of which have metallicities that are ∼ 1/10 solar

(e.g., Prochaska et al. 303).
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2.6 Is XRF 050416a a Short Burst?

With a prompt emission duration of just T90 ≈ 2.4 sec (327), it is interesting to

consider XRF 050416a as a member of the short-hard class of gamma-ray bursts,

popularly believed to result from the coalescence of neutron stars or black holes

(e.g., Eichler et al. 107). Based on the bi-modal BATSE duration distribution,

bursts with T90 ∼> 2 seconds are assumed to belong to the long-duration class (213),

although a decomposition of the overlapping distributions suggests that a small

fraction of short-hard bursts (SHBs) have durations longer than this cut-off. The

distinction between short-hard and long-duration bursts is further complicated by

the detection of soft X-ray tails lasting several seconds following SHBs 050709 and

050724 (411, 12). This suggests that SHBs are not necessarily characterized by a

pure hard emission spectrum (326). Related to this issue is the use of spectral lags

to distinguish between long and short bursts. As discussed by Norris and Bonnell

(268), long-duration bursts typically have longer lags that correlate with isotropic

equivalent prompt gamma-ray luminosity (269). On the other hand, SHBs have

negligible (or even negative) spectral lags.

In the case of XRF 050416a, the prompt duration places it between the long-

and short-duration classes. The low value of Ep may suggest that it belongs to the

long-duration class, however, it is becoming clear that hardness cannot be used to

reliably distinguish between the two classes (see Nakar 265). Similarly, while the

negative lag inferred for XRF 050416a may suggest a SHB classification, examples

do exist of long-duration BATSE bursts with negative lags (268).

Afterglow modeling may provide additional clues. The range of values we

infer for the XRF 050416a beaming-corrected energies are overall consistent with

those of long-duration GRBs, including the subclass of sub-energetic bursts. At

the same time, they are roughly consistent with the values inferred for SHBs

(129, 28, 354). However, the low circumburst density, n ∼ 10−3, is a factor of

10 to 104 smaller than the typical values inferred for long-duration GRBs (e.g.,

Panaitescu and Kumar 280, Yost et al. 445, Chevalier et al. 74) but comparable
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to those of SHBs (129, 28, 49, 55, 277, 354). The observed radio flare and X-ray

flattening at 20 days are atypical for both long- and short- duration GRBs and

therefore cannot be used to classify this event. However, it is interesting to note

that large variations in the circumburst density are more naturally explained in the

context of a massive stellar progenitor with interacting stellar winds (154, 306).

Next is a discussion of the XRF 050416a host galaxy since long- and short-

bursts may also be distinguished by their environments (see Berger 16 for a re-

cent review). As discussed in §2.5, the host is a star-forming galaxy with an

inferred SFR and metallicity comparable to those of long-duration GRBs. More-

over, XRF 050416a is located near the center and brightest part of its host galaxy.

It is thus consistent with the locations of long-duration bursts with respect to their

hosts (45, 142). For comparison, SHBs are typically localized to low SFR hosts

with significant old stellar populations at radial offsets up to a factor of 10 larger

than those of typical long-duration bursts (28, 129, 48, 354).

Finally, the discovery of an associated Type Ic supernova is perhaps one of

the best methods to distinguish between long- and short-bursts. The discovery

of several long-duration bursts and X-ray flashes at z ∼< 0.3 in the last few years

has firmly established that GRBs and XRFs are accompanied by supernovae of

Type Ic (151, 377, 237, 363, 292). A study of the luminosity distribution for

GRB/XRF-SNe reveals a significant dispersion, implying a spread of (at least) an

order of magnitude in peak optical luminosity (447, 366). At the same time, deep

imaging of SHBs has constrained any associated SN emission to be up to ∼ 100

times less luminous as SN1998bw (129, 354). In the case of XRF 050416a, the

temporal and spectral properties of the HST data suggest that XRF 050416a was

accompanied by a supernova with a peak luminosity roughly similar to SN 1998bw.

We stress, however, that the temporal coincidence of the radio flare with the SN

peak complicates any study of the SN properties.

Based on the associated SN and large-scale environmental properties, we con-

clude that XRF 050416a is a member of the long-duration class of gamma-ray

bursts. This event highlights the difficulty in classifying bursts based on their
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prompt emission properties alone.

2.7 Discussion and Conclusions

We present extensive broad-band NIR/optical and radio data for the afterglow

of the X-ray flash 050416a and show that it is localized to a star-forming (∼>
2 M� yr−1) host galaxy at z = 0.6528. Along with XRFs 020903, 030723, and

060218, this burst is one of the best-studied X-ray flashes to date. Moreover,

XRF 050416a is only the third XRF with a spectroscopic redshift for which a

broadband afterglow study has been performed and the physical parameters have

been constrained. The isotropic-equivalent prompt and kinetic energy releases are

Eγ,iso ≈ 1.2 × 1051 (327) and EK,iso ≈ 1052 erg respectively. These values are a

factor of 102 times larger than those of XRF 020903 (330, 361) and up to 104 times

larger than those inferred for sub-energetic GRBs 980425, 031203, and XRF 060218

(290, 216, 341, 362, 59, 365).

Adopting the results of our standard synchrotron model and tj ∼> 20 days we

constrain the collimation of the ejecta to θj ∼> (6.9 − 9.7)◦, slightly larger than

the median value of 5◦ for typical GRBs (Bloom et al. 44, Ghirlanda et al. 160

and references therein). This indicates that the beaming-corrected energy release

is EK ≈ (9.8 × 1049 − 1.4 × 1052) erg and Eγ ≈ (8.6 × 1048 − 1.2 × 1051) erg,

implying a total relativistic energy yield of Etot ≈ (1.1 × 1050 − 1.5 × 1052) erg,

which straddles the median value for cosmological GRBs, Etot ≈ 2×1051 erg (27).

However, the efficiency in converting the energy in the ejecta into γ-rays is ηγ ≡
Eγ/(EK +Eγ) ≈ (0.04−0.08), significantly lower than the typical values for GRBs

(280, 445) and comparable to that inferred for XRF 020903 (ηγ ≈ 0.03, Soderberg

et al. 361). This strengthens the idea that XRFs and GRBs are distinguished by

their ability to couple significant energy to highly-relativistic material (361, 450).

In addition to the burst energetics, several key results emerge from our broad-

band analysis of XRF 050416a. First is the detection of a bright, late-time radio

flare accompanied by an observed flattening in the X-ray bands which we attribute
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to a large circumburst density enhancement or episode of energy injection (refresh-

ing shell or off-axis ejecta) at t ∼ 20 days. In the context of a density jump, it is

interesting to note that the inferred pre-jump circumburst density is several orders

of magnitude lower than the values typically inferred for long-duration GRBs (see

Soderberg et al. 367 for a recent compilation). Moreover, radio observations of lo-

cal (optically-selected) core-collapse SNe show similar flux modulations (factor of 2

to 3) attributed to abrupt variations in the circumstellar medium (423, 325, 355).

Next, the temporal and spectral evolution of the optical afterglow suggests the

contribution from a supernova component with peak luminosity and light-curve

shape comparable to SN 1998bw. Given the temporal coincidence of the radio

flare and X-ray flattening with the SN peak, XRF 050416a highlights the need for

full spectral coverage in late-time GRB/XRF-SN searches. This is illustrated by

the optical rebrightening observed for XRF 030723 at ∼ 15 days and interpreted

as a thermal SN component (144) while the X-ray and radio data show similar

rebrightenings at late-time suggesting a CSM density jump or energy injection

(Butler et al. 57, Soderberg et al. in prep).

With the addition of XRF 050416a, there are three XRFs (020903, 060218, and

now 050416a) with spectroscopic redshifts observed in association with supernovae

with peak luminosities varying by up to a factor of 10 compared to SN 1998bw

(363, 31, 292). However, deep HST observations of XRF 040701 at z = 0.21

revealed that any associated SN was at least a factor of 10 (and likely ∼> 100)

times fainter than SN 1998bw (363). It is therefore clear that most XRFs produce

Nickel-rich supernova explosions, but that there is a significant dispersion in the

peak luminosities of XRF-associated SNe. A similar result is found for GRB-

associated SNe (447, 366) and further strengthens the idea that GRBs and XRFs

are intimately related.

Finally, we address XRF 050416a within the framework of off-axis and dirty

fireball models for XRFs. As discussed in §2.3.3, the evolution of the early after-

glow indicates that the ejecta are being viewed along the collimation axis. Simi-

larly, on-axis viewing angles are inferred from afterglow studies of XRFs 020903
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(361), 050215B (223), 050406 (321), and 060218 (59, 365). Unification models in

which X-ray flashes are understood as typical GRBs viewed away from the burst

collimation axis (e.g., Granot et al. 168, Yamazaki et al. 441) are therefore incon-

sistent with the observations for these five events. To date, such models are only

consistent with the observations of one X-ray flash: XRF 030723 (144, 57, 170).

While the lack of high-energy photons prevents a direct constraint on the

Lorentz factor of the burst, our detailed afterglow modeling allows us to place a

lower limit on the initial bulk Lorentz factor, Γ0 ∼> 110, by extrapolating Γ ∝ t−3/8

back to the first XRT observation at ∼ 100 sec. This value is somewhat lower than

the typical values inferred for cosmological GRBs (280) and consistent with the

upper range of values predicted for a dirty fireball. Given that some dirty fireball

models predict XRFs to have wider jets than typical GRBs (e.g., Zhang et al. 451),

it is interesting to note that there are no X-ray flashes for which an achromatic jet

break has been observed. This may suggest that their ejecta are not strongly col-

limated. In fact, detailed radio observations of XRFs 020903 and 060218 spanning

∼> 100 days imply a quasi-spherical ejecta geometry in both cases (361, 365).

While the basic properties of X-ray flashes (redshifts, hosts, isotropic γ-ray

energies) are now available for several events, it is clear that broadband afterglow

observations are required for a complete understanding of the burst properties.

With the addition of XRF 050416a to the existing sample of only a few well-

studied events, we continue to work towards a systematic comparison of the global

characteristics of XRFs and GRBs. While limited, the current sample suggests

that the two classes share similar ejecta energies, associated SNe, and viewing

angles. Further studies of XRF afterglows will be used to confirm whether the two

classes differ in their collimation angles.
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Table 2.1. Ground-based Optical and NIR Observations of XRF 050416a

Date Obs ∆ta Telescope Filter magnitudeb

(UT) (days)

2005 April 16.4641 0.0025 Palomar 60-inch I 18.82 ± 0.11

2005 April 16.4659 0.0043 Palomar 60-inch I 18.86 ± 0.11

2005 April 16.4677 0.0061 Palomar 60-inch I 19.16 ± 0.13

2005 April 16.4696 0.0080 Palomar 60-inch I 19.35 ± 0.23

2005 April 16.4692 0.0076 Palomar 200-inch Ks 16.37 ± 0.21

2005 April 16.4714 0.0098 Palomar 60-inch I 19.01 ± 0.12

2005 April 16.4731 0.0116 Palomar 60-inch I 19.53 ± 0.18

2005 April 16.4772 0.0156 Palomar 60-inch z′ 19.16 ± 0.27c

2005 April 16.4763 0.0147 Palomar 200-inch Ks 16.64 ± 0.20

2005 April 16.4833 0.0217 Palomar 60-inch I 19.09 ± 0.20

2005 April 16.4828 0.0212 Palomar 200-inch Ks 16.79 ± 0.20

2005 April 16.4880 0.0264 Palomar 60-inch I 19.34 ± 0.23

2005 April 16.4895 0.0279 Palomar 200-inch Ks 16.89 ± 0.24

2005 April 16.4960 0.0344 Palomar 200-inch Ks 16.99 ± 0.25

2005 April 16.5026 0.0410 Palomar 200-inch Ks 16.98 ± 0.29

2005 April 16.5089 0.0473 ANU 2.3-meter R 20.92 ± 0.05

2005 April 16.5502 0.0886 ANU 2.3-meter R 21.18 ± 0.12

2005 April 16.5543 0.0927 ANU 2.3-meter R 21.40 ± 0.15

2005 April 16.5585 0.0969 ANU 2.3-meter R 21.16 ± 0.08

2005 April 16.5626 0.1010 ANU 2.3-meter R 21.43 ± 0.11

2005 April 16.5669 0.1053 ANU 2.3-meter R 21.44 ± 0.26

2005 April 16.5702 0.1086 ANU 2.3-meter R 21.39 ± 0.16
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Table 2.1—Continued

Date Obs ∆ta Telescope Filter magnitudeb

(UT) (days)

2005 April 16.5744 0.1128 ANU 2.3-meter R 21.37 ± 0.16

2005 April 16.5779 0.1163 ANU 2.3-meter R 21.18 ± 0.17

2005 April 16.5816 0.1200 ANU 2.3-meter R 21.35 ± 0.16

2005 April 16.5850 0.1234 ANU 2.3-meter R 21.36 ± 0.10

2005 April 16.5893 0.1277 ANU 2.3-meter R 21.44 ± 0.27

2005 April 16.5924 0.1308 ANU 2.3-meter R 21.46 ± 0.22

2005 April 16.5975 0.1359 ANU 2.3-meter R 21.63 ± 0.34

2005 April 16.6092 0.1476 ANU 2.3-meter R 21.71 ± 0.30

2005 April 16.6187 0.1571 ANU 2.3-meter R 21.87 ± 0.46

2005 April 17.3895 0.9279 Palomar 60-inch R 22.62 ± 0.30

2005 April 17.4006 0.9390 Palomar 60-inch z′ < 20.38c

2005 April 17.4087 0.9467 Palomar 60-inch I 22.05 ± 0.30

2005 April 18.2884 1.8264 Palomar 60-inch R < 23.46

2005 April 18.4031 1.9411 Palomar 60-inch I < 22.83

2005 April 23.3511 6.8896 Palomar 200-inch Ks < 19.70

aDays since explosion have been calculated for the mid-point of each

exposure.
bMagnitudes have not been corrected for extinction. Limits are given as

3σ.
cAB system.
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Table 2.2. HST/ACS Observations of XRF 050416a

Date Obs ∆t Exp. Time Filter HST maga Johnson magb

(UT) (days) (sec) (AB) (Vega)

2005 May 23.38 36.92 3282 F775W 24.35 ± 0.02 23.82 ± 0.02

2005 May 23.46 37.00 3430 F850LP 23.83 ± 0.03 —

2005 June 16.17 60.71 3986 F775W 25.88 ± 0.10 25.36 ± 0.10

2005 July 11.15 85.69 4224 F775W 26.44 ± 0.22 25.92 ± 0.22

2005 November 21.06 218.60 4224 F850LP — —

2005 November 21.19 218.73 4224 F775W — —

aAB system magnitudes in the HST filters given in column 4. Photometry was done on

residual images (see §2.2.2). We have assumed the source flux to be negligible in the final

(template) epoch. Magnitudes have not been corrected for extinction.
bWe convert the F775W magnitudes in column 5 to Johnson I-band (Vega system) as

described in §2.2.2. Magnitudes have not been corrected for extinction.
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Table 2.3. Spectroscopic lines for XRF 050416a

Line λ (rest) λ (observed)a Redshift Fluxb

(Å) (Å) (×10−17erg cm−2 s−1)

[OII] 3728.38 6162.08 0.6528 9.6 ± 0.4

Hγ 4341.72 7174.64 0.6525 1.2 ± 0.2

Hβ 4862.72 8037.14 0.6528 3.7 ± 0.5

[OIII] 4960.30 8198.79 0.6529 2.5 ± 0.3

[OIII] 5008.24 8277.57 0.6528 8.4 ± 0.4

aObserved wavelengths have been corrected to vacuum.

bFlux values have not been corrected for Galactic extinction.
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Table 2.4. Radio Observations of XRF 050416a

Date Obs ∆t Fν,1.43 GHz
a Fν,4.86 GHz Fν,8.46 GHz

(UT) (days) (µJy) (µJy) (µJy)

2005 April 16.49 0.026 — — 20 ± 51

2005 April 22.03 5.57 — 200 ± 46 101 ± 34

2005 April 28.29 11.83 — 188 ± 42 132 ± 30

2005 May 1.35 14.89 — 201 ± 43 —

2005 May 31.10 44.64 — — 431 ± 46

2005 June 3.99 48.53 — 585 ± 48 —

2005 June 8.03 52.57 420 ± 190 562 ± 51 398 ± 33

2005 June 16.97 61.51 — 505 ± 49 330 ± 35

2005 June 20.16 64.70 — — 286 ± 33

2005 July 1.92 76.46 843 ± 214 321 ± 48 189 ± 36

2005 July 30.02 104.56 0 ± 192 68 ± 36 93 ± 41

2005 August 14.97 120.51 — — 72 ± 42

2005 August 21.89 127.42 — — 41 ± 47

2005 September 19.90 156.44 — 0 ± 54 —

2005 October 15.73 182.27 — 33 ± 47 89 ± 38

aAll errors are given as 1σ (rms).
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Palomar 60−inch (I−band) HST/ACS (F775W)

t = 0.95 days t = 37 dayst = 0.0025 days

N
30"

10"

XRT

Figure 2.1: We began observing the field of XRF 050416a with the Palomar 60-

inch telescope in the I−band about 2.5 minutes after the burst. We discovered a

fading source within the 3.0 arcmin (radius) Swift/BAT error circle. Subsequent

localizations of the XRT (circle) and UVOT afterglow positions were shown to be

coincident with the P60 source. Our late-time HST images reveal a host galaxy

coincident with the optical afterglow position.
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Figure 2.2: We supplement our measurements from Table 2.1 (black symbols)

with data from the GCNs (225, 301, 305, 397, 444) and Holland et al. (188) (grey

symbols). Detections are shown as circles and upper limits as inverted triangles.

R−band data from the ANU 2.3-meter have been binned for clarity. All data have

been corrected for host galaxy extinction (see §2.2.1). Between t ≈ 0.01 and 1 day

the NIR/optical afterglow shows an average decay index of αNIR/opt ≈ −0.75. As

described in §2.3.2, we find a reasonable fit to the spectral and temporal evolution

of the broadband data with a standard afterglow model. Our HST measurements

are shown as encircled dots; the implied steep spectral index suggests the contribu-

tion from an supernova component at t ∼ 40 days (§2.4.4). We sum the flux from

a SN 1998bw-like supernova at z = 0.6528 with our afterglow model to produce

the final fits (grey solid lines). For comparison, we also show the afterglow model

alone (dashed grey line). We note that this model does not apply to the very early

afterglow evolution at t ∼< 0.01 days. The dotted grey lines at early time represent

the evolution of the NIR/optical assuming these bands track the X-ray evolution

on this timescale.
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Figure 2.3: The observed photometric spectrum for XRF 050416a is shown at t ≈
0.014 (top) and 0.8 days (bottom). The Ks−, z′−, I−, and R−band data (black

symbols) are from Table 2.1 while the V, B, U, UVW1, UVM2, and UVW2 data

(grey symbols) are from Holland et al. (188). Detections are shown as circles and

upper limits as inverted triangles. The observed spectrum is fit by βNIR/opt ≈ −1.3

and −1.5 in the top and bottom panels, respectively (dotted line). We fit the data

with an extinction model (solid line) which includes E(B − V ) = 0.03 from the

Galaxy (343) and a rest-frame host galaxy extinction of E(B − V )rest = 0.28

assuming an intrinsic spectral index of βNIR/opt ≈ −0.55 (dashed line).
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Figure 2.4: Images were obtained in filters F775W and F850LP spanning t ≈ 37

to 219 days after the explosion. The host galaxy emission dominates that of the

afterglow throughout this timescale. Relative astrometry between the P60 and the

HST images provides an optical afterglow position accurate to 0.70 arcsec (circle,

2σ). Residual images of the afterglow were produced through image subtraction

techniques (§2.2.2). The position of the afterglow is offset by 0.02 ± 0.02 arcsec

with respect to the host galaxy center.
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Figure 2.5: The spectrum was obtained with the Low Resolution Imaging Spectro-

graph on Keck I on 2005 June 6.3 UT. Several bright emission lines are detected,

indicating that the host is a star-forming galaxy at redshift z = 0.6528 ± 0.0002.

As discussed in §2.5 we find that the host is actively forming stars with a rate of

∼> 2 M� yr−1 and an inferred metallicity of Z ∼ 0.2 − 0.8 Z�.
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Figure 2.6: Radio observations of XRF 050416a from the Very Large Array as

listed in Table 4.1. We have summed the late-time limits in each frequency for

clarity. The radio evolution is characterized by an unusual flare at t ∼ 40 days

which rapidly fades below our detection limits. This radio flare occurs roughly on

the same timescale as the observed X-ray flattening. (Figure 2.7). We attribute

both the radio flare and the X-ray flattening to an episode of late-time energy

injection (refreshing shell or off-axis ejecta) or a large circumburst density jump.

Our early afterglow model fit is shown (solid grey lines) and extrapolated to the

epoch of the radio flare (dashed grey lines). The spectral index between 8.46 and

4.86 GHz is optically thin throughout our radio monitoring, including the late-time

flare (lower right panel).
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Figure 2.7: X-ray observations of XRF 050416a from the Swift/XRT as reported

by Mangano et al. (239). The X-ray light-curve is characterized by four phases:

(1) a initial steep decay, (2) a flattening between t ≈ 0.005 − 0.01 days, (3) a

subsequent decay, and (4) a second flattening between t ≈ 20− 40 days. The final

measurement at 70 days implies a rapid steepening following the second flattening.

We attribute the late-time flattening to energy injection (refreshing shell or off-axis

ejecta) or a large circumburst density jump. Overplotted is our afterglow model fit

between 0.014 and 20 days (solid grey line) and extrapolated to late time (dashed

grey line). We do not attempt to fit the data prior to 0.01 days (dotted line) due

to insufficient broadband data.



112

Part III

An Optical View of the

GRB-SN Connection



113

An Optical View of the GRB-SN Connection



114

Chapter 1

An HST Search for Supernovae

Accompanying X-ray Flashes†

A. M. Soderberg
a
, S. R. Kulkarni

a
, D. B. Fox

a
, E. Berger

b
, P. A.

Price
c
, S. B. Cenko

d
, D. A. Howell

e
, A. Gal-Yam

a
, D. C. Leonard

a
,

D. A. Frail
f
, D.-S. Moon

d
, R. A. Chevalier

g
, M. Hamuy

b
, K. C.

Hurley
h
, D. Kelson

b
, K. Koviak

b
, W. Krzeminski

b
, P. Kumar

i
, A.

MacFadyen
a
, P. J. McCarthy

b
, H. S. Park

j
, B. A. Peterson

k
, M. M.

Phillips
b
, M. Rauch

b
, M. Roth

b
, B. P. Schmidt

k
, S. Shectman

b

aDivision of Physics, Mathematics and Astronomy, 105-24, California Institute of Technology,

Pasadena, CA 91125, USA

bObservatories of the Carnegie Institution of Washington, 813 Santa Barbara St., Pasadena, CA

91101, USA

cUniversity of Hawaii, Institute of Astronomy, 2680 Woodlawn Drive, Honolulu, HI 96822-1897,

USA

dSpace Radiation Laboratory 220-47, California Institute of Technology, Pasadena, CA 91125,

USA

eDepartment of Astronomy and Astrophysics, University of Toronto, 60 St. George Street,

Toronto, ON M5S 3H8, Canada

†A version of this chapter was published in The Astrophysical Journal, vol. 627, 877–887,

(2005). Reproduced by permission of the AAS.



115

fNational Radio Astronomy Observatory, Socorro, NM 87801, USA

gDepartment of Astronomy, University of Virginia, P.O. Box 3818, Charlottesville, VA

22903-0818, USA

hUniversity of California, Berkeley, Space Sciences Laboratory, Berkeley, CA 94720-7450, USA

iAstronomy Department, University of Texas, Austin, TX 78731, USA

jLawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94550, USA

kResearch School of Astronomy and Astrophysics, The Australian National University, Weston

Creek, ACT 2611, Australia

Abstract

We present the results from an Hubble Space Telescope/ACS search for supernovae

associated with X-ray flashes 020903, 040701, 040812, and 040916. We find strong

evidence that XRF 020903 (z = 0.25) was associated with a SN 1998bw-like su-

pernova and confirm this using optical spectroscopy at t ∼ 25 days. We find no

evidence, however, for SN 1998bw-like supernovae associated with the other three

events. In the case of XRF 040701 (z = 0.21), we rule out even a faint super-

nova similar to SN 2002ap, using template light-curves for several local Type Ic

supernovae. For the two cases in which the redshift is not known, XRFs 040812

and 040916, we derive robust redshift limits assuming they were accompanied by

supernovae similar to SN 1998bw and compare these limits with photometric red-

shift constraints provided by their host galaxies. We supplement this analysis with

results for three additional events (XRFs 011030, 020427, and 030723) and discuss

the observed diversity of supernovae associated with X-ray flashes and gamma-ray

bursts. We conclude that XRF-SNe exist, but can be significantly fainter than

SN1998bw, possibly consistent with the observed spread in local Type Ibc super-

novae.
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1.1 Introduction

Observational evidence for a connection between gamma-ray bursts (GRBs) and

supernovae (SNe) was first established with the discovery of the highly lumi-

nous type Ic SN1998bw in spatial and temporal coincidence with GRB 980425

(290, 151). In the seven years since this extraordinary event, several possible

GRB-SN associations have been reported based on red “bumps” observed in op-

tical afterglow light-curves (e.g., Bloom et al. 42). Moreover, in two cases (GRBs

030329 and 031203) there is unambiguous spectroscopic evidence of high velocity

SN features (187, 377, 244, 237). These observations provide conclusive evidence

that at least some gamma-ray bursts are produced in the explosions of massive

stars.

In recent years, a new class of high-energy transients has been identified, char-

acterized by an emission spectrum peaking in the X-ray band, an order of magni-

tude softer than the peak energies observed for GRBs (181). These so-called X-ray

flashes (XRFs) are thought to be related to GRBs since the two classes share sev-

eral observational properties, including prompt emission profiles (Sakamoto et al.

328, and references therein), broadband afterglows (56, 361, 144) and star-forming

host galaxies at cosmological distances (43, 221, 222).

Several hypotheses on the physical connection between XRFs and GRBs have

been proposed. One popular model posits that XRFs are simply GRBs viewed

away from the jet collimation axis (439, 450, 170). In this scenario, the observed

prompt emission is dominated by the mildly relativistic material in the “wings”

of the jet, rather than the highly relativistic (Γ ∼> 100) ejecta beamed away from

the line-of-sight. Another popular model suggests that XRFs are produced in a

“dirty fireball,” where the ejecta carry a more substantial baryonic load (and hence

less relativistic material) than typical GRBs (450). In both scenarios XRFs are

expected to be associated with SNe, whose properties and detectability should not

be affected by the viewing angle or baryonic load.

The discovery of a SN in association with an XRF would therefore conclusively
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associate XRFs with the death of massive stars and hence GRBs. Motivated

thus, we undertook a systematic search for SNe associated with XRFs using the

Hubble Space Telescope (HST). As part of our XRF-SN analysis, we synthesized

supernova light-curves at various redshifts utilizing as templates the well-sampled

optical light-curves of several local SNe (§2.2). Comparison of the synthesized SNe

with our HST observations enabled us to study the diversity of XRF associated

SNe. Details on the individual HST targets and observations follow in §2.3. By

including results from other XRF-SN searches, we compile an extended sample of

seven events (XRFs 011030, 020427, 020903, 030723, 040701, 040812, and 040916),

and present a global summary of XRF-SN detection limits in §2.4. A discussion on

the observed spread in the peak optical luminosities of GRB- and XRF-associated

SNe follows as §1.5.

1.2 Supernova Light-curve Synthesis

In modeling the XRF-associated SNe, we adopted optical data for the local SNe

1994I, 1998bw, and 2002ap as templates. These three SNe were selected based

on their well-sampled optical light-curves which represent an overall spread in

the observed properties of Type Ibc supernovae. To produce synthesized light-

curves for each of these template SNe, we compiled optical UBV RI observations

from the literature and smoothed the extinction-corrected (foreground plus host

galaxy) light-curves. We then redshifted the light-curves by interpolating over the

photometric spectrum and stretching the arrival time of the photons by a factor

of (1 + z). Since observed spectra of local (d ∼< 100 Mpc) Type Ibc SNe show

a steep drop-off in flux blue-ward of ∼ 4000 Å due to heavy line-blanketing and

since good-quality UV data are currently not available below 3000 Å we do not

attempt to extrapolate the rest-frame spectra blue-ward of the rest-frame U -band

observations. This limits the synthesized light-curves to z ≤ 0.80 and z ≤ 1.20 for

the observed R- and I-bands, respectively. Below we discuss the compiled optical

datasets for each of the template SNe.
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1.2.1 SN1998bw

The well-sampled UBV RI light-curves for SN 1998bw were taken from Galama

et al. (151) and McKenzie and Schaefer (254) and corrected for galactic extinction

(AV = 0.19; Schlegel et al. 344). We assume negligible host galaxy extinction,

consistent with the spectroscopic analysis Patat et al. (282). The broadband op-

tical dataset spans a timescale from t ≈ 0.7 to 417 days. Here, the explosion time

is set by the Beppo-SAX detection of GRB 980425 on 1998 April 25.91 UT (290).

In calculating optical luminosities for SN 1998bw, we assume a distance, dL ≈ 36.1

Mpc (H0 = 71 km/s/Mpc, ΩM = 0.27, ΩΛ = 0.73), based on the observed redshift

to the host galaxy, ESO 184-G82 (150).

1.2.2 SN1994I

Richmond et al. (317) provide a large compilation of multi-color light-curves for

SN1994I. We adopt a large host galaxy extinction of AV = 1.4 and negligible

Galactic extinction as derived through the spectroscopic analysis (317). Using an

explosion date of 1994 March 30 UT from radio light-curve modeling (380), the

BV RI data span from t ≈ 1.4 to 130 days, while the U -band data extend only as

far as t ≈ 47.4 days. In an effort to extend the U -band light-curve, we scale the

late-time linear decay of the B-band light-curve to match the last epoch of U -band

observations and assume the U −B color is constant thereafter. We note that this

scaling introduces a source of uncertainty in our late-time [t ∼> 47(1 + z)] high−z

synthesized light-curves of SN1994I. In calculating optical luminosities, we adopt

a distance of dL ≈ 8.5 Mpc for host galaxy, M51, as given by Richmond et al.

(317).

1.2.3 SN2002ap

UBV RI light-curves were taken from Foley et al. (122) and scaled to an explosion

date of 2002 January 28.9 UT (249). We adopt the spectroscopic derived total

extinction (foreground plus host galaxy) of AV = 0.26 (122). Data span t ≈ 1.3 to
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317.3 days after the explosion in BV RI filters while the U -band data extend only

to t ∼ 35.2 days. In a manner similar to that for SN 1994I, we extend the U -band

light-curve by scaling the late-time B-band data and note that this introduces

uncertainty in the synthesized light-curves at high−z. We assume the distance to

the host galaxy, M74, is dL ≈ 7.3 Mpc (347, 372).

We emphasize the striking differences between the three SN light-curves when

the extinction-corrected rest-frame V -band light-curves are compared. With re-

gard to the luminosity at peak time, SN 1998bw is a factor of ∼ 2.2 more luminous

than SN 1994I and ∼ 6 times more luminous than SN2002ap. Moreover, the time

of V -band peak vary by a factor of two: while SN 1998bw peaks at t ∼ 16 days,

SN1994I and SN 2002ap both peak at just t ∼ 9 days. Such early peak times

present a challenge for GRB-SN searches, since the optical afterglow typically

dominates on these timescales.

1.3 Hubble Space Telescope XRF-SN Search

Since the activation of our Cycle-13 HST program to study the supernovae as-

sociated with X-ray flashes and gamma-ray bursts (GO-10135; PI: Kulkarni),

three XRFs have been discovered and localized by their afterglow emission: XRFs

040701, 040812, and 040916. In an effort to study the SNe possibly associated

with these XRFs, we observed each of these objects with HST at late-time, when

an associated supernova is most likely to dominate the optical emission. To sup-

plement our sample of XRF observations, we investigated archival HST images of

XRF 020903 (GO-9405; PI: Fruchter). We describe our data analysis techniques

below.

Using the Wide-Field Camera (WFC) of the Advanced Camera for Surveys

(ACS) on-board HST, we imaged the fields of XRFs 040701, 040812 and 040916.

For each target we undertook observations at two epochs, t ∼ 30 and ∼ 60 days,

in order to search for optical emission associated with an underlying supernova.

Each epoch consisted of two orbits during which we imaged the field in two filters,
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F625W and F775W, corresponding to SDSS r′- and i′- bands, respectively.

We retrieved archival images of XRF 020903 from the HST archive1. Similar to

the other bursts in our sample, the XRF 020903 data were obtained with HST/ACS

using WFC. We analyze the images from two epochs at t ∼ 91 and ∼ 300 days to

search for the signature of an associated supernova. These data were taken in the

broad V -band filter, F606W.

The HST data were processed using the multidrizzle routine within the

stsdas package of IRAF (141). Images were drizzled using pixfrac=0.8 and

pixscale=1.0 resulting in a final pixel scale of 0.05 arcsec/pixel. Drizzled images

were then registered to the first epoch using the xregister package within IRAF.

To search for source variability, we used the ISIS subtraction routine by Alard

(1) which accounts for temporal variations in the stellar PSF. Residual images

(Epoch 1 − Epoch 2) were examined for positive sources positionally coincident

with the afterglow error circle. To test our efficiency at recovering transient sources,

false stars with a range of magnitudes were inserted into the first epoch images us-

ing IRAF task mkobject. An examination of the false stellar residuals provided an

estimate of the magnitude limit (3σ) to which we could reliably recover transients.

Photometry was performed on the residual sources within a 0.5 arcsec aperture.

We converted the photometric measurements to infinite aperture and calculated

the corresponding AB magnitudes within the native HST filters using the aperture

corrections and zero-points provided by Sirianni et al. (349). For comparison with

ground-based data, we also converted the photometric measurements to Johnson

R- and I-band (Vega) magnitudes using the transformation coefficients derived by

Sirianni et al. (349) and assuming a flat Fν source spectrum.

In the following sections we summarize the afterglow properties for each of the

targets and the photometry derived from our HST SN search. A log of the HST

observations for the four XRFs follows in Table 2.1.
1http://archive.stsci.edu/hst/search.php
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1.3.1 XRF020903

Prompt Emission and Afterglow Properties

XRF 020903 was detected by the Wide-Field X-ray Monitor (WXM) on-board

the High Energy Transient Explorer (HETE-2) satellite on 2002 September 3.421

UT. With a spectral energy distribution peaking below 5 keV, XRF 020903 is the

softest burst detected during the lifetime of the instrument (331). Despite the

large 4 × 31 arcmin localization region, an optical afterglow was discovered (361)

at α = 22h48m42s.34, δ = −20◦46′09′′.3 (J2000). At t ≈ 0.9 days, the afterglow

had R ≈ 19.5 mag and continued to fade as Fopt ∝ t−1.1 until t ∼ 30 days when

the decay flattened to a plateau. Optical spectroscopy showed the transient source

to be associated with a galaxy complex at z = 0.251 (371).

HST Observations

XRF 020903 was observed using HST/ACS on 2002 December 3.79 and 2003 June

30.65 UT, corresponding to t ∼ 91 and 300 days after the burst. Imaging was

carried out in the broad F606W filter for total exposure times of 1840 sec (Epoch

1) and 1920 sec (Epoch 2). Relative astrometry was performed using an early-

time (t ∼ 0.9 day) image from the Palomar 200-inch telescope (361). Using 42

unsaturated, unconfused stars in common between the two images, we registered

the HST data with a systematic uncertainty of 0.12 arcsec (2σ).

The HST images reveal that the afterglow localization circle coincides with the

southwest knot of the host galaxy complex (Figure 1.1). Through image subtrac-

tion, we find a positive residual coincident with the optical afterglow position at

α = 22h48m42.293s, δ = −20◦46′08′′.47 (J2000). Photometry of the residual source

gives F606W≈ 24.53 ± 0.03 mag (R ≈ 24.32 ± 0.03 mag). Correcting for galactic

extinction (AR = 0.09; Schlegel et al. 344), the true magnitude of the source is

R ≈ 24.23±0.03 mag. To estimate our photometric uncertainty, we placed random

apertures near other galaxy residuals and calculated the standard deviation of the

resulting values.
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Figure 1.2 shows the extinction-corrected HST photometry along with ground-

based R-band data for the optical afterglow associated with XRF 020903. Ground-

based data have been compiled from the GCNs (91, 163) as well as from Table

1 of Soderberg et al. (361). We have numerically subtracted the host galaxy

contribution from the ground-based data, assuming an extinction-corrected host

galaxy brightness of R ≈ 20.90 mag based on late-time observations (163, 221).

From the compiled R-band afterglow light-curve, it is evident that the temporal

decay flattens significantly around t ∼ 30 days and subsequently steepens toward

the HST measurement at t ∼ 91 days. This flattening (or plateau phase) occurs

on the same timescale that a SN1998bw-like supernova at z = 0.25 would reach

maximum light (see also Bersier et al. 30).

Associated Supernova

Over-plotted in Figure 1.2 are the synthesized light-curves of SNe 1998bw, 1994I

and 2002ap at a redshift of z = 0.25. It is clear that an associated SN 1998bw-

like supernova would be ∼ 1 magnitude brighter than the HST observation at

t ∼ 91 days, while SN 1994I and SN 2002ap-like light-curves are each fainter by 1.4

magnitudes. By taking the weighted average of the ground-based data between

t ∼ 20 − 40 days, we predict that the supernova was 0.6 ± 0.5 magnitudes fainter

than SN 1998bw at maximum light. We note that this uncertainty is dominated

by “aperture effects” (see Price et al. 300) which cause variable contribution from

the host galaxy complex in different epochs.

We obtained optical spectroscopy of the transient source using the Magel-

lan 6.5-meter telescope equipped with the Low Dispersion Survey Spectrograph

(LDSS2) on 2002 September 28.06 UT (t ≈ 24.6 days), during the observed plateau

phase. The data were reduced and calibrated using standard techniques. The spec-

trum is characterized by a faint continuum dominated by narrow, bright emission

lines typical of star-forming galaxies (Figure 1.3; Soderberg et al. 371, Chornock

and Filippenko 76).

To search for high velocity SN features within the observed spectrum, we uti-
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lized the supernova classification techniques of Howell et al. (190), designed for

identification of SNe in the presence of host galaxy contamination. Host galaxy

light must be subtracted from the observed spectrum to reveal the SN flux. We

fit a range of starburst host galaxy templates from Kinney et al. (206), consis-

tent with the continuum shape and narrow lines in the observed spectrum. After

sigma-clipping the narrow emission lines and subtracting the best-fit galaxy tem-

plate (model SB1), the residual spectrum shows broad features resembling those of

SN1998bw near maximum light. Figure 1.3 presents a comparison of our galaxy

subtracted spectrum with SN 1998bw at t ≈ 20.5 days (rest-frame; Patat et al.

282), redshifted to z = 0.25 and dimmed by ∼ 0.3 magnitudes. The resemblance

is striking.

Taken together, the spectroscopic and photometric data strongly suggest that

XRF 020903 was associated with a supernova that is ∼ 0.6 ± 0.5 magnitudes

fainter than SN 1998bw at maximum light. Moreover, the SN light-curve fades

faster than SN1998bw, falling ∼ 1 mag below the synthesized SN 1998bw light-

curve at late-time. A dimmer, faster fading supernova was also interpreted for

SN2003dh/GRB030329 (Lipkin et al. 229, Deng et al. 100; c.f. Matheson et al.

244) and is consistent with the luminosity-stretch relation for GRB-SNe (47, 375).

1.3.2 XRF040701

Prompt Emission and Afterglow Properties

XRF 040701 was localized on 2004 July 1.542 UT by the HETE-2 WXM to an 8

arcmin radius error circle centered at α = 20h47m46.3s, δ = −40◦14′13′′ (J2000;

Barraud et al. 11).

We observed the error circle with the Chandra X-ray Observatory (CXO) us-

ing the AXAF CCD Imaging Spectrometer (ACIS) for 22.3 ksec beginning at 2004

July 9.32 UT (t ≈ 7.9 days) and 20.4 ksec on 2004 July 18.05 (t ≈ 16.6 days).

Comparison of the two epochs revealed the most variable source to be at position

α = 20h48m16s.097, δ = −40◦11′08′′.83 (J2000), with an uncertainty of 0.5 arc-
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sec in each coordinate (2σ; Fox 128) which we interpret as the X-ray afterglow.

Assuming galactic absorption, the X-ray flux of the source was 7.75 × 10−14 and

4.06 × 10−14 erg cm−2 s−1 (2 − 10 keV), in the first and second epochs, respec-

tively. This implies a temporal decay, FX ∼ tα with α = −1.15, between the two

observations, comparable to the typical observed values of GRB X-ray afterglows,

α ∼ −1.1 (Berger et al. 23, and references therein).

Inspection of Digital Sky Survey (DSS) images revealed that the X-ray after-

glow is associated with a resolved galaxy complex whose redshift we determined

to be z = 0.2146 (204). At this relatively low redshift, the X-ray afterglow is sen-

sitive to absorption within the host galaxy. We fit an absorbed power-law model

to the afterglow spectrum where the column density, NH , was a combination of

foreground and host galaxy extinction. We find that the column density within

the host galaxy must be NH ∼< 5 × 1021 cm−2 (90% confidence) in order to repro-

duce the observed low energy (< 1 keV) X-ray photons. Utilizing the NH to AV

conversion of Predehl and Schmitt (299), this limit corresponds to a rest-frame

host galaxy extinction of AV,host ∼< 2.8 mag.

Despite deep searches, no optical afterglow candidate was discovered through

ground-based monitoring of the Chandra error circle (99, 21, 291). This non-

detection could be the result of the large host-galaxy extinction, consistent with

the observed X-ray afterglow absorption.

HST observations

HST/ACS imaging was carried out on 2004 August 9.66 and 30.52 UT (t ≈ 39.1

and 60.0 days after the burst). Each epoch had a total exposure time of 1840

and 1920 sec in the F625W and F775W filters, respectively. We astrometrically

tied the HST and Chandra images by first registering the X-ray source list to our

I-band images from the Las Campanas Observatory (LCO) 40-inch telescope (21)

using three sources in common. We then tied the LCO images to those from HST

resulting in a final positional uncertainty of 1.06 arcsec (2σ).

Our HST observations reveal that the afterglow error circle coincides with
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the northeast galaxy of the host complex. Inspection of the images reveals that

there are no transient sources within this localization region. Figure 1.4 shows

the images from both epochs in addition to the residual images produced from

the subtraction routine. We found that the false stellar residuals recovered at our

detection threshold correspond to limits of F625W > 27.8 and F775W > 26.8 mag

(R > 27.6 and I > 26.4 mag). Correcting for Galactic extinction (AR = 0.13;

Schlegel et al. 344), the actual limits are R > 27.5 and I > 26.3 mag. We note

that the slightly elevated flux of the bipolar galaxy residual are consistent with

these limits.

Figure 1.5 shows the HST limits along with early-time data compiled from

the GCNs (99, 291), corrected for galactic extinction. To estimate the flux of

the optical afterglow, we extrapolated the observed Chandra data to the R- and

I-bands. Following Sari et al. (339) for the case of a constant denisty medium,

the observed X-ray afterglow decay (FX ∝ t−1.15) implies that the electron en-

ergy index (dN/dE ∝ E−p) is p ≈ 2.5 in the case where the synchrotron cooling

frequency, νc, is above the X-ray band, and p ≈ 2.2, if it is below. We therefore

extrapolate the observed X-ray flux by adopting a spectral index (Fν ∝ νβ) with

β = −(p − 1)/2 ≈ −0.75 in the case of νopt < νX < νc and β = −p/2 ≈ −1.1 for

νc < νopt < νX . These two scenarios bracket the whole range of optical flux values

implied by the possible location of the νc at the time of the CXO observations.

By extrapolating the predicted optical decay to the first HST epoch, we con-

clude that the afterglow should have been ∼> 3.0 magnitudes brighter than our

HST detection limit. Even in the most extreme scenario, a jet break occurred

coincident with the second Chandra epoch, forcing the temporal decay to steepen

to Fν ∝ t−p (338). Still, the afterglow would have been ∼> 1.7 magnitudes brighter

than the HST limit. Under the assumption that the observed X-ray flux was

dominated by synchrotron emission, these limits imply that there is significant

extinction from the host galaxy. However, in a scenario where the X-ray emission

is dominated by other processes (e.g. ,inverse Compton), this extrapolation over-

predicts the brightness of the optical afterglow, thereby reducing the implied host
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galaxy extinction.

Supernova Limits

Over-plotted in Figure 1.5 are synthesized light-curves for SNe 1998bw, 1994I,

and 2002ap at z = 0.21. From the figure, it is clear that a SN 1998bw-like su-

pernova would have been ∼ 6 magnitudes brighter than our HST limits. A faint

supernova similar to SN 2002ap would still be ∼ 3.4 magnitudes above our de-

tection threshold. Our constraints on the column density imply that host galaxy

extinction cannot account for this difference; even in an extreme scenario, given by

AV,host ≈ 2.8 mag, our limits are still ∼ 3.2 magnitudes fainter than SN 1998bw.

We conclude that an XRF 040701-associated supernova must be ∼ 3 mag fainter

than SN 1998bw, making it significantly fainter than all GRB-SNe known to date.

1.3.3 XRF040812

Prompt Emission and Afterglow Properties

XRF 040812 was discovered on 2004 August 12.251 UT by the Imager on Board the

Integral Satellite (IBIS). Preliminary analysis indicated a spectrum that was X-ray

rich. The event was localized to a 2-arcmin radius circle centered at α = 16h26m05s,

δ = −44◦42′32′′ (J2000; Gotz et al. 165).

Patel et al. (284) observed the field of XRF 040812 with Chandra/ACIS be-

ginning on 2004 August 17.30 UT (t ≈ 5 days) and on 2004 August 22.41 UT

(t ≈ 10 days) for 10 ksec each. Comparison of the two epochs revealed a vari-

able source at position α = 16h26m2s.25, δ = −44◦43′49′′.4 (J2000) which faded

as FX ∝ t−1.4 between the observations (283). The unabsorbed flux in the first

and second epochs was 2.53 × 10−13 and 9.30 × 10−14 erg cm−2 s−1 (0.5–10 keV),

respectively (60, 61).

Due to high galactic extinction in the direction of the burst (AR = 3.6 mag;

Schlegel et al. 344) and the presence of an extremely bright star ∼ 20 arcsec

from the CXO position, optical/IR campaigns could neither observe the optical
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afterglow nor obtain spectroscopy of the host galaxy (15, 19, 88, 96). As a result,

a spectroscopic redshift is not available for XRF 040812.

HST Observations

HST/ACS imaging for XRF 040812 was carried out on 2004 September 13.4 and

October 4.8 UT (t ≈ 32.1 and 53.6 days after the burst). Each epoch had a total

exposure time of 2000 and 2120 sec in the F625W and F775W filters, respectively.

Observations were taken with orientation angles chosen to minimize contamination

from diffraction spikes and saturated columns resulting from the bright foreground

star. Using the Chandra source list provided by Patel et al. (284), we identified

five unconfused, unsaturated sources in common between the Chandra observations

and our I-band Las Campanas Observatory (LCO) 40-inch observations (19) and

used these to tie the X-ray afterglow position to ground-based images. The LCO

and HST images were then registered, resulting in a final positional uncertainty of

0.91 arcsec (2σ).

Through examination of the HST images, we find an extended source ∼ 0.33

arcsec (< 1σ) from the nominal CXO position and interpret it as the host galaxy of

XRF 040812. We find the galaxy to be relatively bright, F625W≈ 24.50±0.06 mag,

corresponding to R ≈ 20.68 ± 0.05 mag after correcting for the large foreground

extinction. Comparison with the set of GRB host galaxy magnitudes compiled by

Berger et al. (25) suggests that XRF 040812 is at a relatively low redshift, z ∼< 0.5.

At this redshift, the host galaxy extinction is constrained to be AV,host ∼< 6.1, (90%

confidence) based on our independent analysis of the lowest energy X-ray afterglow

emission.

Image subtraction reveals no transient sources that could be attributed to

an optical afterglow or associated supernova within the CXO localization circle

(Figure 1.6). We find 3σ detection limits on the residual image of F625W > 27.0

and F775W > 26.4 mag (R > 26.8 and I > 25.9 mag). Due to the large Galactic

extinction, however, the true limits are significantly shallower, R > 23.2 and I >

23.3 mag.
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Figure 1.7 displays the Galactic extinction-corrected HST limits along with the

predicted optical afterglow extrapolated from the X-ray flux in a manner similar

to that for XRF 040701 (§1.3.2). Given the observed X-ray decay, we extrapolate

with β ≈ −0.96 for p ≈ 2.92 and β ≈ −1.29 for p ≈ 2.59. As evident from the

figure, the HST I-band limit is 1.9 magnitudes fainter than the predicted optical

afterglow, assuming the flux continued evolving as Fopt ∝ t−1.4 to the HST epoch.

If, instead, a jet break occurred at the second Chandra epoch, the predicted optical

afterglow could be consistent with the HST non-detection.

Supernova Limits

Since the redshift of XRF 040812 is not known, we over-plot synthesized light-

curves for SNe 1998bw, 1994I, and 2002ap at the appropriate redshift such that

the SN curves match the residual image HST detection limit. Supernovae placed

above these redshift limits would not be detected. Due to the heavy foreground

extinction toward XRF 040812, the I-band limits provide deeper constraints on

an associated supernova. As shown in Figure 1.7, a SN 1998bw-like supernova is

ruled out for z ∼< 0.90 while SN1994I-, and SN 2002ap-like SNe are ruled out for

z ∼< 0.34 and z ∼< 0.35, respectively. To be consistent with the estimated low-z

inferred from the host galaxy brightness, an associated SN must be significantly

fainter than SN 1998bw or suppressed due to host galaxy extinction.

1.3.4 XRF040916

Prompt Emission and Afterglow Properties

On 2004 September 16.002 UT the HETE-2 satellite discovered XRF 040916. Pre-

liminary spectral analysis revealed a dearth of photons at ∼> 10 keV, suggestive

that the event was an X-ray flash (442). The initial localization error region was

18 arcmin in radius centered at α = 23h01m44s, δ = −05◦37′43′′ (J2000). A refined

error box with half the original size (545 square arcmin) was released later (443).

Using SuprimeCam mounted on the Suburu 8.2m telescope, Kosugi et al. (211)
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discovered a faint optical afterglow at α = 23h00m55s.1, δ = −05◦38′43′′ (J2000)

with a magnitude of Rc ≈ 22.3±0.2 at t ≈ 0.23 days . The afterglow subsequently

decayed as Fopt ∝ t−1.0. In comparison to GRB optical afterglows compiled by

Fox et al. (130) and Berger et al. (20), XRF 040916 is the faintest optical afterglow

ever detected on this timescale. We note that no spectroscopic redshift has been

reported for this event.

HST Observations

XRF 040916 was imaged with HST/ACS on 2004 October 18.38 and November

30.30 UT (t ≈ 32.4 and 75.3 days after the burst) for a total exposure time of 1930

(2058) sec in Epoch 1 and 1928 (2056) sec in Epoch 2 in the F625W (F775W)

filter. For astrometry, we used early-time (t ∼ 0.16 day) R- and I-band data from

the Palomar Robotic 60-inch telescope (P60; Cenko et al., in prep) in which the

optical afterglow is clearly detected. Twelve stars in common between the Palomar

and HST images provided an astrometric uncertainty of 0.29 arcsec (2σ).

Within the afterglow position error circle, we find a faint source near the de-

tection limit of our first epoch F625W and F775W images at α = 23h00m55.141s,

δ = −05◦38′42′′.70 (J2000). Figure 1.8 shows the source is too faint to be recovered

in the residual images, implying it is just below our 3σ detection threshold of F625

> 27.9 mag and F775W > 27.2 mag (R > 27.7 and I > 26.7 mag). Correcting for

galactic extinction (AR = 0.15; Schlegel et al. 344), the true limits are R > 27.5

and I > 26.6 mag.

In Figure 1.9 we show the HST limits along with early-time data from P60 and

from the GCNs (211, 208, 183), all corrected for Galactic extinction. The early

data are well fit with a Fopt ∝ t−1.0 decay. We note that the early detection by

Henden (183) is inconsistent with our I-band data. The HST limits are consis-

tent with the extrapolated optical afterglow, assuming the flux decayed without

steepening until the epoch of HST observations.
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Supernova Limits

Since the redshift of XRF 040916 is not known, we over-plot synthesized light-

curves for SNe 1994I and 2002ap each at the appropriate redshift such that the

SN curves match the residual image HST detection limit. Supernovae with light-

curves similar to SNe 1994I and 2002ap would not be detected above z ≈ 1.02

and z ≈ 0.82, respectively. Synthesized light-curves for SN 1998bw at z = 0.8 and

z = 1.2 represent the limits to which we can confidently extrapolate the rest-frame

SN spectrum. These light-curves are ∼ 3 and ∼ 1.5 magnitudes brighter than the

observed HST limits in the R- and I- bands, and therefore suggest that either

XRF 040916 is at higher redshift (e.g. z > 1.2) or it is associated with a lower

luminosity SN.

We note that XRF 040916 is the only event within our HST survey for which

we do not detect the host galaxy. Given our HST detection limit and the small

foreground extinction, this implies the host galaxy is fainter than R ≈ 27.5 mag.

We compare this limit with faint GRB host galaxies; all of the GRB hosts with

R > 26 mag are at redshift z > 1.4 (25). Assuming the GRB host galaxy luminosity

function also applies to XRFs, this implies that XRF 040916 is at a similarly high

redshift, far beyond the z ∼ 1.2 redshift limit out to which we can detect an

associated SN.

1.4 A Summary of XRF-SN Searches

We now present a global summary of all SN searches in XRFs to date, including

HST campaigns for XRFs 011030, 020427, 020903, 040701, 040812, 040916 and

a deep ground-based effort for XRF 030723. In compiling these results, we also

discuss the available constraints on host galaxy extinction, which could suppress

any emission from an associated SN.

The only XRF for which we find evidence suggestive of an accompanying su-

pernova is XRF 020903 (z = 0.25). Based on the observed flattening of the optical

light-curves at t ∼ 30 days, and the identification of broad features in the optical
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spectrum, we propose that XRF 020903 was associated with a supernova up to ∼ 1

magnitude fainter than SN 1998bw at maximum light.

In the case of XRF 040701, our foreground extinction-corrected HST detection

limit is ∼ 6 mag fainter than SN1998bw at this redshift. Our analysis of the X-ray

afterglow spectra reveals that the rest-frame host galaxy extinction is constrained

to AV,host ∼< 2.8, implying a conservative upper limit on the brightness of the

associated SN to be ∼ 3.2 mag fainter than SN 1998bw and fainter than all of the

GRB-SN studied to date. Taken together, XRFs 020903 and 040701 (the only two

XRFs with redshifts in our sample) imply that at least some of the XRF-associated

SNe are considerably fainter than SN 1998bw.

Due to the heavy foreground extinction toward XRF 040812, our ability to

detect a SN 1998bw-like event would only be possible for z ∼< 0.7. In this case,

analysis of the X-ray afterglow does not provide a strong constraint on the host

galaxy extinction, since the lowest energy photons are absorbed by the Galaxy.

Our limits are more constraining for the case of XRF 040916, where we would

be sensitive to a SN1998bw-like supernova beyond z ∼ 1.2. The lack of a SN

detection, however, is consistent with a high redshift as possibly suggested by the

faintness of the host galaxy and optical afterglow.

Deeper constraints have previously been reported based on HST/STIS data

for two additional XRFs without known redshifts, XRFs 011030 and 020427 (222).

Thanks to the broad throughput of the STIS Clear filter, the sensitivity extends

red-ward of I-band, thereby enabling SN detection to z ≈ 1.5 before UV blanketing

suppresses the observed emission. Levan et al. (222) showed that a SN 1998bw-

like supernova would be detectable to z ∼ 1.5 for both XRFs 011030 and 020427.

Using the X-ray afterglow data for these two bursts, Levan et al. (222) estimated

their host galaxy extinction to be AV ∼< 1.7 and AV ∼< 2.5, respectively, assuming

a moderate redshift of z ∼ 0.5. At lower redshift, the host galaxy extinction

required to suppress a SN 1998bw-like supernova is inconsistent with the X-ray

limits, suggesting that these two bursts are either located at higher redshift or

associated with low luminosity SNe. We note that a firm redshift limit of z ∼< 2.3
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has been reported for XRF 020427 based on the lack of Lyα absorption down to

3800 Å within the optical spectrum (406).

While there were no HST observations taken for XRF 030723, we utilize the

deep ground-based afterglow observations reported by Fynbo et al. (144) to con-

strain the emission from an underlying supernova. Despite claims that the optical

rebrightening at t ∼ 10 days is due to an associated supernova (394, 144), we con-

clude that the observed optical/NIR variability is dominated by afterglow emission

since neither the R − K color nor the optical to X-ray spectral index vary on this

timescale (Fox et al., in prep.; Butler et al. 56). We therefore adopt the R-band

afterglow light-curve as an effective upper limit on the flux of an accompanying

SN. We derive the most robust constraint from an observation at t = 24.78 days

with R = 25.08± 0.09. This limit is sufficiently deep to rule out a SN1998bw-like

supernova at z ∼< 0.8. We note that while the redshift of XRF 030723 is not known,

the lack of Lyα absorption in optical spectra limits the redshift to z ∼< 2.3 (144).

We summarize the limits on XRF-associated supernovae for these seven XRFs

in Figure 1.10. Also shown are the peak SN magnitudes (relative to SN 1998bw)

for limits (GRB 010921, Price et al. 300) and secure detections of GRB-associated

supernovae compiled from the literature (GRBs 970228, 980703, 990712, 991208,

000911, 011121, 020405, 021211 Zeh et al. 447; GRB 030329, Lipkin et al. 229, Deng

et al. 100; GRB031203, Malesani et al. 237; GRB 041006, Stanek et al. 375). This

figure highlights the spread of luminosities implied for the supernovae associated

with high-energy cosmic explosions. The GRB-SNe clearly show a spread in their

peak brightness. Based on XRFs 020903 and 040701, XRF-SNe appear to show a

similar spread. Assuming a modest redshift of z ∼ 1 for the other five XRF-SNe

implies an even larger spread and might suggest than XRFs are associated with

systematically fainter SNe.
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1.5 Discussion

We presented results from our HST/ACS search for the supernovae associated with

the XRFs 020903, 040701, 040812, 040916 and extended this sample by including

published results for SN searches in XRFs 011030, 020427, and 030723. We find

strong evidence (photometric and spectroscopic) for a SN 1998bw-like supernova

(dimmed by ∼< 1 mag) in association with XRF 020903 (z = 0.25). This finding

conclusively associates XRFs with the death of massive stars for the first time.

In the case of XRF 040701 (z = 0.21), our HST limit is ∼ 6 magnitudes fainter

than SN 1998bw which cannot be accounted for by host galaxy extinction. Based

on these two events (XRFs 020903 and 040701), we conclude that at least some

XRF-associated SNe exist but can be significantly fainter than SN1998bw.

In Figure 1.11 we compile peak magnitudes for local Type Ibc supernovae and

GRB-associated SNe. While the GRB-SN population tend to lie at the bright end

of the local SN luminosity distribution there is a pronounced ∼ 2 magnitude spread

in their observed peak brightness which produces significant overlap with the local

SNe. We emphasize that the SN associated with XRF 020903 is consistent with

this observed spread, however, a supernova associated with XRF 040701 would be

considered faint even in the context of the local SN population.

Since peak luminosity correlates roughly with the mass of 56Ni synthesized

in the explosion, these observations imply a significant spread in the Nickel yield

from GRB and XRF explosions. Most importantly, as revealed from low luminosity

GRB/XRF SNe, engine-driven relativistic explosions do not necessarily produce

more 56Ni than local SNe Ibc, which are not associated with relativistic ejecta (26).

This result is bracketed by two extremes: events with a large Nickel output can

be associated with weak engine-driven explosions harboring only a small amount

of relativistic ejecta (e.g., SN 1998bw/GRB980425), and those with a low Nickel

yield can be produced in strong engine-driven explosions characterized by copious

amounts of energy coupled to highly relativistic jetted material. In conclusion,

we find evidence that Nickel production and engine activity represent indepen-
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dent parameters of the GRB/XRF explosion mechanism, each of which can be

individually tuned.
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Residualt = 91 days
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t = 300 days

N

Figure 1.1: Three-panel frame showing HST/ACS imaging for XRF 020903 at

t ∼ 91 days (Epoch 1) and t ∼ 300 days (Epoch 2) in the F606W filter. By

subtracting the Epoch 2 image from Epoch 1, we produced the residual image,

above. We apply the same stretch to all frames. As clearly shown in this residual

image, a transient source is detected coincident with the 0.12 arcsec (2σ) optical

afterglow position (circle), lying on the southwest knot of the host galaxy complex.
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Figure 1.2: Extinction-corrected ground-based R-band observations of the optical

afterglow have been compiled from Soderberg et al. (361) and the GCNs (91, 163),

and are shown as diamonds and grey circles, respectively. The temporal decay of

the (host galaxy subtracted) optical afterglow is described by t−1.1 (dashed grey

line) at early time followed by a plateau phase at t ∼ 30 days. The weighted

mean of the points between t ∼ 20 − 40 days (black cross) indicates that at peak

the supernova was 0.6 ± 0.5 magnitudes fainter than the synthesized SN 1998bw

light-curve (thick line). At t ∼ 91 days, however, the HST transient (encircled

dot) is ∼ 1 magnitude fainter than the synthesized curve, implying the supernova

faded faster than SN1998bw. SN 1994I- and 2002ap-like supernovae (medium and

thin lines, respectively) would be significantly fainter than the HST residual.
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Figure 1.3: Magellan/LDSS2 spectrum of XRF 020903, taken at t ≈ 24.6 days.

Host galaxy emission lines were sigma-clipped (top) and we remove the host galaxy

contribution using a starburst template (bottom; light grey). The galaxy sub-

tracted spectrum has broad SN features, in clear resemblance to SN 1998bw at

t ∼ 20 days (rest-frame), redshifted to z = 0.25 and dimmed by 0.3 magnitudes

(bottom; black). The telluric band is marked with an encircled cross.
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N

Figure 1.4: Six-panel frame showing HST/ACS imaging for XRF 040701 at t ∼ 39.1

days (Epoch 1) and t ∼ 60.0 days (Epoch 2) in the F625W and F775W filters.

By subtracting Epoch 2 images from Epoch 1, we produced the residual images,

above. We apply the same stretch to all frames. As shown in these residual images,

there is no evidence of an optical transient within the Chandra X-ray afterglow

position (2σ; circle) down to our HST/ACS detection limits.
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Figure 1.5: Ground-based optical limits (grey circles) have been compiled from the

GCNs (99, 291), corrected for Galactic extinction and are plotted for the R- (upper

panel) and I-band (lower panel). By extrapolating the observed X-ray afterglow

to the optical bands, we predict a range of magnitudes for the optical afterglow on

these same timescales (dark shaded polygon). Assuming the temporal decay can

be extrapolated outside the X-ray observation window produces the light shaded

bands. Dashed lines represent the extreme case where a jet break occurs at the

second Chandra epoch. Simulated SN light-curves for SNe 1998bw (thick line),

1994I (medium line), and 2002ap (thin line), redshifted to z = 0.21, are over-

plotted. Image subtraction of our two HST/ACS epochs in F625W and F775W,

provide deep limits on an associated SN at t ∼ 32.1 days (encircled dots).
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Figure 1.6: Six-panel frame showing HST/ACS imaging for XRF 040812 at t ∼ 32.1

days (Epoch 1) and t ∼ 53.6 days (Epoch 2) in the F625W and F775W filters.

Within the X-ray afterglow position (2σ; circle) a host galaxy is clearly detected.

By subtracting Epoch 2 images from Epoch 1, we produced the residual images,

above. We apply the same stretch to all frames. As shown in the residual images,

there is no evidence of an optical transient within the host galaxy down to our

HST/ACS detection limits.
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Figure 1.7: Constraints on a supernova associated with XRF 040812 are shown

for the R- and I-bands. By extrapolating the observed X-ray afterglow to the

optical bands, we predict a range of magnitudes for the optical afterglow on these

same timescales (dark shaded polygon). Assuming the temporal decay can be

extrapolated outside the X-ray observation window produces the light shaded

bands. Dashed lines represent the case where a jet break occurs at the second

Chandra epoch. The marked arrows show the (galactic extinction-corrected) HST

constraints derived from image subtraction techniques described in Section 1.3.3.

Synthesized light-curves for SNe 1998bw (thick), 1994I (medium), and 2002ap

(thin), are shown each at the redshift limit to which they could be detected within

our residual HST observations (encricled dots).
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N

Figure 1.8: Six-panel frame showing HST/ACS imaging for XRF 040916 at t ∼ 32.4

days (Epoch 1) and t ∼ 75.3 days in the F625W and F775W filters. By subtracting

Epoch 2 images from Epoch 1, we produced the residual images, above. We apply

the same stretch to all frames. As shown in the residual images, a faint source is

detected in Epoch 1, coincident with the astrometrically derived optical afterglow

position (2σ; circle).
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Figure 1.9: Extinction-corrected measurement for the optical afterglow include

data from the robotic Palomar 60-inch telescope (diamonds) and from the GCNs

(grey circles) and are plotted for the R- (upper panel) and I-band (lower panel).

The temporal decay of the R-band afterglow is well fit by t−1.0 (grey dashed line)

which we scale to fit the I-band Palomar 60-inch data as well. The observed magni-

tude of the faint HST transient (encircled dot) is consistent with the extrapolated

OT decay. Synthesized light-curves for SNe 1994I (medium line) and 2002ap (thin

line) are shown at the redshift for which the SN brightness matches that of the

residual source. At z = 1.2 (the redshift limit for our I-band light-curve synthe-

sis) SN 1998bw (thick line) would still be ∼> 3 magnitudes brighter than the HST

residual source (encircled dot). We note this non-detection is consistent with a

higher redshift, as possibly suggested by the faintness of the optical afterglow and

host galaxy (§1.3.4).
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Figure 1.10: A compilation of constraints for SN 1998bw-like supernovae associated

with X-ray flashes. For each XRF we adopt the (galactic extinction-corrected)

HST limit for the brightness of an associated supernova. At a given redshift, the

difference between the observed HST limit and the synthesized SN 1998bw light-

curve represents how faint the supernova must be (with respect to SN 1998bw) in

order to go undetected in our images. We plot this magnitude difference against

redshift for the seven XRFs with deep, late-time observations. Results for XRFs

011030 and 020427 have been taken from Levan et al. (222). For XRF 040701

we show the limit including negligible host galaxy extinction, but note that this

could be as high as AV,host ∼ 3 magnitudes. For XRF 020903 we plot the value

based on late-time HST observations but note that the peak magnitude could

be considerably brighter (see §1.3.1 and Fig. 1.2). Also shown are the confirmed

GRB-SN detections compiled from the literature (see §2.4).
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Figure 1.11: Histogram of peak optical magnitudes (rest frame MV ) for local Type

Ibc supernovae (light grey) and GRB associated SNe (dark grey). Locations of the

SNe associated with XRFs 020903 and 040701 (with AV,host = 2.8 mag) are marked

with arrows. There is a significant spread in peak brightness demonstrated by the

local SNe and the GRB-SNe samples. The SN associated with XRF 020903 is

consistent with this observed diversity. GRB-SNe have been compiled from the

literature (see §2.4). Local SNe include SN 1983N (86), SN 1983V (87), SN1984L

(400), SN1987M (118), SN 1990B (85), SN 1991D (14), SN 1992ar (84), SN1994I

(317), SN 1997ef (194), SN 1999as (178), SN1999ex (383), SN 2002ap (122), and

SN2003L (Soderberg et al., in prep).
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Abstract

We present the results from a Hubble Space Telescope/ACS study of the supernovae

associated with gamma-ray bursts 040924 (z = 0.86) and 041006 (z = 0.71). We

find evidence that both GRBs were associated with a SN 1998bw-like supernova

dimmed by ∼ 1.5 and ∼ 0.3 magnitudes, respectively, making GRB040924 the

faintest GRB-associated SN ever detected. We study the luminosity dispersion in

GRB/XRF-associated SNe and compare to local Type Ibc supernovae from the

literature. We find significant overlap between the two samples, suggesting that

GRB/XRF-associated SNe are not necessarily more luminous nor produce more
56Ni than local SNe. Based on the current (limited) datasets, we find that the two

samples may share a similar 56Ni production mechanism.

2.1 Introduction

Gamma-ray burst (GRB) explosions harbor both spherical supernova (SN) ejecta

and highly collimated engine-driven jets (151, 243, 187). This “spherical+jet”

paradigm for the geometry of GRBs implies that both explosion components must

be studied independently. Early (t ∼< few days) optical observations trace the
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synchrotron radiation produced from the engine-driven relativistic jets, while late-

time (t ∼> 20 days) observations probe the optical emission from the non-relativistic

spherical SN ejecta, powered by the decay of 56Ni. Such observations allow us to

address the following fundamental questions regarding the GRB/SN connection:

what is the diversity among GRB-associated SNe, and how does the sample com-

pare to local Type Ibc supernovae (SNe Ibc)?

Three of the best studied events, SNe 1998bw, 2003dh, and 2003lw (associated

with GRBs 980425, 030329, and 031203, respectively) were strikingly similar, with

brighter optical luminosities and faster photospheric velocities than local SNe Ibc

(151, 282, 243, 187, 237). These events suggested that the supernovae associated

with GRBs belong to a distinct sub-class of “hyper-energetic” supernovae. How-

ever, there are also several counter-examples: under-luminous SNe associated with

GRBs and X-ray flashes (XRFs; events very similar to GRBs but differentiated

by a soft prompt energy release peaking in the X-ray band; Heise et al. 180) with

optical luminosities significantly fainter than SN 1998bw. The most extreme ex-

amples are GRB 010921 (Price et al. 300; but see Zeh et al. 447) and XRF 040701

(363), for which the associated SNe are at least 1.3 and 3.2 magnitudes fainter

than SN1998bw, respectively.

Motivated by our fundamental questions, we began a Hubble Space Telescope

(HST) program to study the diversity in supernovae associated with GRBs and

XRFs (GO-10135; PI: Kulkarni). In Soderberg et al. (363), we presented the

results of our HST supernova search in XRFs 020903, 040701, 040812 and 040916.

We showed that at least some XRFs are associated with SNe, but that there may

be a significant dispersion in their optical peak magnitudes.

Here we present the results from our HST study of the supernovae associated

with GRBs 040924 (z = 0.86) and 041006 (z = 0.71). In §2.3 we show that

each is associated with a SN 1998bw-like supernova dimmed by ∼ 1.5 and ∼ 0.3

magnitudes, respectively, making GRB 040924 the faintest GRB-associated SN

detected to date. These two events suggest a notable dispersion of peak optical

magnitudes for GRB-associated SNe.
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Finally, we compile optical peak magnitudes and 56Ni mass estimates for all

GRB/XRF-associated SNe and local SNe Ibc to study the diversity among these

two samples. In §2.4 we address the question of whether both samples are drawn

from the same parent population of core-collapse supernovae.

2.2 Supernova Light-curve Synthesis

In modeling the GRB-associated SNe, we adopted optical data for the local SNe

1994I (317), 1998bw (151, 254), and 2002ap (122) as templates. These three SNe

were selected based on their well-sampled optical light-curves which represent an

overall spread in the observed properties of Type Ibc supernovae. To produce syn-

thesized light-curves for each of these template SNe, we compiled optical UBV RI

observations from the literature and smoothed the extinction-corrected (foreground

plus host galaxy) light-curves. We then redshifted the light-curves by interpolating

over the photometric spectrum and stretching the arrival time of the photons by a

factor of (1 + z). The details of each template dataset are described in Soderberg

et al. (363).

2.3 Hubble Space Telescope GRB-SN Search

Using the Wide-Field Camera (WFC) of the Advanced Camera for Surveys (ACS)

on-board HST, we imaged the fields of GRBs 040924 and 041006. For each target

we undertook observations at several epochs, spanning t ∼ 30 and ∼ 150 days,

in order to search for optical emission associated with an underlying supernova.

Each epoch consisted of 2 to 4 orbits during which we imaged the field in filters,

F775W and/or F850LP, corresponding to SDSS i′- and z′- bands, respectively.

The HST data were processed using the multidrizzle routine (141) within the

stsdas package of IRAF. Images were drizzled using pixfrac=0.8 and pixscale=1.0

resulting in a final pixel scale of 0.05 arcsec/pixel. Drizzled images were then reg-

istered to the first epoch using the xregister package within IRAF.

To search for source variability and remove host galaxy contamination, we used
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the ISIS subtraction routine by Alard (1) which accounts for temporal variations

in the stellar PSF. Adopting the final epoch observations as template images,

we produced residual images. These residual images were examined for positive

sources positionally coincident with the afterglow error circle. To test our efficiency

at recovering faint transient sources, false stars with a range of magnitudes were

inserted into the first epoch images using IRAF task mkobject. The false stars

were overlayed on top of the diffuse host galaxy emission at radial distances similar

to that measured for the afterglow. An examination of the false stellar residuals

provided an estimate of the magnitude limit (3σ) to which we could reliably recover

faint transients.

Photometry was performed on the residual sources within a 0.5 arcsec aperture.

We converted the photometric measurements to infinite aperture and calculated

the corresponding AB magnitudes within the native HST filters using the aperture

corrections and zero-points provided by Sirianni et al. (349). For comparison with

ground-based data, we also converted the photometric measurements to Johnson

I- and z-band (Vega) magnitudes using the transformation coefficients derived by

Sirianni et al. (349) and adopting the source color given by the first epoch F775W

and F850LP observations.

In the following sections we summarize the afterglow properties for both targets

and the photometry derived from our HST SN study. A log of the HST observations

for the GRBs follows in Table 2.1.

2.3.1 GRB 040924

Prompt Emission and Afterglow Properties

GRB040924 was detected by the Wide-Field X-ray Monitor (WXM) on-board the

High Energy Transient Explorer (HETE-2) satellite on 2004 September 24.4951

UT. Preliminary analysis showed the peak of the spectral energy distribution was

soft, Epeak ≈ 42 ± 6 keV, and the ratio of X-ray (7 − 30 keV) to γ−ray (30 − 400

keV) fluence, SX/Sγ ≈ 0.6, classifying this event as an X-ray rich burst (111).
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Using the Roboticized Palomar 60-inch telescope (P60; Cenko et al., in prep), we

discovered the optical afterglow at position α = 02h06m22s.55, δ = +16◦06′48′′.8

(J2000) with an uncertainty of 0.2 arcsec in each coordinate (126), well within the

6.4 arcsec (radius) localization region. As shown by our extensive P60 monitoring,

the afterglow was R ≈ 18.0 mag at t ≈ 16 minutes and subsequently decayed.

We continued to monitor the afterglow emission from t ≈ 0.01 to 1 day after

the burst (Table 2.2), producing a well-sampled R-band light-curve. As shown

in Figure 2.2, these data show a shallow initial decay, followed by a steepening

at t ∼ 0.02 days. In an effort to characterize the light-curve behavior, we fit a

smoothed, broken power-law model (e.g., Beuermann et al. 32) of the form

Fν(t) = 2Fν,0

[(
t

tb

)α1s

+
(

t

tb

)α2s]−1/s

(2.1)

where tb is the break time in days, Fν,0 is the normalized flux density at t = tb, and

α1 and α2 are the asymptotic indices at t � tb and t � tb, respectively. Here s is

used to parameterize the sharpness of the break. A best fit (χ2
r = 3.3) is found for

the following parameters: Fν,0 ≈ 90.4 µJy, α1 ≈ 0.39, α2 ≈ 1.22, tb ≈ 0.021 days,

and s ≈ 10. To interpret this steepening as a jet break (315, 338) would imply a

electron spectral index, N ∝ γ−p with p ≈ 1.2. This value is significantly lower

than those typically observed (p ≈ 2.2; Yost et al. 445) and far below the range

predicted by the standard blastwave model, p = [2−3] (339). We therefore ascribe

this early afterglow phase (and steepening) to another process, perhaps similar

to that observed for the initial slow decay of GRB 021004 (131), interpreted as

interaction with a stellar wind medium (228).

Terada and Akiyama (391) report that the afterglow was K ≈ 17.5 ± 0.1 mag

at t ≈ 0.1 days. Comparison with the R-band afterglow model at the same epoch

provides a spectral index, Fν ∝ νβ with β ≈ −0.7, between the R- and K-bands.

Adopting this spectral index, we interpolate our R-band afterglow model to the I-

and z-bands for comparison with our late-time HST observations (§ 2.3.1).

Optical spectroscopy later revealed that the burst was located at a redshift of
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z = 0.859, based on identification of several host galaxy emission lines (431).

HST observations

HST/ACS imaging was carried out on 2004 November 2.4, 26.5, and 2005 February

19.0 UT (t ≈ 39, 63, and 147 days after the burst). For the first and third epochs,

we observed with both the F775W and F850LP filters, while the second epoch

consisted of just F775W observations. We astrometrically tied the HST and P60

images using four sources in common resulting in a final systematic uncertainty of

0.22 arcsec (2σ).

Our HST observations reveal that the optical afterglow error circle coincides

with a strongly variable source at α = 02h06m22s.552, δ = +16◦06′49′′.11 (J2000),

lying ∼ 0.3 arcsec NW of the host galaxy nucleus. We interpret this source as a

combination of afterglow plus supernova emission. Figure 2.1 shows the first epoch,

template image and first epoch residual for both the F775W and F850LP filter

observations. There is no evidence for a point source in our third epoch (template)

images. We therefore make the reasonable assumption that the transient source

flux is negligible at that time. The resulting HST photometry is listed in Table 2.1.

Figure 2.2 shows the HST photometry along with our I- and z-band afterglow

models (see §2.3.1) and some early-time data compiled from the GCNs (348), all

corrected for galactic extinction. By comparing the afterglow models with the

HST photometry, we find evidence for a ∼ 1.9 magnitude rebrightening at t ∼ 39

days. We note that the timescale of this rebrightening is roughly consistent with

the peak time of SN 1998bw at z = 0.86.

Associated Supernova

We interpret the observed late-time rebrightening as an associated supernova com-

ponent. Comparison with our synthesized (redshifted) supernova light-curves re-

veals that an associated SN 1998bw-like supernova would be ∼ 1.5 magnitudes

brighter than the HST observation at t ∼ 39 days, while SN 1994I and SN2002ap-

like light-curves are fainter by ∼ 0.8 and ∼ 1.5 magnitudes, respectively. To fit the



155

HST observations, we add the contribution from a template SN light-curve (see

§2.2) to the afterglow model. We allow the brightness of the synthesized template

to be scaled but do not allow for the light-curve to be stretched. Moreover, we

assume the GRB and SN exploded at the same time. By fitting the HST I- and

z-band data simultaneously, we find a best fit solution (χ2
r ≈ 0.8) for a SN 1998bw-

like supernova dimmed by ∼ 1.5 magnitudes (Figure 2.2). We note that on this

timescale, the supernova emission clearly dominates that of the afterglow model.

Therefore, even if the afterglow underwent a late-time (t > 2 days) jet break, our

supernova fits would not be significantly affected.

Host galaxy extinction could affect our SN light-curve fits since it implies the

associated SN was more luminous than the observations suggest. Fortunately, we

can constrain the host galaxy extinction using optical/IR afterglow observations,

since extinction will produce an artificial steepening of the synchrotron spectrum.

Making the reasonable assumption that the synchrotron cooling frequency was

above the optical/IR bands at early-time, we have βopt/IR ≈ −0.7 = −(p − 1)/2

and thus p ≈ 2.4. For p < 2 the standard blastwave model is violated, therefore

implying the spectral index must be steeper than βopt/IR = −0.5. Adopting this

limit for the intrinsic spectral index of the afterglow implies a constraint on the

host-galaxy extinction of AV,host ∼< 0.16 mag. This corresponds to limits on the

observed extinction of AI ≈ Az ∼< 0.20 mag, implying the associated SN was

at least 1.3 magnitudes fainter than SN 1998bw. We therefore conclude that the

supernova associated with GRB 040924 was between 1.3 and 1.5 magnitudes fainter

than SN 1998bw at maximum light, making this event the faintest GRB-associated

SN ever detected.

2.3.2 GRB 041006

Prompt Emission and Afterglow Properties

GRB041006 was discovered by the HETE-2/WXM on 2004 October 6.513 UT.

The ratio of 2 − 30 keV and 30 − 400 keV channel fluences showed the event was
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an X-ray rich burst. The event was localized to a 5.0 arcmin (radius) localization

region centered at α = 00h54m53s, δ = +01◦12′04′′ (J2000; Galassi et al. 153).

Using the Siding Springs Observatory (SSO) 40-inch telescope, we discovered

the optical afterglow at α = 00h54m50s.17, δ = +01◦14′07′′.0 (J2000; Da Costa

et al. 94), consistent with the HETE-2 error circle. As our early time (t ≈ 0.024 to

0.122 days; Table 2.3) SSO 40-inch and 2.3 meter observations show, the afterglow

was V ≈ 18.1 mag at t ≈ 35 minutes and subsequently faded in the B-, V -, and

H-bands.

Stanek et al. (375) have presented an extensive compilation of (extinction-

corrected) R-band afterglow data from t ≈ 0.03 to 64 days, primarily from the

Multiple Mirror Telescope (MMT) and from the GCNs (see references therein).

They fit the evolution of the early light-curve (up to t ∼ 4 days) with the broken

power-law model given in Equation 1, finding best fit parameters of Fν,0 ≈ 50.0 µJy,

α1 ≈ 0.57, α2 ≈ 1.29, tb ≈ 0.14 days, and s ≈ 2.59. As in the case of GRB 040924

(§ 2.3.1), this observed steepening is too shallow to be interpreted as a jet break

under the standard blastwave model. We instead interpret this early afterglow

phase as due to another process, possibly the result of an off-axis viewing angle as

proposed by Granot et al. (170).

Combining our early-time SSO data with those compiled by Stanek et al. (375),

we estimate the spectral index of the optical/IR afterglow to be βopt/IR ≈ −0.5 by

fitting a power-law to the B-, V -, R-, and H-band data. Adopting this spectral

index, we interpolate the R-band model to the I- and z-bands for comparison with

our late-time HST observations (§ 2.3.2).

Optical spectroscopy at t ≈ 0.6 days revealed that the burst was located at

z ≥ 0.712, based on tentative identification of several absorption lines in the low

signal-to-noise spectrum (143). To confirm this redshift measurement, we acquired

a spectrum of the optical afterglow with the Gemini Multi-Object Spectrograph

(GMOS) on Gemini North (GN-2004B-Q-5; PI: Price) commencing at 2004 Oc-

tober 7.36 UT (t ≈ 0.85 days). Using the R400 grating and a 1 arcsec slit, we

obtained four individual 1800 sec exposures. Data were reduced and extracted us-
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ing the gemini.gmos package within IRAF. We identify four absorption lines and

one emission line (Table 2.4 and Figure 2.3), which we interpret as arising from

Mg II, Ca II and [O II] at a redshift of z = 0.716, in broad agreement with the

earlier measurement by Fugazza et al. (143). Based on the high equivalent widths

and the presence of [O II], this is likely the redshift of the host galaxy, and not

due to an intervening system along the line of sight. Using the R-band afterglow

model and the photometrically derived spectral index, we flux calibrate the spec-

trum and obtain an approximate [O II] emission line flux of 1.3×10−17 erg/cm2/s.

Adopting the conversion factor of Kennicut (205), this line flux corresponds to a

star formation rate of 0.5 M�/yr at the redshift of the host galaxy.1

HST observations

HST/ACS imaging was carried out on 2004 November 2.3, 27.4, December 23.4 and

2005 February 10.5 UT (t ≈ 27, 52, 78 and 127 days after the burst). For the first

and fourth epochs, we observed with both the F775W and F850LP filters, while the

second, and third epochs consisted of just F775W observations. We astrometrically

tied the HST and SSO images using five sources in common resulting in a final

systematic uncertainty of 0.53 arcsec (2σ).

Our HST observations reveal that the optical afterglow error circle coincides

with a strongly variable source at α = 00h54m50s.229, δ = +01◦14′05′′.82 (J2000).

The source is situated directly on top of a faint host galaxy which is at the detection

limit of our HST images. We note the presence of a brighter galaxy ∼ 1 arcsec

from the afterglow position which was misidentified as the host galaxy by Covino

et al. (92) based on ground-based images.

Figure 2.4 shows the first epoch, template image, and first epoch residual for

both the F775W and F850LP filter observations. From the figure, it is clear

that the source is still faintly detected in our final epoch (template) observations.

To assume negligible source flux in the template images is therefore not valid.

We estimate the flux of the source in our template images by performing PSF
1We have adopted a cosmology with H0 = 65 km/s/Mpc and (ΩM , ΩΛ) = (0.3, 0.7).
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photometry on the object. In calculating the magnitude of the source in the first,

second and third epochs, we add the template epoch flux to the residual image

photometry. The resulting HST photometry is given in Table 2.1.

Figure 2.5 shows the HST photometry along with our I- and z-band afterglow

model (see §2.3.2) and some early-time data compiled from the GCNs (112, 189),

all corrected for galactic extinction. By comparing the afterglow model with the

HST data, we find evidence for a ∼ 2.1 magnitude rebrightening at t ∼ 27 days,

roughly consistent with the peak time of a SN 1998bw-like supernova at z = 0.71.

We note that this rebrightening was discovered earlier (t ∼ 12 days) using ground-

based facilities and interpreted as the emerging flux from an associated supernova

(36, 156, 375).

Associated Supernova

As discussed in §2.3.2, Stanek et al. (375) presented an extensive compilation of

R-band observations which span the epoch of rebrightening. By removing the

contribution from the afterglow, they find evidence for an associated SN with

a peak magnitude ∼ 0.1 mag brighter than SN 1998bw and with a light-curve

stretched by a factor of 1.35 in time.

To confirm this result, we compared our redshifted template SN light-curves

with our late-time HST observations and found that an associated SN1998bw-like

supernova would be ∼ 0.2 mag brighter than the HST observation at t ∼ 27 days,

while SN1994I- and SN 2002ap-like supernova light-curves are fainter by ∼ 1.4

and ∼ 2.3 magnitudes, respectively. In an effort to characterize the light-curve of

the associated SN, we fit the HST observations in a manner similar to that done

for GRB040924 (§2.3.1). By fitting the HST I- and z-band data simultaneously,

we find a best fit solution (χ2
r ≈ 0.4) for a SN 1998bw-like supernova dimmed by

∼ 0.3 magnitudes. We emphasize that this fit does not include any stretching of

the light-curve. Moreover, we find no improvement in the quality of the fit when

template stretching is included. This result is inconsistent with the findings of

Stanek et al. (375). We attribute this discrepancy to contamination from the host
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and nearby galaxy (see Figure 2.4) which plagues the Stanek et al. (375) late-time

photometry.

We note that the presence of host galaxy extinction would imply that the

associated SN was brighter than our estimates. We use the optical/IR afterglow

observations to constrain the host galaxy extinction in a manner similar to that

performed for GRB 040924 (§2.3.1). However, in this case, the observed spectral

index (βopt/IR ≈ −0.5) is comparable to the theoretical limit and is therefore

consistent with negligible host galaxy extinction. We conclude that the supernova

associated with GRB 041006 was ∼ 0.3 magnitudes fainter than SN 1998bw at

maximum light and decayed at a comparable rate.

2.4 Discussion

In the sections above, we showed that GRBs 040924 and 041006 were each asso-

ciated with a supernova similar to SN 1998bw but dimmed by ∼ 1.5 and ∼ 0.3

magnitudes, respectively. These two events clearly show that there is a significant

spread in the luminosity of GRB-associated SNe, suggesting a dispersion in the

production of 56Ni. Such a dispersion has already been observed for local SNe Ibc

(316).

To better study this dispersion, we compile optical peak magnitudes (rest-

frame) and 56Ni mass estimates for GRB/XRF-associated SNe and local SNe Ibc

from the literature (Tables 2.5 and 2.6). In this compilation we consider all the

GRB/XRF-associated SNe with spectroscopic redshifts of z ∼< 1; SN searches at

higher redshifts are plagued by UV (rest-frame) line-blanketing. Since spectro-

scopic confirmation of the SN component is only available for the four nearest

events in this sample (GRBs 980425, 020903, 031203, and 030329; see Table 2.5),

photometric data is used to constrain the brightness of an associated SN. We note,

however, that uncertainty associated with host galaxy extinction and decomposi-

tion of the afterglow emission from the SN can impose a non-negligible uncertainty

in the estimated SN peak magnitude. For the local sample, we include only the



160

events with published photometry. The latter may impose a slight bias in favor of

brighter and peculiar SNe2.

In Figure 2.6 (top panel), we show 56Ni mass estimates and peak optical magni-

tudes for GRB/XRF-associated SNe and local SNe Ibc. From the figure, it is clear

that (1) peak magnitude scales roughly with 56Ni mass, and (2) GRB-associated

SNe do not necessarily synthesize more 56Ni than ordinary SNe Ibc.

We next compare their peak optical magnitudes, since the correlation between
56Ni mass and peak optical magnitudes should manifest itself as a similar disper-

sion. In Figure 2.6 (bottom panel) we show a histogram of peak optical magni-

tudes for all GRB/XRF-associated SNe and local SNe Ibc. Examination of the

two samples reveals noticeable overlap; while GRB/XRF-associated SNe tend to

cluster toward the brighter end of the distribution, some of the faintest SNe Ibc

observed are in fact associated with GRBs and XRFs (e.g., GRBs 010921, 040924,

XRF 040701) and the most luminous events are actually drawn from the local sam-

ple. Apparently, GRB/XRF-associated SNe are not necessarily over-luminous in

comparison with local SNe Ibc. Moreover, by assuming a rough scaling of 56Ni

production with peak optical magnitude, this implies a notable overlap between

the two samples with respect to their dispersion in synthesized material, consistent

with the data shown in the upper panel.

The following question naturally arises: are both GRB/XRF-associated SNe

and local SNe Ibc drawn from the same population of events? To address this

issue, we performed a Kolmogorov-Smirnov (K-S) test on the two sets of SN peak

magnitudes. Our K-S test reveals that the probability the two samples have been

drawn from the same parent population is ∼ 91%. It is therefore conceivable that

both SNe Ibc and GRB/XRF-associated SNe belong to the same SN population,

and thus share a common 56Ni production mechanism.

This result may imply that GRB/XRF-associated SNe and local SNe Ibc share
2Three of the thirteen local SNe Ibc included in this compilation were published as “luminous”

events. By removing them from the local sample, the probability that both GRB/XRF-associated

SNe and local SNe are drawn from the same parent population is reduced to ∼ 50%.
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a common progenitor system and/or explosion mechanism. Yet we know from

radio observations of local SNe that most Type Ibc’s lack the engine-driven rel-

ativistic ejecta observed in GRBs (26, 357, 369). This may be accounted for in

the spherical+jet paradigm where the production of 56Ni and relativistic ejecta

are independent parameters of the explosion, each of which can be individually

tuned. Additional studies of both GRB/XRF-associated SNe and local SNe Ibc

will enable us to better map out this two-dimensional parameter space and address

in detail the nature of the progenitors and explosion mechanisms.
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Table 2.2. Palomar 60-inch R−band Observations of GRB 040924

Date Obs ∆t Magnitudea

(UT) (days)

2004 September 24.506 0.011 17.8 ± 0.1

2004 September 24.509 0.014 17.9 ± 0.1

2004 September 24.512 0.017 18.0 ± 0.1

2004 September 24.513 0.018 18.1 ± 0.1

2004 September 24.514 0.019 18.0 ± 0.1

2004 September 24.517 0.022 18.1 ± 0.1

2004 September 24.519 0.024 18.2 ± 0.1

2004 September 24.526 0.030 18.5 ± 0.1

2004 September 24.527 0.032 18.5 ± 0.1

2004 September 24.530 0.035 18.6 ± 0.1

2004 September 24.539 0.044 19.0 ± 0.1

2004 September 24.875 0.380 21.9 ± 0.1

2004 September 24.894 0.399 22.1 ± 0.1

2004 September 24.909 0.414 22.2 ± 0.1

2004 September 24.926 0.430 22.1 ± 0.1

2004 September 24.942 0.447 22.2 ± 0.1

2004 September 24.957 0.462 22.3 ± 0.1

2004 September 24.972 0.477 22.3 ± 0.1

2004 September 24.988 0.493 22.2 ± 0.1

2004 September 25.003 0.508 22.4 ± 0.1

2004 September 25.018 0.523 22.5 ± 0.1
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Table 2.2—Continued

Date Obs ∆t Magnitudea

(UT) (days)

2004 September 25.036 0.540 22.5 ± 0.1

2004 September 25.050 0.555 22.7 ± 0.1

2004 September 25.066 0.571 22.6 ± 0.1

2004 September 25.081 0.586 22.4 ± 0.1

2004 September 25.097 0.602 22.4 ± 0.1

2004 September 25.224 0.729 22.6 ± 0.1

aCorrected for Galactic extinction according to

Schlegel et al. (344).
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Table 2.3. SSO 40-inch and 2.3-meter Observations of GRB 041006

Date Obs ∆t Filter Telescope Magnitudea

(UT) (days)

2004 October 6.537 0.024 V 40-inch 18.11 ± 0.02

2004 October 6.541 0.028 V 40-inch 18.20 ± 0.04

2004 October 6.546 0.033 V 40-inch 18.29 ± 0.02

2004 October 6.550 0.037 V 40-inch 18.38 ± 0.03

2004 October 6.555 0.042 V 40-inch 18.48 ± 0.03

2004 October 6.582 0.069 B 40-inch 19.18 ± 0.07

2004 October 6.586 0.073 B 40-inch 19.24 ± 0.06

2004 October 6.590 0.077 B 40-inch 19.29 ± 0.07

2004 October 6.595 0.082 V 40-inch 18.99 ± 0.03

2004 October 6.605 0.092 H 2.3-meter 17.16 ± 0.07

2004 October 6.612 0.099 H 2.3-meter 17.12 ± 0.06

2004 October 6.620 0.107 H 2.3-meter 17.19 ± 0.06

2004 October 6.627 0.114 H 2.3-meter 17.47 ± 0.06

2004 October 6.635 0.122 H 2.3-meter 17.43 ± 0.07

aCorrected for Galactic extinction according to Schlegel et al.

(344). B- and V -band photometry is relative to the field calibra-

tion by Henden (183) while the H-band photometry is relative to

2MASS.
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Table 2.4. GRB 041006 Spectroscopic Lines

Observed Wavelength Equivalent Width Line ID Rest Wavelenth

(Å) (Å) (Å)

4798.16 4.4 Mg II λ2796

4810.35 3.9 Mg II λ2803

6396.31 1.7 [O II] λ3727

6750.32 1.4 Ca II λ3935

6810.06 1.1 Ca II λ3970
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GRB 040924

F775W

F850LP

t = 38.9 days t = 147.5 days Residual

2.5 arcsec

N

Figure 2.1: Six-panel frame showing HST/ACS imaging for GRB 040924 at t ∼
38.9 days (Epoch 1) and t ∼ 147.5 days (Epoch 3) in the F775W and F850LP

filters. By subtracting Epoch 3 images from those of Epoch 1, we produced the

residual images shown above. We have applied the same stretch to all frames. As

clearly shown in the residual images, a transient source is detected coincident with

the 0.22 arcsec (2σ) optical afterglow position (circle).
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Figure 2.2: As discussed in §2.3.1, we fit a broken-power law model to our Palomar

60-inch R-band afterglow data reported in Table 2.2 (inset). Adopting a spectral

index of β ≈ −0.7 we then extrapolate the R-band afterglow fit to the I- and

z-bands (grey dashed lines). Extinction-corrected data compiled from the GCNs

and are overplotted (grey arrows; Silvey et al. 348). We fit the late-time HST

data (encircled black dots) by summing the contribution from the afterglow model

plus that from a supernova. We find a best fit (solid black lines) by including a

SN1998bw-like supernova (grey solid lines) redshifted to z = 0.86 and dimmed by

∼ 1.5 magnitudes.
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Figure 2.3: Gemini/GMOS spectrum of the optical afterglow for GRB041006 at

t ≈ 0.85 days. Based on three absorption features and one emission line, we

determine the redshift of the host galaxy to be z = 0.716, consistent with the

earlier report of z = 0.712 by Fugazza et al. (143).
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F775W

F850LP

Residual

GRB 041006

4.5 arcsec

t = 26.7 days t = 127.3 days

N

Figure 2.4: Six-panel frame showing HST/ACS imaging for GRB 041006 at t ∼
26.7 days (Epoch 1) and t ∼ 127.3 days (Epoch 4) in the F775W and F850LP

filters. By subtracting Epoch 4 images from those of Epoch 1, we produced the

residual images shown above. We have applied the same stretch to all frames. As

clearly shown in the residual images, a transient source is detected coincident with

the 0.53 arcsec (2σ) optical afterglow position (circle).
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Figure 2.5: Adopting the R-band afterglow data reported in Stanek et al. (375),

we reproduce their broken-power law fit (inset). Adopting a spectral index of

β ≈ −0.5 we then extrapolate the R-band afterglow fit to the I- and z-bands

(grey dashed lines). Extinction-corrected data have been compiled from the GCNs

are overplotted (grey circles; Ferrero et al. 112, Hoversten et al. 189). We fit the

late-time HST data (encircled black dots) by summing the contribution from the

afterglow model plus that from a supernova. We find a best fit (solid black lines)

by including a SN 1998bw-like supernova (grey solid lines) redshifted to z = 0.71

and dimmed by ∼ 0.3 magnitudes.
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Figure 2.6: Top panel: rest-frame optical peak magnitudes for GRB-associated

SNe (encircled dots) and local SNe Ibc (grey circles) have been compiled from the

literature (Tables 2.5 and 2.6) and are plotted against the mass of 56Ni synthe-

sized in the explosion. For 56Ni estimates without errors, we adopt the fractional

uncertainty associated with the peak luminosity. Peak optical magnitudes clearly

trace the mass of 56Ni ejected. Apparently, GRB-associated SNe do not necessarily

produce more 56Ni than ordinary local SNe Ibc. Bottom panel: histogram of peak

optical magnitudes for GRB/XRF-associated SNe and local SNe Ibc. There is a

significant overlap between the two samples. Our K-S test reveals that there is a

∼ 91% probability the two samples are drawn from the same population.
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Chapter 1

The Radio and X-ray Luminous Type Ibc

Supernova 2003L†

A. M. Soderberg
a
, S. R. Kulkarni

a
, E. Berger

b
, R. A. Chevalier

c
,

D. A. Frail
d
, D. B. Fox

a
, R. C. Walker

d

aDivision of Physics, Mathematics and Astronomy, 105-24, California Institute of Technology,

Pasadena, CA 91125, USA

bObservatories of the Carnegie Institution of Washington, 813 Santa Barbara St., Pasadena, CA

91101, USA

cDepartment of Astronomy, University of Virginia, P.O. Box 3818, Charlottesville, VA

22903-0818, USA

dNational Radio Astronomy Observatory, Socorro, NM 87801, USA

Abstract

We present extensive radio observations of SN 2003L, the most luminous and ener-

getic Type Ibc radio supernova with the exception of SN 1998bw (associated with

GRB980425). Observations from the Very Large Array are well described by a

fitting a synchrotron self-absorption model to the emission spectrum. This model
†A version of this chapter was published in The Astrophysical Journal, vol. 621, 908–920,

(2005). Reproduced by permission of the AAS.
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implies a sub-relativistic ejecta velocity, v ≈ 0.2c, and a size of r ≈ 4.3 × 1015

cm at t ≈ 10 days. The circumstellar density is suitably fit with a stellar wind

profile, ne ∝ r−2 cm−3 and a constant mass loss rate of Ṁ ≈ 7.5× 10−6 M� yr−1.

Moreover, the magnetic field follows B ∝ r−1 and the kinetic energy of the radio

bright ejecta is roughly E ≈ 1048 erg assuming equipartition of energy between

relativistic electrons and magnetic fields. Furthermore, we show that free-free ab-

sorption does not contribute significantly to the radio spectrum, since it implies

ejecta velocities which are inconsistent with size constraints derived from Very

Long Baseline Array observations. In conclusion, we find that although SN2003L

has a radio luminosity comparable to that seen in SN1998bw, it shows no evidence

for a significant amount of energy coupled to relativistic ejecta. Using SN2003L

as an example, we comment briefly on the coupling of ejecta velocity and energy

in Type Ibc supernovae.

1.1 Introduction

Radio emission from core-collapse supernovae (SNe) have been sought primarily

to study the circumstellar medium (421, 71). However, starting with Type Ibc

SN1998bw, associated with the under-luminous gamma-ray burst GRB 980425

(290, 151, 216), radio observations have also been used a tracer of relativistic

ejecta (216, 226). This event prompted a storm of publications: SN 1998bw was

the most luminous radio supernova (at early times), showed strong variability and

produced copious gamma-ray emission relative to ordinary SNe Ibc. These data

provided the first observational evidence that at least some SNe Ibc are associated

with GRBs (e.g., Bloom et al. 42, Bloom et al. 47, Stanek et al. 377, c.f. Price

et al. 300).

To further explore the connection between GRBs and SNe Ibc, we began a

radio survey of local Type Ibc supernovae. Our survey was motivated by two

simple phenomenological questions: [1] What is the prevalence of SN1998bw-like

supernovae?, [2] Is there a continuum between ordinary SNe and GRBs as traced
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by their relativistic ejecta?

In Berger et al. (26) we reported the first three years of the survey. We found

that most SNe Ibc are not detectable with current radio sensitivity, with lim-

its reaching 10−3 that of the peak brightness of SN 1998bw. Clearly, luminous

SN1998bw-like supernovae are rare (less than 3%) and those within an order of

magnitude of SN1998bw are uncommon (less than 10%).

Here, we present radio observations of SN2003L, the first SN Ibc with a ra-

dio luminosity comparable to SN1998bw. While there is no evidence for mildly-

relativistic ejecta, the radio emitting ejecta of SN2003L are unusually energetic.

This discovery suggests the existence of a sub-class of SNe Ibc with similar ener-

getics to SN 1998bw and even weaker central engines, if any.

The organization of this paper is as follows: observations from the Very Large

Array (VLA), the Very Long Baseline Array (VLBA) and the Chandra X-ray Ob-

servatory (CXO) are described in §3.2 and §1.3. Preliminary estimates of the

energy and velocity are presented in §2.3. Modeling of the radio light-curves is

discussed in §2.5 and §1.6 assuming the dominant absorption is from internal syn-

chrotron self-absorption and external free-free absorption, respectively. Modeling

of the X-ray emission follows as §2.7. In the Discussion (§3.6) we conclude by

addressing the nature of SN 2003L.

1.2 Radio Observations of SN 2003L

1.2.1 Very Large Array Data

SN2003L was optically discovered on 2003 January 12.15 UT, offset 9”.0 W and

1”.5 N from the center of NGC 3506 (50) and at a distance of d ≈ 92 Mpc (405).

In our first observation with the Very Large Array1 (VLA), on 2003 January 26.2

UT, we detected a radio source coincident with the optical position at α(J2000) =
1The Very Large Array and Very Long Baseline Array are operated by the National Radio

Astronomy Observatory, a facility of the National Science Foundation operated under cooperative

agreement by Associated Universities, Inc.
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11h03m12.3s, δ(J2000) = +11o04′38.1′′ (±0.1 arcsec in each coordinate) with flux

density of fν = 743 ± 39 µJy at 8.5 GHz. This, and subsequent observations at

4.9, 8.5, 15.0, and 22.5 GHz, are summarized in Table 1.

All observations were taken in standard continuum observing mode with a

bandwidth of 2 × 50 MHz. We used 3C286 for flux calibration, and for phase

referencing we used calibrators J1118+125, J1120+134, and J1103+119. Data

were reduced using standard packages within the Astronomical Image Processing

System (AIPS).

As seen in Table 1, observations were taken in each of the four VLA configu-

rations. The decreased spatial resolution of the C and D configurations resulted

in detection of diffuse host galaxy emission surrounding the supernova, primarily

affecting the low (≤ 8.5 GHz) frequency observations (Figure 1.1). At 8.5 GHz

the host galaxy extends 45× 45 arcsec, but is resolved away on baselines ≥ 10 kλ.

By restricting the UV range to exclude shorter baselines, we measured the flux

density of the supernova with minimal contribution from the host galaxy. Mea-

surements at higher frequencies and in other VLA configurations were made by

fitting a Gaussian to the SN emission and solving for the integrated intensity.

Figure 2.3 shows the SN 2003L radio light-curves assuming an approximate

explosion date of 2003 January 1.0 UT as derived from optical data (W. Li, private

communication). The radio light-curves evolve as fν ∝ t1.2 before the peak, exhibit

a broad maximum and fade as fν ∝ t−1.2. The spectral index (β with fν ∝ νβ) is

observed as β ≈ −1.1 in the optically thin regime (Figure 1.3).

1.2.2 Very Long Baseline Array Data

Complimentary to our VLA campaign, we obtained a single observation of SN 2003L

using the Very Large Baseline Array (VLBA). The six hour observation began on

2003 March 7.30 UT (t ≈ 65 days), and was taken in standard continuum mode

with a bandwidth of 4 × 8 MHz centered on the observing frequency of 4.9 GHz.

Fringe calibrations were applied using 3C273 and phase referencing was conducted

using J1103+1158 at an angular distance of 0.9 degrees from the SN.
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We detect SN 2003L at a position of α = 11h03m12s.3008, δ = +11◦04′38′′.08

(J2000.0) with a positional uncertainty of 10 mas in each coordinate (Figure 1.4).

We note that these errors are dominated by the positional uncertainty of J1103+1158,

assumed to be at α = 11h03m03s.5299, δ = +11◦58′16′′.61 (J2000.0). Using

the VLBA utilities within AIPS, we find a flux density for the supernova of

F4.9 GHz = 848±64 µJy within the 3.158×1.285 mas beam. We note that there is

no emission from the host galaxy at this resolution. At a distance of 92 Mpc, this

unresolved VLBA detection places a direct constraint on the size of the expanding

ejecta of r ∼< 9.1× 1017 cm and an average expansion speed of v ≤ 5.4c during the

first 65 days after the explosion.

1.3 X-ray Observations with Chandra

We observed SN2003L with the Chandra ACIS-S detector beginning at 2003 Febru-

ary 10.15 UT (t ≈ 40 days). During the 30 ksec observation, we detected 30 ± 6

counts from the supernova (214). For spectral extraction we adopt a source aper-

ture of 2.46 arcsec, which encloses approximately 98% of the flux of an on-axis

point-source at 1 keV (the peak of our raw photon counts spectrum). Our aper-

ture correction is therefore minimal by comparison to our ∼20% flux uncertainties

(see below). Background counts are selected from an annular region extending

from 2.46 arcsec to 7.38 arcsec from the source; in general larger background re-

gions are preferred for Chandra data analysis but the extended emission from the

host galaxy makes a more local selection preferable in this case (see Figure 1.5).

Schlegel et al. (344) dust maps give E(B − V ) = 0.021mag for the location of

SN2003L. Dickey and Lockman (103) suggest an average NH of 2.25 × 1020cm−2,

while a direct conversion from the Schlegel et al. optical reddening suggests 1.13×
1020cm−2 (299). We fix NH for our fits at 2.5 × 1020cm−2.

For a power-law spectral fit we find the power-law photon index Γ = 1.53±0.4

(range is 0.86 to 2.24 at 90% confidence). For a thermal bremsstrahlung spectral fit

we find the plasma temperature has kT > 1.7 keV at 90% confidence, with a best-
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fit value of 6.7 keV that is unconstrained from higher energies. The relatively small

number of counts enables satisfactory fits (reduced chi-squared values of χ2
r ≈ 1.3; 5

degrees of freedom) for both models, with the neutral hydrogen absorption applied

to either a power-law or thermal bremsstrahlung continuum.

Our source count rate is 1.0 ± 0.2 cts/ksec in the ACIS-S3 detector. This

corresponds to a 0.5–5.0 keV flux for our spectral models of approximately 5.3 ×
10−15 erg/cm2/s in either case. Extrapolating to the full 2–10 keV X-ray band,

the corresponding fluxes are 9.2 × 10−15 erg/cm2/s for the power law model and

7.6 × 10−15 erg/cm2/s for the thermal bremsstrahlung model. The associated

X-ray luminosity is thus L2−10 keV ≈ 9.2 × 1039 erg/s and 7.2 × 1039 erg/s for

the power-law and thermal models, respectively. In comparison with other X-ray

supernovae, SN 2003L is among the most luminous ever detected, only a factor of

∼ 10 fainter than SN 1998bw at a comparable epoch (290).

1.4 Preliminary Constraints

We are interested in the energy and expansion velocity of the ejecta producing

the radio emission. As a preliminary constraint, we estimate the brightness tem-

perature, TB , of SN 2003L and compare it with robust constraints imposed by

the Inverse Compton Catastrophe (ICC; Kellermann and Pauliny-Toth 203). The

brightness temperature of a source with angular radius, θ is given by

TB =
(

c2

2πk

)(
fν

θ2

)
ν−2 K (1.1)

Compact sources with TB ∼> 1012 K cool rapidly via inverse Compton scattering.

As an initial estimate for the physical size of the supernova, we first assume that the

optical expansion velocity of 12000 km s−1 (241) can be used as an average speed

to describe the motion of the radio bright ejecta. Using our approximate explosion

date, we estimate the shock radius to be r ≈ 2.9× 1015 cm at t ≈ 28 days. For an

observed flux density of fν ≈ 3.1 mJy at ν ≈ 22.5 GHz, the brightness temperature

is TB ≈ 6.3 × 1011 K, just below that of the inverse Compton catastrophe (ICC)
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limit. This exercise provides no evidence for relativistic ejecta, therefore suggesting

that SN2003L expands with a modest sub-relativistic velocity.

For radio sources dominated by synchrotron-self absorption (SSA), the bright-

ness temperature can be further constrained to TB < 4 × 1010 K. By assuming

equipartition between the energy in electrons (εe) and magnetic fields (εB), we

derive an estimate of the velocity and a lower limit on the kinetic energy of ra-

dio emitting material. This approach has been used extensively in discussion of

extra-galactic sources and was more recently applied to supernovae (71, 216). The

method requires three observables at any single epoch: the spectral peak frequency,

νp, the peak flux density, fp, and the spectral index of the optically thin emission,

fν ∝ νβ. Here, β ≡ −(p− 1)/2 for electrons accelerated into a power-law distribu-

tion, N(γ) ∝ γ−p above a minimum Lorentz factor, γm. Following Kulkarni et al.

(216) and Berger et al. (22), the angular radius of the radiosphere, θep, and the

equipartition energy, Eep, are given by

θep ≈ 120
(

d

Mpc

)−1/17( fp

mJy

)8/17 ( νp

1 GHz

)(−2β−35)/34
µas (1.2)

Eep ≈ 1.1 × 1056

(
d

Mpc

)2( fp

mJy

)4 ( νp

1 GHz

)−7
(

θep

µas

)−6

erg. (1.3)

At t ≈ 30 days (our first epoch) the peak flux density is fp ≈ 3.2 mJy at

νp ≈ 22.5 GHz. Using the observed optically thin spectral index of β ≈ −1.1,

Equations 1.2 and 1.3 give θep ≈ 7.7 µas implying an equipartition radius of rep ≈
1.1×1016 cm and an average expansion speed of vep ≈ 0.15c. The minimum energy

of the ejecta is thus Eep ≈ 1.5 × 1047 erg and the magnetic field is Bep ≈ 1.1 G.

These constraints alone demand that SN2003L is among the most energetic Type

Ibc supernovae in terms of radio-emitting ejecta, second only to SN 1998bw. We

note that additional absorption terms (e.g., free-free absorption) and the inclusion

of shocked protons serve to increase the equipartition energy estimate.

Equipartition analyses may also be used to roughly constrain the minimum



186

electron Lorentz factor and the characteristic synchrotron frequency, νm. Equating

particle kinetic energy across the shock discontinuity, we find

εe

(v

c

)2
mpc

2 ≈ γmec
2 (1.4)

where γ is the average Lorentz factor of the electrons and v is the velocity of the

ejecta. Assuming roughly γ ≈ γm and substituting Equation 1.24 for γm, we derive

the following estimate for the characteristic synchrotron frequency, νm,

νm ≈ ε2
e

(v

c

)4
(

mp

me

)2( eB

2πmec

)
Hz. (1.5)

Adopting the values derived from equipartition analyses (v ≈ 0.15c, B = 1.1 G

and εe = 0.5), we find roughly νm ≈ 1 GHz at t ≈ 30 days which is below our

observing band.

1.5 Internal Synchrotron Self-absorption

In the Appendix we present a rigorous formulation of the temporal and spectral

evolution of synchrotron emission arising from sub-relativistic supernova ejecta.

This prescription, based on the formalism of Frail et al. (135), is generalized to

include the cases where νm, is greater than the self-absorption frequency, νa, and

where εe �= εB.

The observed flux density and radio spectrum at any single epoch are deter-

mined by three parameters: Cf , Cτ , and νm,0. Here, Cf and Cτ are normalization

constants of the flux density and optical depth, respectively, while νm,0 is the value

of νm at epoch t0. The parameters Cf , Cτ , and νm,0 are in turn determined by

the values of four physical parameters at t = t0: the magnetic field, B0, the shock

radius, r0, the minimum electron Lorentz factor, γm,0, and the ratio of energy

densities, F0 ≡ εe/εB. With four physical parameters (B0, r0, γm,0, F0) and only

three constraints (Cf , Cτ , νm,0), we must assume an additional constraint in order

to find a unique solution. An additional constraint is obtained by adopting a value
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for F0. Inverting the equations for Cf , Cτ , and νm,0 (Equations 1.31, 1.32, and

1.33, respectively) we derive the following expressions for B0, r0, and γm,0.

B0 =
[
1.3 × 108π15 (2 + p)−6(p − 2)−4 m19

e c21

e17

η4

F0d4

]1/17

× C
−2/17
f C4/17

τ ν
−2(p−2)/17
m,0 G

(1.6)

r0 =
[
1.5 × 10−2π−9 (2 + p)7(p − 2)−1 c

m8
e

ηd16

F0

]1/17

× C
8/17
f C1/17

τ ν
−(p−2)/34
m,0 cm

(1.7)

γm,0 =
[
3.1 × 10−2π

(2 + p)3(p − 2)2

mec2

F2
0d

2

η2

]1/17

× C
1/17
f C−2/17

τ ν
(13+2p)/34
m,0 (1.8)

Here, we define d as the distance to the supernova and η characterizes the the

thickness of the radiating electron shell as r/η. We make the standard assumption

of a thin shell with η = 10 (226, 135).

1.5.1 Hydrodynamical Evolution of the Ejecta

Evolutionary models governing the hydrodynamics of the SN ejecta provide ad-

ditional constraints. As discussed by Chevalier (70), there are several different

models that can be used to describe the hydrodynamic evolution of the ejecta.

These models allow the temporal indices, αr, αB , αγ , and αF to be constrained.

Here, we adopt the standard model of Chevalier 70 for our basic SSA fit.

The first assumption of the standard model is that the hydrodynamic evolu-

tion of the ejecta is self-similar across the shock discontinuity. This implies r ∝ tαr

with αr = (n − 3)/(n − s) where n is the density profile of the outer SN ejecta

(ρ ∝ r−n) and s is the density profile of the radiating electrons within the shocked

circumstellar medium (ne ∝ r−s). In addition, the standard model assumes that

the magnetic energy density (UB ∝ B2) and the relativistic electron energy den-

sity (Ue ∝ neγm) scale as the total post-shock energy density (U ∝ nev
2). In

this scenario, the magnetic field is amplified by turbulence near the shock discon-

tinuity, implying fixed energy fractions, εe and εB, and thus a constant value of F



188

throughout the evolution of the ejecta.

Adopting this evolutionary model, the temporal indices are constrained as fol-

lows. The self-similar solution requires that the total energy density scales as

U ∝ tαne+2αv where αne defines the temporal evolution of the electron density. For

a radial dependence of s, we have αne = −sαr. Using the scaling for the shock ve-

locity (Equation 1.20), we then have U ∝ t−sαr+2(αr−1). Similarly, Ue ∝ t−sαr+αγ .

In a model where εe and εB are constant, it follows that αF = 0 and Ue ∝ UB ∝ U .

This results in the following constraints,

αγ = 2(αr − 1) (1.9)

αB =
(2 − s)

2
αr − 1. (1.10)

With the standard assumption that the circumstellar medium is characterized by

a wind density profile, s = 2, Equation 1.10 simplifies to αB = −1.

1.5.2 SSA Model Fit for SN2003L

Using the SN 2003L multi-frequency radio light-curves and a chosen value of F0,

we fit for the constants Cf and Cτ as well as the temporal index αr. As discussed

in §2.3, νm is estimated to be below our radio observing band and we therefore

adopt νm,0 ≈ 1 GHz. We note that the uncertainty in νm,0 corresponds to minimal

uncertainty in the derived physical parameters as shown by Equations 1.6 – 1.8.

Adopting a reference time of t0 = 10 days, we find a best-fit solution (χ2
r = 7.5;

105 degrees of freedom) for parameters: Cf = 7.2 × 10−53, Cτ = 4.5 × 1038, and

αr = 0.96. According to Equations 1.9 – 1.10, these values imply αγ = 0.075

and αB = −1.0. Here, we have used F0 = 1 with αF = 0 and an electron energy

index, p = (−2β + 1) = 3.2, based on the observed optically thin spectral index,

β ≈ −1.1 (see §3.2 and Figure 1.3). As discussed in the Appendix, we parameterize

the sharpness of the νa spectral break with ζ = [0, 1] and find ζ ≈ 0.5 for our best-

fit solution. The model provides a reasonable fit to the light-curves as seen in
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Figure 2.3. We note that the large χ2
r is dominated by scintillation, primarily

affecting the lower frequency observations.

Better fits can be obtained by relaxing the assumptions of the standard model

(hereafter Model 1) as described in Section 2.4.1. In Model 2, we remove the

assumption of a wind density profile and effectively fit for s. For this model we

find a best-fit solution (χ2
r = 5.7; 104 degrees of freedom) for Cf = 1.2 × 10−52,

Cτ = 2.5 × 1038, αr = 0.85, and αB = −0.84. By Equation 1.10, this solution

implies a shallow CSM density profile of s = 1.6. As in the case of Model 1, we

have adopted F0 = 1, αF = 0, p = 3.2, and ζ = 0.5 for this fit.

A similar fit is obtained by fixing the density profile as s = 2 and removing the

assumption of constant energy density fractions, εe and εB . In this case, Model 3,

the constraints given by Equations 1.9 and 1.10 do not apply since αF is non-zero.

By definition, F ∝ Ue/UB, resulting in the constraint

αF = −sαr + αγ − 2αB (1.11)

which gives αF = −2αr + αγ − 2αB for s = 2. For Model 3, we find a best-fit

solution (χ2
r = 5.7; 103 degrees of freedom) for Cf = 1.2× 10−52, Cτ = 2.4× 1038,

αr = 0.78, αB = −1.1 and αγ = 0.16. The implied evolution of F is given by

αF = 0.88 with εe ∝ t0.61 and εB ∝ t−0.27. Consistent with Models 1 and 2,

F0 = 1, p = 3.2 and ζ = 0.5 were used for this fit.

A comparison of the best-fit solutions from Models 1-3 are shown in Figure 2.3.

It should be noted that Models 2 and 3 produce the same light-curve fit since they

both allow for one extra degree of freedom. While these two models provide a

slightly better representation of the SN 2003L data, we adopt Model 1 as our best

SSA solution since these assumptions have been shown to be consistent with the

full physical model for SN 1993J (136), currently the best-studied radio SN.
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1.5.3 Physical Parameters

Using our solution for Model 1, we find the following values and evolution for B, r,

and γm. The temporal evolution of the magnetic field is B ≈ 4.5(t/t0)−1.0 G with

an associated radial dependence, B ∝ r−1.04, similar to that found for the Type

IIb SN 1993J (B ∝ r−1; Fransson and Björnsson 136). The shock radius is well

described by r ≈ 4.3× 1015(t/t0)0.96 cm implying a sub-relativistic velocity of v ≈
0.20(t/t0)−0.04 c. We note that this radial evolution is faster to that of SN 1983N

(r ∝ t0.86; Chevalier 71) and is within the expected range, 0.67 ≤ αr ≤ 1.0 (70, 71).

The minimum Lorentz factor of the electrons follows γm ≈ 8.9(t/t0)−0.08 and the

implied evolution of νm (see Equation 1.28) is νm ≈ 1.0(t/t0)−1.16 GHz which

is nearly comparable to the evolution observed for SN 1998bw (νm ∝ t−1.0; Li

and Chevalier 226) and significantly slower than the decay rate in the adiabatic

Sedov-Neumann-Taylor solution (νm ∝ t−3; Zel’dovich and Raizer 448, Frail et al.

135).

Using these derived values, additional physical parameters can be computed.

The number density of emitting electrons within the circumstellar ejecta, ne, is

thus

ne =
p − 2
p − 1

B2
0

8π

F0

mec2γm,0

(
t

t0

)2αB−αγ+αF

cm−3. (1.12)

Using our above values for F0, B and γm,0, we find ne ≈ 6.1× 104(r/r0)−2.0 cm−3.

For αr ≈ 0.96 and s = 2, the density profile of the ejecta scales steeply as ρ ∝ r−27.

The associated progenitor mass loss rate is

Ṁ =
8π

η
nempr

2
0vw

(
t

t0

)2αB−αγ+2αr+αF

M� yr−1 (1.13)

where we have assumed a nucleon-to-proton ratio of 2 and vw is the velocity of

the stellar wind. Assuming a typical wind velocity of vw = 1000 km s−1, we find

a progenitor mass loss rate of Ṁ ≈ 7.5 × 10−6 M� yr−1 for SN 2003L. We note

that this derived mass loss rate is a factor of ∼ 30 larger than that of the Type
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Ic SN 1998bw and SN 2002ap and yet falls at the low end of values observed for

Galactic Wolf-Rayet (WR) stars (62), the favored progenitor model for Type Ibc

SNe and gamma-ray bursts.

The total ejecta energy, E, is then given as

E =
4π

η
r3
0

F0

εe,0

B2
0

8π

(
t

t0

)2αB+3αr+αF−αεe

erg. (1.14)

It should be noted that the total energy depends not only on the ratio F0, but

also on assumed value of εe,0. For εe,0 = 0.1 (consistent with Li and Chevalier

226, Berger et al. 22) we find an ejecta energy of E0 ≈ 8.2 × 1047(t/t0)0.89 erg,

just a factor of two below that of SN 1998bw and 300 times larger than that of

SN2002ap at similar epochs. As discussed by Li and Chevalier (226), a larger F0

would increase the energy budget further.

For comparison, we derive the physical parameters implied by Models 2 and 3

here. Model 2 shows a slower temporal evolution of radius, r ≈ 5.3×1015 (t/t0)0.85

cm, and thus a more rapid decline in velocity, v ≈ 0.20(t/t0)−0.15c. The radio

bright ejecta scales as E ≈ 1.0 × 1048(t/t0)0.88 erg and the magnetic field evolves

with radius as B ≈ 3.7(r/r0)−0.99 G, similar to Model 1. The main difference

of Model 2 is that the electron density shows a radial dependence of ne ≈ 3.7 ×
104(r/r0)−1.63 cm−3, significantly shallower than that associated with a constant

circumstellar wind. The density profile of the ejecta is thus given by ρ ∝ r−10.7

and is similar to that found for the Type II SN1987A (ρ ∝ r−9; Arnett 6). This

implies an evolution of the mass loss rate, Ṁ ≈ 6.8 × 10−6(r/r0)0.37 M� yr−1.

Model 3 shows an even faster deceleration of the ejecta with v ≈ 0.20(t/t0)−0.22c

and radial evolution of r ≈ 5.3×1015(t/t0)0.78 cm. In this case, the energy increases

relatively slowly as E ≈ 1.0 × 1048(t/t0)0.34 erg and the magnetic field falls off

more steeply as B ≈ 3.7(r/r0)−1.46 G. The density profile is fixed at s = 2,

giving an evolution of ne ≈ 3.6 × 104(r/r0)−2 cm−3 and a constant mass loss rate

of Ṁ ≈ 6.8 × 10−6 M� yr−1. We note that Model 3 predicts a relatively shallow

ejecta density profile with ρ ∝ r−6.25. Figure 2.7 compares the physical parameters
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predicted by Models 1-3.

1.6 External Absorption

In the analysis presented above we did not account for the possible effects of exter-

nal absorption on the observed radio light-curves. For low mass loss rates such as

the value we derived through SSA modeling of SN 2003L (Section 2.5), it has gener-

ally been found that free-free absorption (FFA) contributes only minimally to the

observed light-curves. Consistent with the SSA model, FFA models assume that

the intrinsic radio emission spectrum is due to non-thermal synchrotron processes.

The observable signature of FFA is a steepening of the optically thick light-curves

at early time (due to contributions from both SSA and FFA processes), as was

seen in the case of the Type IIb SN1993J (136).

1.6.1 Basic FFA Model

To begin, we fit a basic external absorption model in which the dominant absorp-

tion process is assumed to be thermal FFA from a uniform ionized circumstellar

medium located external to the ejecta. Following (421), this FFA dominated model

is given by

fν(t) = K1

( ν

5 GHz

)β
(

t

1 day

)αf

e−τν mJy, (1.15)

with

τν(t) = K2

( ν

5 GHz

)−2.1
(

t

1 day

)ατ

. (1.16)

where αf and ατ describe the temporal evolution of the flux density and optical

depth, respectively; K1 and K2 are normalization constants and β is the optically

thin spectral index.

As shown in Figure 1.7, the basic FFA model fit (thin solid line) provides a poor

match to the data, underestimating the slow turn-on of the radio emission with

χ2
r ≈ 14.0 (two times worse than the SSA model fit, §2.5). The fitted parameter
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values are K1 ≈ 597, β ≈ −1.0, αf ≈ −0.97, K2 ≈ 1710, and ατ ≈ −1.5.

According to this FFA dominated model, we estimate the predicted mass loss

rate of the progenitor star using Equation 17 of Weiler et al. (419). We find a high

mass loss rate of Ṁ ≈ 1.4 × 10−2 M� yr−1 (for vw = 1000 km s−1). This value is

three orders of magnitude above the typical mass loss rate for Galactic Wolf-Rayet

stars, which show Ṁ ≈ 10−5 M� yr−1 with vw ≈ 1000 to 2000 km s−1 (62).

1.6.2 Complex FFA Model

Better light-curve fits are obtained by applying the complex FFA model of Weiler

et al. (419) which includes multiple external absorption processes, each charac-

terized by the distribution of absorbing material (uniform vs. clumpy) and the

location of the material with respect to the radiating electrons (within the CSM

vs. distant). We note that this FFA model also allows for both internal SSA and

FFA components to contribute to the shape of the observed radio light-curves.

Applying this model to the SN 2003L radio light-curves, we find that the two

dominant absorption processes are internal SSA and external FFA due to a clumpy

CSM. In the notation of Weiler et al. (419) this corresponds to K1 ≈ 2.80 × 103,

α ≈ −1.11, β ≈ −1.24, K3 ≈ 7.66× 104, δ′ ≈ −2.15, K5 ≈ 1.28× 103, δ′′ ≈ −1.60,

with all other parameters effectively insignificant. As shown in Figure 1.7, the

complex FFA solution (thick solid line) provides an reasonable fit to the data with

χ2
r = 4.5 for 96 dof.

To estimate the physical parameters of the SN in this model we remove the

external absorption due to the clumpy CSM component leaving only the intrinsic

synchrotron self-absorbed spectrum. As shown in Figure 1.7, at t ≈ 2 days the

peak flux density is fp ≈ 102.1 mJy at νp ≈ 22.5 GHz and β ≈ −1.1. For these

values, Equations 1.2 and 1.3 give an equipartition radius of rep ≈ 5.7 × 1016 cm,

an expansion velocity of vep ≈ 14c, and an ejecta energy of Eep ≈ 7.0 × 1048 erg.

With this velocity, the ejecta radius would be r ≈ 2.4× 1018 cm at t ≈ 65 days, in

violation of the VLBA limit of r ≤ 9.1 × 1017 cm. To match the observed VLBA

limit, we relax the assumption of equipartition, but this results in a steep increase
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in the total ejecta energy by a factor of ∼ 300, giving E ≈ 3× 1051. Moreover, we

note that the model is parameterized for the case of non-relativistic ejecta speeds

and is therefore inconsistent with the implied relativistic velocity. A consistent,

non-relativistic solution to the Weiler et al. (419) model could not be found for

the case of SN2003L.

1.7 Modeling the X-ray emission

X-ray emission in supernovae can be produced by three processes (137): (1)

non-thermal synchrotron emission from radiating electrons, (2) thermal (free-free)

bremsstrahlung emission from material in the circumstellar shock and/or the ejecta

reverse shock, and (3) inverse Compton scattering of photospheric photons by rel-

ativistic electrons. We examine each of these scenarios in the context of the bright

X-ray emission of SN2003L.

1.7.1 Synchrotron Emission

Extrapolating the (optically thin) synchrotron emission at t ≈ 40 days from the

radio to the X-ray band as fν ∝ νβ with β ≈ −1.1, we find that the synchrotron

emission under-predicts the observed X-ray flux by a factor of ∼ 50. The dis-

crepancy is significantly larger when a synchrotron cooling break, νc, is included,

beyond which the spectrum steepens by ∆β = −0.5 (see the Appendix). Using

Equation 1.34 together with the magnetic field evolution derived in Section 2.5, the

cooling frequency at t ≈ 40 days is νc ≈ 1.1× 1011 Hz. Including this synchrotron

break and extrapolating from νc to νX−ray as fν ∝ ν−1.6, the synchrotron emission

in the X-ray grossly under-predicts the observed flux by 5 orders of magnitude. We

also note that the flat spectrum, β ≈ −0.5, of the observed X-rays is inconsistent

with the steep synchrotron spectral index observed in the radio bands, β ≈ −1.1.

We therefore conclude that the X-ray emission is not due to synchrotron processes.
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1.7.2 Thermal Bremsstrahlung Emission

In a scenario dominated by thermal bremsstrahlung processes, the X-ray emission

is produced by the forward shock plowing into circumstellar material and/or the

reverse shock heating of the ejecta. In this case, the strength of the X-ray emission

depends of the density of the emitting material. The shocked material then cools

by free-free emission processes. For an ne ∝ r−2 wind density profile, free-free

luminosity from the forward or reverse shock is generalized (72, 385) roughly by

LX ≈ 7.5 × 1034CL

(
Ṁ

10−5 M� yr−1

)2(
1000 km/s

vw

)2( t

40 days

)−1

erg s−1

(1.17)

where CL is a constant such that CL = CFS = 1 for the forward shock and

CL = CRS = (n − 3)(n − 4)2/(4n − 8) for the reverse shock. For SSA Model 1

(Section 2.5), we find αr ≈ 0.96 and thus n ≈ 27 and CRS ≈ 127. Using the mass

loss rate derived from Model 1, the combined free-free luminosity from the forward

and reverse shocks is therefore LX,FS+RS ≈ 5.4 × 1036 erg s−1, and a factor ∼ 103

fainter than that observed. On the other hand, if we assume the X-ray emission

must be dominated by free-free processes, then this implies a mass loss rate of

2.7 × 10−4 M� yr−1 (vw = 1000 km s−1), which is inconsistent with both the

rate predicted by radio SSA models as well as that associated with FFA modeling

(Section 1.6).

1.7.3 Inverse Compton Cooling

X-ray emission from supernovae can also be produced by inverse Compton (IC)

cooling of the relativistic electrons by the optical photons as was claimed to be

important for the X-ray emission of SN 2002ap (37). In this scenario, the ratio of
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energy densities in magnetic fields, UB , and photons, Uph, is given roughly by

fradio

fX−ray
≈ UB

Uph
(1.18)

where fradio ≡ νfν is the optically thin synchrotron flux in the radio band and fX is

the corresponding X-ray flux. At t ≈ 40 days, the observed radio flux was fradio ≈
6.7×10−16 erg cm−2 s−1 and the X-ray flux was fX−ray ≈ 9.2×10−15 erg cm−2 s−1,

giving a ratio of fradio/fX−ray ≈ 0.074.

Assuming the timescale for Compton cooling is comparable to the epoch Chan-

dra observations, tcomp ≈ 40 days, and using Equations (14–18) of Björnsson and

Fransson (37), we are able to roughly match the observed X-ray luminosity. Since

we see no evidence for IC cooling affects within our radio light-curves, we place a

lower limit of νIC ≥ 22 GHz. This implies constraints on the magnetic field and

shock velocity of B ≥ 0.4 G and v ≥ 0.09c, consistent with the values predicted

from SSA radio analyses (§ 2.5). The corresponding limit on the energy density

in magnetic fields is thus UB ∼> 0.0048 erg cm−3 and is therefore consistent with

the value found through SSA Model 1 (§ 2.5). We note that in these estimates, a

bolometric luminosity of Lbol,42 ≈ 1.5 has been very roughly estimated based on

fitting the SN 2003L optical light-curve (Soderberg et al., in prep.).

While inverse Compton cooling appears to be a feasible process to produce the

luminous X-ray emission of SN 2003L, it predicts a steep spectral index, βX−ray ≈
βradio ≈ −1.1, which is inconsistent with the observed value of β ≈ −0.5 (2 − σ).

We note, however, that the poor photon statistics may be responsible for this

discrepancy.

1.8 Discussion and Conclusions

As the first Type Ibc supernova with a radio and X-ray luminosity within an

order of magnitude of SN 1998bw, SN2003L is clearly an unusual event. Here,

we summarize our findings. Both SSA and FFA models (Sections 2.5 and 1.6)

show that the energy of the ejecta is ∼> 1048 erg and nearly comparable to that
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of SN 1998bw at a similar epoch. In Case 1 the equipartition and SSA analyses

predict a sub-relativistic velocity, v ≈ 0.2c, and a relatively low mass loss rate,

Ṁ ≈ 7.5 × 10−6 M� yr−1 which are roughly consistent with a scenario where

inverse Compton scattering produces the observed X-ray emission. In Case 2, the

complex FFA models reproduce the observed radio light-curves well, yet they imply

a highly relativistic ejecta speed, v ≈ 14c, or a huge energy output of E ≥ 1051

erg, as well as a high mass loss rate of Ṁ ≈ 10−2 M� yr−1 which over-predicts the

observed X-ray emission assuming a thermal bremsstrahlung emission model.

Our VLBA observation at t ≈ 65 days implies an ejecta size which is incon-

sistent with the extreme velocities required by the complex FFA model in Case

2. Only by deviating far from equipartition and significantly increasing the total

energy of the ejecta can this inconsistency be resolved. Moreover, the predicted

mass loss rate is at least two orders of magnitude above the observed rates from

Wolf-Rayet stars. In conclusion, we find Case 2 to be infeasible and we therefore

adopt Case 1 as the most likely scenario. We note that Case 1 predicts a mass loss

rate comparable to the low end of values observed for local Wolf-Rayet stars.

While similar to SN1998bw in radio luminosity and ejecta energy, a main

distinguishing characteristic between SN2003L and SN1998bw is their shock ve-

locity: while the radio ejecta of SN1998bw attained mildly-relativistic speeds, that

of SN2003L was clearly sub-relativistic as shown in Section 2.5. This discrepancy

is echoed by optical spectroscopy which showed photospheric velocities in excess

of 3 × 104 km s−1 for SN 1998bw (282) and 104 km s−1 for SN 2003L (405, 241).

Therefore, we see that for SN 1998bw, mildly-relativistic ejecta was coupled with

bright radio emission, while for SN 2003L the emission is bright despite the mod-

est ejecta velocities. The question is thus, why is the radio ejecta of SN2003L

especially luminous and energetic?

One hypothesis considers the distribution of kinetic energy according to ejecta

velocity. SN 1998bw is a clear case where a significant fraction of the explosion

energy has been deposited into mildly-relativistic material. For SN 2003L, how-

ever, the bulk of the energy is coupled to sub-relativistic ejecta. Tan et al. (388)
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have shown that in some cases, high velocity ejecta can be produced from a whip

effect racing down the ejecta. The observed diversity in the coupling between ve-

locity and energy could therefore be intrinsic to the SN Ibc population. A similar

situation is observed for gamma-ray bursts which partition their energy into ultra-

relativistic emission (γ-rays) and mildly-relativistic afterglow emission (X-rays,

optical, radio) by variable fractions.

Through our ongoing radio surveys of local SNe Ibc and cosmological gamma-

ray bursts, we continue to map out the energetics of these explosions. Our goal is to

understand the link between Type Ibc supernovae and GRBs by studying proper-

ties of the explosion (ejecta velocity and kinetic energy) in addition to those of the

progenitor star (CSM density profile and evolutionary mass loss rate). Through

these further studies, we aim to shed light on the illusive bridge between these two

classes of cosmic explosions.
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Appendix

1.9 The Synchrotron Self-absorption Model

Here we describe the SSA model prescription applied in Section 2.5. The model

was adapted from the formalism of (135), designed to describe gamma-ray burst

radio emission following the transition to sub-relativistic, adiabatic expansion. We
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replace the assumption of Sedov-Neumann-Taylor (SNT) dynamics (448) with a

general parameterization of the shock evolution. This substitution enables us to

study the early supernova synchrotron emission, while the ejecta is in the free-

expansion phase. We note that by adopting the scalings given by the SNT dy-

namics into our generalized equations, the formalism of Frail et al. (135) is fully

recovered.

1.9.1 Physical Assumptions

To first order, we assume that the supernova ejecta is undergoing spherical, ho-

mologous expansion at sub-relativistic velocity, v. At any time, t, the observed

synchrotron emission originates from a thin shell of radiating electrons with radius,

r, and thickness, r/η (with η ≈ 10). The electrons are accelerated into a power-law

energy distribution, N(γ) ∝ γ−p, above a minimum Lorentz factor, γm. We adopt

the standard assumption that the energy density of the ejecta is partitioned be-

tween the fraction in relativistic electrons, εe, and the fraction in magnetic fields,

εB. For simplicity, we denote the ratio of these energies as F ≡ εe/εB and further

assume that it evolves as F ∝ tαF .

The temporal evolution of the radius, velocity, minimum Lorentz factor, and

magnetic field are then parameterized as

r = r0

(
t

t0

)αr

(1.19)

v = v0

(
t

t0

)αr−1

(1.20)

γm = γm,0

(
t

t0

)αγ

(1.21)

B = B0

(
t

t0

)αB

(1.22)

where the subscript 0 corresponds to the parameter values at an (arbitrary) ref-

erence time, t0. Here, the indices αr, αγ , αB , and αF are determined by the hy-

drodynamic evolution of the ejecta, and are constrained according to the assumed



200

evolutionary model (see §2.4.1).

1.9.2 Emission Spectrum

In characterizing the synchrotron emission spectrum, we use the standard formal-

ism of Rybicki (323). Within this framework, the synchrotron power per unit

frequency emitted by a single electron is given by

P (ν, γ) =
e3B

mec2
F

(
ν

νcrit(B, γ)

)
(1.23)

where γ, e, and me are the Lorentz factor, charge, and mass of the electron,

respectively. The critical frequency, νcrit, is defined as

νcrit ≡ γ2

(
eB

2πmec

)
(1.24)

(323). Adopting the notation x ≡ (2/3)(ν/νcrit), the function F (x) describes the

total synchrotron power spectrum.

F (x) ≡ x

∫ ∞

x
K5/3(ξ)dξ (1.25)

where K5/3 is the modified Bessel function of 2/3 order (323). This function peaks

at x = 0.29 and decays rapidly for x > 1.

Applying the temporal scalings for r, β, B, and γm (Equations 1.19 - 1.22),

the flux density from a uniform shell of radiating electrons is then given by

fν(t) = Cf

(
t

t0

)(4αr−αB)/2

[(1 − e−τζ
ν (t))]1/ζν5/2F3(x)F−1

2 (x) erg/s/Hz/cm2

(1.26)

where the optical depth, τν(t), is defined

τν(t) = Cτ

(
t

t0

)(p−2)αγ+(3+p/2)αB+αr+αF

ν−(p+4)/2F2(x) (1.27)

and ζ = [0, 1] parameterizes the sharpness of the spectral break between opti-
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cally thick and thin regimes. We adopt νm ≡ νcrit(γ = γm) as the characteristic

synchrotron frequency,

νm(t) = νm,0

(
t

t0

)2αγ+αB

Hz, (1.28)

and for x = (2/3)(ν/νm(t)), the functions, F2(x) and F3(x), are defined

F2(x) ≡
√

3
∫ x

0
F (y)y(p−2)/2dy, F3(x) ≡

√
3
∫ x

0
F (y)y(p−3)/2dy (1.29)

where y is a simple integration variable representing the range y = [0, x]. The

temporal dependencies of F2(x) and F3(x) can be computed numerically. For

ν � νm, we find the following scalings

F2(x) ∝ t0.49(p+0.73), F3(x) ∝ t0.47(p−0.14) (1.30)

and for ν � νm, neither function evolves. Therefore, using equations 1.26 through

1.30, the model flux density at any time is strictly determined by three parameters:

Cf , Cτ , and νm,0:

Cf ≡ 2π

2 + p
me

(r0

d

)2
(

2πmec

eB0

)1/2

(1.31)

Cτ ≡ (p + 2)(p − 2)
4πη

γ
(p−1)
m,0

(
B2

0

8π
F0

)(
e3B0r0

m3
ec

4γm,0

)(
eB0

2πmec

)p/2

(1.32)

νm,0 ≡ 1
2π

γ2
m,0

eB0

mec
(1.33)

where d is the distance to the source and F0 is the value of F at t0. Equations 1.31

- 1.33 above show that Cf , Cτ , and νm,0 are in turn determined by four physical

parameters: B0, r0, γm,0, and F0.
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1.9.3 Temporal and Spectral Evolution

We use the above formalism to determine the spectral evolution of the synchrotron

emission for a given ordering of the synchrotron break frequencies, νa and νm. Here,

we define the self-absorption frequency, νa, as the frequency at which the optical

depth is unity: τνa ≡ τ(ν = νa) = 1.

For completeness, we give the temporal and spectral evolution for higher fre-

quencies near the synchrotron cooling frequency, νc, defined as the the frequency

above which electrons cool efficiently. This frequency is given by

νc =
18πmece

t2σ2
T B3

Hz (1.34)

and is typically located between the radio and optical observing bands during the

first few years after the supernova explosion.

Case 1: νa � νm

In Case 1, the self-absorption frequency is well below the characteristic synchrotron

frequency, νa � νm. In this scenario, the spectrum peaks at νp ≈ νm. It can be

shown that the temporal scalings associated with the peak are then given by

νp ≈ νm ∝ t2αγ+αB , fνp ≈ fνm ∝ t3αr+3αB−αγ+αF . (1.35)

Here, νa � νm so the evolution of νa and fνa depend on the temporal scaling of

F2(x) (Equation 1.30). We find

νa ∝ t(2(p−136)αγ+(p+264)αB+100αr+100αF)/(p+164), fνa ∝ t(9αr+8αB−5αγ+ανa+3αF)/3

(1.36)

where, for simplicity, we use ανa to denote the temporal dependence of νa. For all
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frequencies, the temporal and frequency dependence of fν is then generalized by

fν ∝




ν2t(9αr+8αB−5αγ−5ανa+3αF)/3 ν < νa

ν1/3t(9αr+8αB−5αγ+3αF)/3 νa < ν < νm

ν−(p−1)/2t(6αr+(5+p)αB+2(p−2)αγ+2αF)/2 νm < ν < νc

ν−p/2t(6αr+(8−5p)αB+2(p−2)αγ+2αF−4p+2)/2 νc < ν

(1.37)

where the temporal scalings associated with the synchrotron cooling frequency are

νc ∝ t−3αB−2, fνc ∝ t3αr+(4−p)αB+(p−2)αγ+αF−p+1. (1.38)

Case 2: νm � νa

In Case 2, the characteristic synchrotron frequency is below the self-absorption

frequency, νm � νa. In this case, the spectral peak occurs at νp ≈ νa. Since F2(x)

is constant for ν � νm, the scalings simplify to

νp ≈ νa ∝ t(2(p−2)αγ+2(3+p/2)αB+2αr+2αF)/(p+4), fνp ≈ fνa ∝ t(4αr−αB+5ανa)/2.

(1.39)

In this scenario, the evolution of νm is given by Equation 1.28 while Fνm scales as

fνm ∝ t2αr+2αB+5αγ . (1.40)

For all frequencies, the temporal and frequency dependence of fν is then generalized
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by

fν ∝




ν2t2αr+αγ ν < νm

ν1/3t(4αr−αB)/2 νm < ν < νa

ν−(p−1)/2t(4αr−αB+(4+p)ανa)/2 νa < ν < νc

ν−p/2t(2αr+(1−3p)αB+(2+p/2)ανa−2p+1) νc < ν

(1.41)

where the temporal scalings associated with the synchrotron cooling frequency are

νc ∝ t−3αB−2, fνc ∝ t(4αr+(3−3p)αB+(4+p)ανa−2p+2)/2. (1.42)
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Table 1.1. VLA Radio Flux Density Measurements of SN2003L

Date ∆t F4.9 GHz ± σ F8.5 GHz ± σ F15.0 GHz ± σ F22.5 GHz ± σ Array

(UT) (days) (µJy) (µJy) (µJy) (µJy) Config.

2003 Jan 26.2 25.2 — 743±39 — — DnC

2003 Jan 28.3 27.3 — 810±63 — 3179±85 DnC

2003 Jan 29.3 28.3 — 848±65 — 3119±86 DnC

2003 Jan 30.4 29.4 — 966±60 — 3122±75 DnC

2003 Jan 31.3 30.3 — 1051±62 — 3080±86 DnC

2003 Feb 1.2 31.2 — 947±52 — 3252±70 DnC

2003 Feb 2.3 32.3 — 883±53 — 2973±99 DnC

2003 Feb 3.3 33.3 — — 2287±121 — DnC

2003 Feb 6.3 36.3 — 1147±47 — — DnC

2003 Feb 8.3 38.3 — 1211±39 — — D

2003 Feb 11.6 41.6 — 1483±76 2686±156 2956±96 D

2003 Feb 14.5 44.5 — 1448±62 2753±153 2684±124 D

2003 Feb 16.4 46.4 — 1413±55 2719±144 — D

2003 Feb 18.4 48.4 — 1546±45 — — D

2003 Feb 22.3 52.3 — — 3014±137 2714±68 D

2003 Feb 23.3 53.3 — 1854±41 — — D

2003 Feb 25.3 55.3 — 1969±53 2799±149 2838±99 D

2003 Feb 26.3 56.3 — — 2865±131 — D

2003 Mar 2.3 60.3 — 2283±51 2924±132 — D

2003 Mar 7.3 65.3 848±64a — — 2263±73 D

2003 Mar 8.4 66.4 — 2351±47 2857±123 2486±66 D
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Table 1.1—Continued

Date ∆t F4.9 GHz ± σ F8.5 GHz ± σ F15.0 GHz ± σ F22.5 GHz ± σ Array

(UT) (days) (µJy) (µJy) (µJy) (µJy) Config.

2003 Mar 10.3 68.3 — 2081±52 2966±115 — D

2003 Mar 14.4 72.4 — 2527±52 2901±150 2422±70 D

2003 Mar 17.4 75.4 — 2673±57 3055±173 — D

2003 Mar 20.3 78.3 — 2422±61 — 2130±223 D

2003 Mar 23.3 81.3 — 2500±43 2664±118 — D

2003 Mar 27.4 85.4 — 2776±51 — 1833±100 D

2003 Apr 1.2 90.2 — 2551±54 — — D

2003 Apr 2.1 91.1 — — — 1819±141 D

2003 Apr 10.4 99.4 — — 2581±320 — D

2003 Apr 30.0 119.0 — 2532±75 — 1078±173 D

2003 May 3.1 122.1 — 2534±80 — 1327±114 D

2003 May 16.3 135.3 — 2455±96 1925±282 1146±165 D

2003 May 28.1 147.0 1989±41 2200±47 1452±235 941±161 D

2003 Jun 4.0 154.0 2410±114 2151±77 — — A

2003 Jun 17.1 167.1 2555±83 2210±68 1279±226 — A

2003 Jul 1.1 181.1 — 2262±63 — — A

2003 Jul 9.0 189.0 2485±90 2075±61 1135±125 — A

2003 Jul 24.0 204.0 2380±81 2048±66 1177±166 — A

2003 Aug 11.9 222.9 — — — 670±148 A

2003 Aug 15.8 226.8 2346±84 1646±74 824±237 — A

2003 Sep 15.7 257.7 2177±87 1151±53 768±165 — A
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Table 1.1—Continued

Date ∆t F4.9 GHz ± σ F8.5 GHz ± σ F15.0 GHz ± σ F22.5 GHz ± σ Array

(UT) (days) (µJy) (µJy) (µJy) (µJy) Config.

2003 Oct 6.7 278.6 2140±40 1244±58 — — BnA

2003 Oct 11.7 283.7 2177±79 1176±45 612±122 — BnA

2003 Oct 27.7 299.7 1937±70 1200±42 520±124 — B

2003 Nov 1.7 304.7 — 1115±55 — — B

2003 Nov 14.6 317.6 1713±73 1075±52 — — B

2003 Nov 25.5 328.5 1689±67 981±49 148±148 — B

2003 Dec 6.6 339.6 1980±69 961±42 506±149 — B

2004 Jan 26.4 390.4 — 714±38 — — B

2004 Feb 8.3 403.3 — 863±42 — — CnB

2004 Mar 6.4 430.4 1281±42 — — — C

2004 Mar 20.2 444.2 — 668±30 — — C

2004 Apr 21.0 476.0 — — 125±137 — C

2004 May 21.0 506.0 — — — 280±53 D

2004 Jul 27.0 573.0 — 592±48 — — D

aVLBA observation
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40 arcsec

Figure 1.1: A Palomar 60-inch R-band image (greyscale) shows the SN located

within a spiral arm of host galaxy NGC 3506. Twenty-five radio (8.5 GHz) map

contours are over-plotted from 0.15 mJy (3-sigma) to 4.0 mJy in equally spaced

logarithmic intervals. The radio emission peaks at the optical position of SN2003L

and diffuse emission from the host galaxy extends to a size of approximately 45

by 45 arcsec.
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Figure 1.2: Radio light-curves of for the Type Ic SN 2003L were taken with the

VLA at frequencies 4.9, 8.5, 15.0, and 22.5 GHz between January 2003 and July

2004. The single VLBA observation (5 GHz) is shown as an encircled dot. SSA

Model 1 (thick solid line), and Models 2 and 3 (thin solid line) as described in §2.5

are over-plotted.
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Figure 1.3: The temporal evolution of 4.9/8.5 GHz, 8.5/15.0 GHz, and 15.0/22.5

GHz spectral indices are shown and SSA Model 1 (§2.5) is over-plotted. We high-

light the VLBA observation with an encircled dot.
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Figure 1.4: VLBA image of SN2003L at 4.9 GHz at t ≈ 65 days after the explosion.

We find a flux density for the supernova of F4.9 GHz = 848± 64 µJy within a 3.158

x 1.285 mas beam. Contours define 1 σ increments of 67 µ Jy. At a distance of 92

Mpc, this unresolved VLBA detection places a direct constraint on the size of the

expanding ejecta of r ∼< 9.1 × 1017 cm at t ≈ 65 days.
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Figure 1.5: The 2–10 keV luminosity of SN 2003L is LX ≈ 9.2×1039 erg/s/Hz for

a power-law spectral model. SN 2003L is therefore the most luminous X-ray SN

Ibc (on this timescale) with the exception of SN1998bw.
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Figure 1.6: Physical parameters for SN2003L based on SSA Model 1 (thick solid

line), Model 2 (thin solid line), and Model 3 (thin dashed line) as described in

§2.5. Left column: the temporal evolution from t = 10− 800 days is shown for the

ejecta energy, shock radius, and average velocity (top to bottom). Right column:

the radial profile of the magnetic field, electron number density, and mass loss rate

are shown from r = 5 × 1015 to 2.1 × 1017 cm. The scalings appearing at the top

of each plot correspond to Model 1.
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Figure 1.7: Free-free absorption fits for SN2003L based on formalism from Weiler

et al. (421) (basic model; thin solid line) and Weiler et al. (419) (complex model;

solid line). The basic model provides a poor fit to the data while the complex model

provides a significantly better fit by including additional absorption processes. The

intrinsic (de-absorbed) synchrotron spectrum of the complex model (dashed line)

implies a relativistic velocity which violates the VLBA constraint at t ≈ 65 days.
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Abstract

We report extensive radio and X-ray observations of SN2003bg whose spectro-

scopic evolution shows a transition from a broad-lined Type Ic to a hydrogen-rich

Type II and later to a typical hydrogen-poor Type Ibc. We show that the ex-

traordinarily luminous radio emission is well described by a self-absorption dom-

inated synchrotron spectrum while the observed X-ray emission at t ≈ 30 days

is adequately fit by Inverse Compton scattering of the optical photons off of the
†A version of this chapter was published in The Astrophysical Journal, vol. 651, 1005–1018,

(2006). Reproduced by permission of the AAS.
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synchrotron-emitting electrons. Our radio model implies a sub-relativistic ejecta

velocity, v ≈ 0.24c, at t0 ≈ 10 days after the explosion which emphasizes that

broad optical absorption lines do not imply relativistic ejecta. We find that the

total energy of the radio-emitting region evolves as E ≈ 7.3 × 1048(t/t0)0.4 erg,

assuming equipartition of energy between relativistic electrons and magnetic fields

(εe = εB = 0.1). The circumstellar density is well described by a stellar wind

profile with modest (factor of ∼ 2) episodic density enhancements which pro-

duce abrupt achromatic flux variations. We estimate an average mass loss rate

of Ṁ ≈ 3 × 10−4 M� yr−1 (assuming a wind velocity of vw = 103 km s−1) for

the progenitor, consistent with the observed values for Galactic Wolf-Rayet stars.

Comparison with other events reveals that ∼ 50% of radio supernovae show similar

short timescale flux variations attributable to circumstellar density irregularities.

Specifically, the radio light-curves of SN 2003bg are strikingly similar to those of

the Type IIb SN 2001ig, suggestive of a common progenitor evolution for these two

events. Based on the relative intensity of the inferred density enhancements, we

conclude that the progenitors of SNe 2003bg and 2001ig experienced quasi-periodic

mass loss episodes just prior to the SN explosion. Finally, this study emphasizes

that abrupt radio light-curve variations cannot be used as a reliable proxy for an

engine-driven explosion, including off-axis gamma-ray bursts.

2.1 Introduction

Accounting for ∼ 10% of the nearby supernova population, Type Ibc supernovae

(hereafter SNe Ibc) are identified by their lack of spectroscopic hydrogen and

silicon features (see Filippenko 113 for a review). Recognized as a rare subclass

of core-collapse supernova ∼ 20 years ago (108), SNe Ibc have recently enjoyed

a revitalized interest. Beginning with the discovery of Type Ic SN1998bw in

temporal and spatial coincidence with gamma-ray burst (GRB) 980425 (151, 290),

we now know that most long-duration GRBs (e.g., Stanek et al. 377) and X-ray

flashes (XRFs; Soderberg et al. 363) are associated with SNe Ibc. However, radio
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observations of local SNe Ibc indicate that the inverse is not true; there is a strict

limit of ∼< 10% on the fraction of SNe Ibc that could be accompanied by a GRB

or XRF (370). The lack of hydrogen features in both SNe Ibc and GRB/XRF-

associated SNe imply that they represent the explosion of massive stripped-core

progenitors (429, 436).

The popular models for SNe Ibc progenitors include massive Wolf-Rayet (WR)

stars that eject their envelopes through strong dense winds, and close binary sys-

tems where the progenitor star is stripped of its hydrogen-rich layer by the compan-

ion (109). Despite dedicated archival searches, the progenitors of SNe Ibc are still

poorly constrained by pre-explosion images. The best photometric constraints are

currently associated with SN 2002ap and SN2004gt which exclude WR progenitors

in the top ∼ 30% and ∼ 50% of the population, respectively (351, 147, 247). While

intriguing, these archival observations lack the sensitivity to clearly discriminate

between the WR and binary progenitor models.

By studying the circumstellar medium around the supernova, however, it is

possible to place independent constraints on the progenitor. Observations show

that galactic Wolf-Rayet stars are embedded in wind stratified media (78) while bi-

nary systems are associated with disrupted circumstellar media, possibly including

an outflow during a common envelope phase (295).

Radio observations provide the most direct probe of the circumstellar density

structure around supernovae (421, 71). By observing the dynamical interaction

of the ejecta with the surrounding medium we are able to map out the mass loss

history of the progenitor star. The identification of irregular density profiles may

therefore distinguish between Wolf-Rayet and binary progenitor systems.

Here we present extensive radio observations of SN2003bg, discovered as part

of our ongoing radio survey of local Type Ibc supernovae. The peculiar SN 2003bg

spectroscopically evolved from a broad-lined Type Ic to a hydrogen-rich Type II

and later to a typical Type Ibc (Hamuy et al., in prep), thereby bridging the

hydrogen-rich and poor divisions of the core-collapse classification system. Our

densely-sampled radio light-curves show that the extraordinarily luminous radio
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emission for a SN Ibc is characterized by episodic short-timescale variations. We

show that these variations are well described by abrupt density enhancements in

the circumstellar medium. Comparison with other radio supernovae shows that

∼ 50% of all well-studied events similarly show evidence for abrupt light-curve

variations. We review the mass loss evolution observed (and inferred) for the

progenitors of these core-collapse SNe. Using the observed radio properties for the

peculiar SN 2003bg, we place constraints on the nature of its progenitor system.

The organization of this paper is as follows: observations from the Very Large

Array (VLA) and the Chandra X-ray Observatory (CXO) are described in §3.2.

Preliminary estimates of the energy, velocity, and density of the radio-emitting

region are presented in §2.3. Modeling of the radio light-curves are presented in

§3.3 and §2.5, while a discussion of the radio polarization mechanism follows as

§2.6. Our modeling of the X-ray emission is discussed in §2.7. In §2.8 we present

a compilation of radio supernovae with abrupt light-curve variations and review

their circumstellar irregularities. Finally, in §2.9 we discuss the possible causes

of the density enhancements surrounding SN 2003bg and the implications for the

progenitor system.

2.2 Observations

SN2003bg was optically discovered on 2003 February 25.7 UT, offset 16”.3 W

and 24”.6 S from the center of host galaxy, MCG -05-10-15, at d ≈ 19.6 Mpc

(434). Early spectroscopy on 2003 February 28 UT indicated that SN 2003bg was

a peculiar Type Ic supernova with broad optical absorption lines, indicative of

fast photospheric velocities and comparable to those seen in SN1998bw (115).

Soon thereafter, SN2003bg developed strong, broad Hα emission with a P-Cygni

absorption component indicating an expansion velocity of −17, 110 km s−1 (174).

P-Cygni components were additionally observed for Hβ and Hγ, prompting the

reclassification of SN 2003bg as an unusual Type II supernova. Nebular spectra

taken several months later revealed that all evidence of hydrogen had disappeared,
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suggestive that the SN had transitioned back to a Type Ibc event (Hamuy et al.,

in prep).

The peak time of the optical light-curves suggests that SN2003bg was dis-

covered within just a few days of explosion (Hamuy, private communication).

Throughout this paper we therefore assume an approximate explosion date of

2003 February 22 UT.

2.2.1 Very Large Array Data

Motivated by the spectroscopic similarity of SN 2003bg to the radio luminous

SN1998bw, we initiated radio observations of SN 2003bg on 2003 March 4.07 UT

with the Very Large Array1 (VLA). At 8.46 GHz we detected a radio source

coincident with the optical position at α(J2000) = 04h10m59.42s, δ(J2000) =

−31o24′50.3′′ (±0.1 arcsec in each coordinate) with flux density of fν = 2.51±0.05

mJy (Figure 2.1). We subsequently began an intense follow-up campaign to study

the temporal and spectral evolution of the radio emission.

Radio data were collected at 1.43, 4.86, 8.46, 15.0, 22.5, and 43.3 GHz span-

ning 2003 March through 2005 October and are summarized in Table 4.1. All VLA

observations were taken in standard continuum observing mode with a bandwidth

of 2×50 MHz. At 22.5 and 43.3 GHz we included referenced pointing scans to cor-

rect for the systematic 10-20 arcsec pointing errors of the VLA antennas. We used

3C48, 3C147, and 3C286 (J0137+331, J0542+498, and J1331+305) for flux cali-

bration, while phase referencing was performed against calibrators J0407-330 and

J0453-281. Data were reduced using standard packages within the Astronomical

Image Processing System (AIPS). No diffuse radio emission from the host galaxy

was detected in any of our observations. Flux density measurements were obtained

by fitting a Gaussian model to the SN. In addition to the rms noise in each mea-

surement, we include a systematic uncertainty of 2% due to the uncertainty in the
1The Very Large Array and Very Long Baseline Array are operated by the National Radio

Astronomy Observatory, a facility of the National Science Foundation operated under cooperative

agreement by Associated Universities, Inc.
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absolute flux calibration.

The SN2003bg radio light-curves are compiled in Figures 2.2 and 2.3, spanning

∼ 10 to ∼ 1000 days after the explosion. The radio evolution of SN2003bg is

characterized by several achromatic short timescale (δt/t ∼< 1) variations. As will

be discussed in §2.8, light-curve variations have also been observed for ∼ 50%

of well-sampled radio supernovae including Type IIL SN1979C (423), Type Ic

SN1998bw (216, 419), and more recently for Type IIb SN2001ig (325).

Radio Spectrum

Shown in Figure 2.4 are the spectral indices between each of the adjacent radio

frequencies. A spectral turnover is clearly observed for the lower frequencies at

early time; at later time the spectral slope converges to β ≈ −1.1. The observed

spectral shape is overall consistent with a non-thermal synchrotron spectrum with

a significant absorption component that suppresses the low frequency emission.

In the case of radio supernovae, a low frequency turn-over may be attributed

to internal synchrotron self-absorption (SSA; Chevalier 71) or free-free absorption

(FFA; Weiler et al. 421) from the external medium. The observed spectral index of

the optically-thick spectrum enables us to distinguish between these two processes.

For radio supernovae dominated by SSA, the radio spectrum is approximated by

Fν = 1.582Fνp

(
ν

νp

)5/2

×

1 − exp


−( ν

νp

)− (5−2βthin)

2




 , (2.1)

where νp is the peak spectral frequency, Fνp is the flux density at νp, and βthin

is the optically-thin spectral index (71). On the other hand, for FFA dominated

emission, the optically-thick radio spectrum steepens to

Fν = K1

( ν

5 GHz

)βthin × exp
[
−K2

( ν

5 GHz

)−2.1
]

mJy (2.2)

where K1 and K2 are normalization constants (421).

We fit these functions to two well-sampled radio spectra collected on 2003
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March 17 and 2004 February 8 (t ≈ 23 and 351 days). As shown in Figure 2.5, the

optically-thick spectral component in each epoch is best described with a spectral

index of β ≈ 2.5, and thus entirely consistent with the index predicted by the

SSA dominated model. Specifically, we find the following best-fit SSA parameters:

Fνp ≈ 110 mJy (50 mJy) and νp ≈ 25 GHz (2.2 GHz) with χ2
r ≈ 1.5 (4.5) for the

early (late) spectrum. The FFA dominated models produce steeper optically-thick

spectra (β > 2.5) and thus provide a significantly worse fit to the data. We find

the following best-fit FFA parameters: K1 ≈ 550 (35) and K2 ≈ 11 (0.12) with

χ2
r ≈ 180 (8.2) for the early (late) spectra. Here we have adopted βthin ≈ −1.1

for both models, consistent with the observed optically-thin spectral indices from

t ∼ 10 to 1000 days (Figure 2.4). Clearly the SSA model fit is preferred over the

FFA fit in both epochs. We conclude that internal SSA dominates the absorption

on the timescale probed by the radio data.

Radio Polarization of SN2003bg

Since synchrotron emission is inherently polarized, the magnetic field geometry of

radio SNe can be directly probed through polarization measurements. In order to

measure the polarization for SN 2003bg, we carried out a full polarization calibra-

tion of our 8.46 GHz VLA observations taken on 2003 October 7.4 UT (t ≈ 227

days). This run was chosen for polarization calibration based on the high dynamic

range of the radio image. To correct for the instrumental polarization, we ob-

served calibrator J0403+260 over a wide range in parallactic angle and computed

the leakage terms with AIPS task PCAL. We used 3C147 to calibrate the absolute

polarization angle.

We do not find any significant polarization for SN2003bg. In particular, we

place a limit on the linear polarization intensity (Ipol =
√

Q2 + I2, where Q and

I are the Stokes parameters) of Ipol < 0.071 mJy, corresponding to a fractional

polarization limit of ∼< 0.8% (3σ). In comparison with other radio SN linear

polarization measurements this is one of the deepest limits obtained to date: a

factor of ∼ 4 deeper than the limit for SN 1993J (∼< 3.3%, Bietenholz et al. 35)
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and comparable to that for SN1979C (∼< 1%, Weiler et al. 422).

2.2.2 X-ray Observations with Chandra

SN2003bg was observed with the Chandra ACIS-S detector on 2003 March 24.5 UT

(t ∼ 30 days after the explosion) for 50.5 ksec. Pooley and Lewin (297) reported the

detection of an X-ray source at α(J2000) = 04h10m59.42s, δ(J2000) = −31o24′50.3′′

(±0.5 arcsec in each coordinate), coincident with the optical SN position. The

source was re-observed with ACIS-S on 2003 June 22.3 UT (t ∼ 120 days) for 40.5

ksec to search for variability between the two epochs.

We retrieved the SN 2003bg data from the Chandra data archive2 and reduced

them following the CIAO science threads3. The source is clearly detected in both

epochs and we note that no diffuse emission is detected from the host galaxy.

For spectral extraction of the SN emission, we adopt a source aperture of 4.92

arcsec and a large background region located ∼ 20 arcsec from the source. After

subtracting off the background emission, we measure count rates of 0.0117±0.0005

and 0.0020 ± 0.0003 cps (0.3-10 keV) in the first and second epochs, respectively.

Pooley and Lewin (297) report that the first epoch data can be reasonably fit

with several different spectral models and propose a MEKAL hot plasma model for

the best fit. Given that the small number of counts prevents the model fits from

being distinguished, we fit the extracted SN spectra with only two basic models:

absorbed power-law and thermal bremsstrahlung. Table 2.2 lists the parameter

values for our resulting spectral fits, where we have adopted both fixed and variable

NH values for comparison. Schlegel et al. (344) dust maps give E(B − V ) = 0.022

mag for the position of SN2003bg. Using the standard conversion of Predehl and

Schmitt (299), we find NH = 1.3×1020 cm−2 for the Galactic column density along

our line-of-sight. The relatively few X-ray counts enable satisfactory fits (χ2
r ∼ 1)

for each of the models.

Given the significantly fewer counts in the second epoch, we fit the spectrum
2http://cda.harvard.edu/chaser/
3http://cxc.harvard.edu/ciao/threads/
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with a fixed (galactic) absorption. Moreover, for the power-law fit we adopt the

best-fit spectral index from our first epoch. The resulting flux values appear in

Table 2.2 for both power-law and thermal bremsstrahlung fits. As in the case of

the first epoch, both models provide an equally good representation of the data.

In Figure 2.6 we show the absorbed power-law model fits for Epochs 1 and

2, assuming a fixed Galactic NH . Using the associated spectral parameters in

Table 2.2, we find unabsorbed flux values of FX ≈ (9.3 ± 0.4) × 10−14 and (1.2 ±
0.4) × 10−14 erg cm−2 s−1 (0.3–10 keV) for these fits, respectively.

The observed temporal evolution is FX ∝ tαX with αX ≈ −1.5 ± −0.3 and

the implied spectral indices between the optically thin radio and X-ray band are

nearly constant at βRX ≈ −0.94 and 0.89, for the first and second Chandra epochs,

respectively. At a distance of 19.6 Mpc, the observed X-ray luminosity values are

thus LX ≈ (4.3 ± 0.2) × 1039 and (5.5 ± 1.9) × 1038 erg s−1, placing SN 2003bg

among the most X-ray luminous SNe ever detected and a factor of ∼ 10 fainter

than SN1998bw on a comparable timescale.

2.3 Preliminary Constraints

Readhead (310) showed that there is an upper limit to the brightness tempera-

ture, TB , for SSA dominated radio sources. This limit corresponds to the sce-

nario where the fractions of post-shock energy density in relativistic electrons

(εe) and magnetic fields (εB) are in equipartition, and the shocked electrons are

accelerated into a power-law distribution, N ∝ γ−p, above a minimum Lorentz

factor, γm. Under these assumptions, the equipartition brightness temperature,

Tep ≡ c2fνp/(2πkθ2
epν

2
p) ≈ 5 × 1010 K, defines the upper bound on TB (310, 216).

Here, θep is the equipartition size (radius) of the radio source. It is noted that Tep

depends only weakly on the observed peak frequency and flux density.

Under the assumption that TB = Tep, we can estimate the radius and energy

of the radio-emitting material for SN 2003bg. Our first VLA epoch in which the

spectral turnover is observed is 2003 March 29 (t ∼ 35 days). In this epoch
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we observed a peak flux density of fνp ≈ 85 mJy at νp ≈ 22.5 GHz and an

optically thin spectral index of β = −(p − 1)/2 ≈ −1.1 (Figure 2.4). As shown

in Figure 2.5, on the timescale probed by our observations the SN 2003bg radio

spectrum is well fit with a SSA model and we therefore identify the spectral peak

as the synchrotron self-absorption frequency, νa (defined as the frequency where

the optical depth due to SSA is unity; τSSA = 1). Using Equations 2 and 3 of

Soderberg et al. (359) (hereafter S05) the observed source properties (fνp , νp, β,

and d) imply an equipartition radius of θep ≈ 40 µas (rep ≈ 1.2 × 1016 cm) and

a total energy for the radio-emitting material of Eep ≈ 1.7 × 1048 erg, where we

have assumed εe = εB = 0.1. The average velocity of the radio shell is therefore

roughly vep ≈ 0.13c and the magnetic field is Bep ≈ 2.8ε
1/2
B E

1/2
ep r

−3/2
ep ≈ 0.9 G.

A comparison with the ejecta velocities compiled for core-collapse SNe (71)

shows that SN 2003bg resembles more closely a Type Ibc (typical ejecta velocities,

v ∼ 0.1c) rather than a Type II event (v ∼ 0.01c). Moreover, the inferred ejecta

velocity for SN2003bg is a factor of ∼ 10 slower than the mildly relativistic speed

inferred for SN 1998bw. This analysis emphasizes that broad optical absorption

lines cannot be used as a proxy for relativistic ejecta, consistent with the radio

analysis for broad-lined SNe 2002ap (22) and SN 2003jd (370).

Our preliminary constraint on the minimum energy for SN2003bg places it

among the most energetic radio SNe Ibc ever observed, second only to SN 1998bw

and comparable to SN 2003L (S05). We note that additional absorption pro-

cesses (e.g., FFA) and departures from equipartition (e.g., SN 1993J; Fransson

and Björnsson 136) increase the energy budget further.

Equipartition analysis may also be used to roughly constrain the characteris-

tic synchrotron frequency, νm. Equating particle kinetic energy across the shock

discontinuity, S05 show that νm ≈ 9.2×103ε2
e(v/c)4B GHz, which gives νm ≈ 0.02

GHz for εe = 0.1 with the values of vep and Bep given above. At t ∼ 35 days,

νm is therefore already below our radio observing band and the synchrotron break

frequencies are ordered such that νm < νa.

Finally, we use these equipartition results at t ≈ 35 days to estimate the mass
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loss rate of the progenitor star. From Chevalier (71), the mass loss rate of the star,

Ṁ , can be derived from the post-shock energy density in magnetic fields:

UB =
B2

8π
≈ εB

4π

(
Ṁ

vw

)
r−2v2 (2.3)

where we have assumed a stellar wind-blown medium (n ∝ r−2). We find Ṁ ≈
6.1 × 10−5 M� yr−1 (assuming a Wolf-Rayet wind velocity of vw = 103 km s−1).

For comparison, we estimate the mass loss rate assuming FFA dominates the

absorption. In this scenario, the shock radius is larger than the equipartition

estimate and so our equipartition parameters provide only a lower limit on the

mass loss rate of the progenitor star. Using Equation 2.3 of (137) we find:

Ṁ−5

vw,3
> 4.3 × 103τ

1/2
FFA

νp

GHz
T

3/4
5

(v

c

)3/2
(

t

35 days

)3/2

(2.4)

where τFFA is the optical depth to FFA processes and T5 is the temperature nor-

malized to 105 K. Here we have adopted the notation 10xQx = Q where Ṁ is

given in units of M� yr−1 and vw is given in km s−1. Setting τFFA = 1 and T5 = 1

we find Ṁ−5/vw,3 > 4.5× 103 corresponding to a mass loss rate of 0.045 M� yr−1

(vw = 103 km s−1) at t ≈ 35 days. This is three orders of magnitude larger than

that derived from the SSA interpretation. Moreover, this would imply that the

total energy of the radio-emitting material (a proxy for the kinetic energy of the

fastest ejecta, v ∼> 0.13c) exceeds 1.5 × 1051 erg. Since hydrodynamic collapse

distributes the ejecta kinetic energy as EK ∝ v−5 (245), this would imply that

the optical data (with v ≈ 0.06c) have EK > 1053 erg, larger than any other core-

collapse SN to date. This result, taken together with the fact that a SSA model

provides a significantly better fit to the radio spectra, leads us to conclude that

the observed spectral turn-over is due to internal synchrotron self-absorption.
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2.4 Synchrotron Self-absorption Model

In modeling the radio light-curves of SN 2003bg, we adopt the formalism of S05

where we presented a rigorous formulation of the temporal and spectral evolution of

synchrotron emission arising from sub-relativistic supernova ejecta. S05 show how

the observed SN radio emission spectrum at any single epoch is determined by three

parameters: Cf , Cτ , and νm. Here, Cf and Cτ are normalization constants of the

flux density and optical depth with cgs units of g s1/2 and s−(2+p/2), respectively.

The parameters Cf , Cτ and νm are in turn determined by the values of four physical

parameters: the magnetic field, B, the shock radius, r, the minimum electron

Lorentz factor, γm, and the ratio F ≡ εe/εB. With four physical parameters (B, r,

γm, F) and only three constraints (Cf , Cτ , νm,0), we must assume an additional

constraint to find a unique solution. This constraint is obtained by adopting a

value for F. By inverting the equations for Cf , Cτ , and νm, S05 derive the following

expressions for B, r, and γm:

B = 9.0 × 10−8 (2 + p)−6/17(p − 2)−4/17η4/17F−1/17 ×(
d

cm

)−4/17( Cf

g s1/2

)−2/17( Cτ

s−(2+p/2)

)4/17 (νm

Hz

)−2(p−2)/17
G (2.5)

r = 9.3 × 1012 (2 + p)7/17(p − 2)−1/17η1/17F−1/17 ×(
d

cm

)16/17( Cf

g s1/2

)8/17( Cτ

s−(2+p/2)

)1/17 (νm

Hz

)−(p−2)/34
cm (2.6)

γm = 2.0 (2 + p)3/17(p − 2)2/17η−2/17F2/17 ×(
d

cm

)2/17( Cf

g s1/2

)1/17( Cτ

s−(2+p/2)

)−2/17 (νm

Hz

)(13+2p)/34
. (2.7)

Here, d is the distance to the supernova and η characterizes the the thickness of the

radiating electron shell as r/η. The number density of the synchrotron emitting

electrons then follows directly as

ne =
p − 2
p − 1

B2

8π

F

mec2γm
(2.8)
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where it is assumed that the contribution from electrons in a thermal distribution

is negligible. The circumstellar density can be expressed in terms of a progenitor

mass loss rate

Ṁ =
8π

η
nempr

2vw (2.9)

by adopting a value for the wind velocity. The total energy of the radio-emitting

material at a given epoch is then given by

E =
4π

η
r3 F

εe

B2

8π
(2.10)

where it should be noted that E depends not only on F but also on an assumed

value of εe.

2.4.1 Hydrodynamical Evolution of the Ejecta

As discussed by Chevalier (70), several models have been proposed for hydrody-

namic evolution of the sub-relativistic supernova ejecta. Based on separate as-

sumptions, these analytic models constrain the temporal behavior of the shock ra-

dius, magnetic field, electron Lorentz factor, and energy partition fractions. Here,

we adopt the standard SSA model (Model 1 of Chevalier 70) for the hydrodynam-

ical evolution of the ejecta. This model assumes that the evolution is self-similar

across the shock discontinuity, and thus r ∝ tαr with αr = (n−3)/(n− s) where n

characterizes the density profile of the outer SN ejecta (ρ ∝ r−n) and s character-

izes the density profile of the radiating electrons within the shocked circumstellar

material (ne ∝ r−s). In addition, the standard SSA model assumes that the

magnetic energy density (UB ∝ B2) and the relativistic electron energy density

(Ue ∝ neγm) scale as the total post-shock energy density (U ∝ nev
2). In this

scenario, the magnetic field is amplified by turbulence near the shock disconti-

nuity, implying fixed energy fractions, εe and εB, and thus a constant value of F

throughout the evolution of the ejecta.
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The evolution of the magnetic field is determined by the CSM density profile

and the expansion of the shock radius: B ∝ tαB with αB = αr(2−s)/2−1. We note

that for a wind-stratified medium, s = 2 and αB = −1. The minimum Lorentz

factor evolves as γm ∝ tαγ with αγ = 2(αr−1). From the scalings of Equation 2.10

it follows that E ∝ t3αr−2, and therefore the total post-shock energy increases with

time until the swept up circumstellar mass is comparable to the rest mass of the

SN ejecta.

2.5 SSA Model Fit for SN 2003bg

As shown in Figure 2.2 and briefly discussed in §3.2, the radio light-curves for

SN2003bg are characterized by achromatic short timescale variability, inconsistent

with the strict power-law evolution prescribed by the standard model. In an effort

to model the overall evolution of the radio ejecta we therefore divide the multi-

frequency light-curves into four subsections, each defined by the observed time

of abrupt variation. We then apply the SSA model described in §3.3 to each

subsection.

2.5.1 The Synchrotron Self-absorption Peak

Figure 2.3 shows that the first peak observed for each of the radio frequencies is

chromatic, and therefore produced by a cascading spectral break. We define the

time range for this chromatic evolution phase to be t < 110 days, extending until

just before the first achromatic variation is observed. As discussed in §3.2 the radio

emission is well described by a SSA dominated spectrum and we therefore attribute

this chromatic subsection to the passage of νa through the observed frequencies.

The evolution of the spectral indices (Figure 2.4) indicate that the self-absorption

frequency cascades as νa ∝ t−1.1, consistent with typical values observed for other

SSA dominated radio supernovae (71).

Using our multi-frequency radio data collected during the time range of the

first peak and adopting F = 1, we fit for the constants Cf and Cτ as well as the
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temporal indices αr and αB . As discussed in Section 2.3, νm is estimated to be

below the radio band during our observations and thus is unconstrained by the

data. We therefore estimate νm,0 ≈ 0.1 GHz at our chosen reference time of t0 = 10

days4, consistent with the preliminary value calculated in §2.3. We find a best-fit

solution (χ2
r ≈ 46; dominated by interstellar scintillation) for parameters: p ≈ 3.2,

Cf ≈ 3.1 × 10−51 g s1/2, Cτ ≈ 6.2 × 1038 s−3.6, αr ≈ 0.8, and αB ≈ −1. These

values imply s ≈ 2, n ≈ 7 and αγ ≈ −0.4. As explained within the Appendix of

S05, we parameterize the sharpness of the νa spectral break with ζ = [0, 1] and

find ζ ≈ 0.6 for our final solution. This SSA model provides a reasonable fit to the

chromatic subsection of the light-curves as shown in Figures 2.2 and 2.3.

With this SSA model fit, the physical parameters of the ejecta and CSM are

uniquely determined by Equations 2.5 - 2.10. Chevalier (67) shows that for s ≈
2 and n ≈ 7, η ≈ 4. Adopting this value, we find that the expansion of the

ejecta is described by r ≈ 6.2 × 1015(t/t0)0.8 cm, and the average velocity is v ≈
0.24(t/t0)−0.2c. The radio ejecta therefore expand with a modest sub-relativistic

velocity comparable to that observed for SN 2002ap (22), and significantly slower

than SN 1998bw (bulk Lorentz factor, Γ ∼ 2 on a similar timescale (216, 226).

Adopting εe = εB = 0.1 we find that the total energy of the radio emitting material

is given by E ≈ 7.3 × 1048(t/t0)0.4 erg, comparable to that of SN 1998bw. The

magnetic field evolves radially as B ≈ 4.9(r/r0)−1.25 G, slightly steeper than that

observed for Type Ic SNe 2003L (S05), 2002ap (22) and the Type IIb SN1993J

(136). The electron number density and associated mass loss rate are thus given

by ne ≈ 2.2 × 105(r/r0)−2 cm−3 and Ṁ ≈ 1.4 × 10−4 M� yr−1 where we have

assumed a Wolf-Rayet wind velocity of vw = 1000 km s−1 and adopted a nucleon-

to-electron density ratio of two (appropriate for WR winds). This mass loss rate

is consistent with the values observed for Galactic Wolf-Rayet stars (62).
4Here (and throughout) we use subscript “0” to denote the values of parameters at the reference

time.
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2.5.2 Subsequent Light-curve Variations

Shortly after the observed SSA peak cascades through 8.46 GHz, an abrupt rise

was observed at the optically thin frequencies. By t ∼ 120 days the radio emission

reached an achromatic second peak. Subsequent achromatic light-curve variations

were later observed at t ∼ 300 and 600 days and are most pronounced at frequencies

above νa. As shown in Figure 2.4 these variations were associated with abrupt

changes in the spectral indices, most notably for those indices which straddle νa.

Possible causes for these abrupt light-curve variations include energy injection

from a central engine, interaction of the reverse shock with density structures in

the ejecta, and interaction of the forward shock with CSM density enhancements.

Kulkarni et al. (216) invoke energy injection to explain the achromatic second peak

in the radio light-curves of SN 1998bw at t ∼ 40 days. This interpretation was

supported by the inferred mildly relativistic ejecta speeds and associated prompt

gamma-ray emission, suggestive that SN 1998bw was powered by a GRB-like cen-

tral engine. In the case of SN 2003bg, however, the inferred ejecta speed is merely

sub-relativistic and therefore there is no evidence for an engine-driven explosion.

We conclude that the variations observed for SN 2003bg cannot be attributed to

long-lived engine activity.

Mioduszewski et al. (257) show that the late-time flattening observed for the

SN1993J radio light-curves can be produced through the interaction of the reverse

shock with density inhomogeneities within the ejecta. While the 1-D hydrodynam-

ical simulations provide a reasonable fit to the smooth evolution of SN 1993J at

t ∼> 1000 days, it is not clear that they could produce the abrupt rise at t ∼ 100

days observed for SN2003bg. Moreover, any abrupt features in the ejecta would

likely be smoothed by instabilities in a 3-D simulation.

In the third scenario, the interaction between the forward shock and strong

density variations in the circumstellar material produces abrupt changes in the

temporal evolution of the radio light-curves. For a wind-stratified medium with

constant progenitor mass loss rate, the circumstellar density is predicted to follow

a smooth r−2 profile. Abrupt deviations from a wind density profile have been
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inferred for several radio supernovae (e.g., SN1979C; Weiler et al. 423) and are

argued to be the result of a variable mass loss history and/or the effects of a

binary companion on the structure of the CSM. These density-induced variations

are more pronounced at optically thin frequencies than for optically thick. Here

we show that the light-curve variations observed for SN 2003bg are similarly due

to CSM density enhancements.

We model the SN2003bg radio light-curves with a simple density enhancement

model under the following assumptions: (a) the density variations can be approxi-

mated by modest abrupt jumps in the CSM such that the density profile returns to

ne ∝ r−2 after each enhancement, (b) the hydrodynamical evolution of the ejecta

returns to the self-similar solution after each jump, thereby maintaining the same

values of αr, αB , and αγ both before and after each density enhancement, (c)

the microphysics of the shock are not affected by the density jumps and therefore

εe and εB remain constant throughout the evolution of the ejecta, (d) the bulk

motion of the ejecta is not significantly affected by the density jumps since the

slower, more massive material behind the shock continues to plow forward, and

(e) the minimum Lorentz factor of the radiating electrons is not affected by the

CSM enhancements, although the number of electrons participating in the radio

emission increases.

Maintaining a self-similar evolution throughout the density variations requires

that the magnetic field is enhanced by each of the CSM jumps. Moreover, since εe

and εB are assumed to be fixed constants, the additional thermal energy produced

by these enhancements causes an increase in the total energy of the radio emitting

region. Therefore, in fitting the subsequent peaks in the SN 2003bg radio light-

curves, we assume that the evolution of r and γm remain effectively unchanged

while B and E vary according to the strength of the CSM density enhancements.

We recognize that this simple density enhancement model is not fully consistent

with the hydrodynamic evolution of the ejecta. In fact, a small change in the radial

expansion is expected as the shock wave reaches the higher-density region. For the

n ≈ 7 self-similar solution adopted here and the modest density enhancements we
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infer, we estimate this to be minor effect (∼ 10%). Therefore, the variations in

ejecta parameters (B and E) are primarily the result of the CSM density enhance-

ments rather than the minor variations in radial expansion. However, the series

of density jumps that we infer cause the evolution of the radio ejecta to gradually

deviate from the initial radial evolution, making our model less accurate at very

late time (after several years). In addition, we note that the outflow does not im-

mediately settle on the new self-similar solution following each density variation,

but instead settles on a timescale comparable for the radius to double (i.e. the

ratio of the settling time to the age of the blastwave is of order unity). Thus the

sharp features appearing in our light-curve fits are merely an artifact of our model

assumptions.

As discussed in §3.3, Cf , Cτ , and νm are functions of just three physical param-

eters: r, γm, and B. Of these, only B responds significantly to the CSM density

variations. From the Appendix of S05 we have Cf ∝ B−1/2, Cτ ∝ B3+p/2, and

νm ∝ B. By fitting for B at each density variation, the new values of Cf , Cτ , and

νm are thus directly determined.

The observed timescales and estimated circumstellar radii for each density

enhancement are given in Table 2.3. We note that we do not fit the short rise time

of each phase during which the ejecta are settling to the new self-similar solution.

As shown in Figure 2.3, we find reasonable fits for each of the light-curve phases

by invoking modest (factor of ∼< 2) density enhancements. In Table 2.3 we list the

values of Cf , Cτ and νm and the associated enhancement factors for the density,

magnetic field, and ejecta energy for each phase. It is interesting to note that the

strength of the enhancements decay with time.

2.6 Radio Polarization

As discussed in in §3.2, our VLA observations constrain the linear polarization

of the radio emission to less than ∼ 0.8%. Although the synchrotron emission

from the radio ejecta is inherently polarized, the observed polarization level can
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be significantly suppressed for two reasons. First, since the SN 2003bg radiosphere

is not resolved in the VLA data our polarization limit applies to the integrated

polarization of the ejecta emission. As shown for supernova remnant Cas A, the

integrated polarization can be significantly suppressed due to the approximate

circular symmetry of the radio ejecta (322). Second, the radio emission can be

depolarized due to internal Faraday dispersion within the ejecta (53, 68). For

the density and magnetic field values we derive from our SSA model, we predict

the integrated linear polarization of the SN 2003bg radio emission to be negligible,

consistent with the observations.

2.7 Modeling the X-ray emission

X-ray emission in supernovae can be produced by three processes (137): [1] non-

thermal synchrotron emission from radiating electrons, [2] thermal (free-free) bremsstrahlung

emission from material in the circumstellar shock and/or the ejecta reverse shock,

and [3] inverse Compton scattering of photospheric photons by relativistic elec-

trons. We examine each of these scenarios in the context of the bright X-ray

emission observed for SN 2003bg.

2.7.1 Synchrotron Emission

As shown in Table 2.2, the spectral index between the optically thin radio and X-

ray emission is β ≈ −0.9 for both Chandra epochs. Assuming a constant injection

spectral index from the radio to X-ray bands we extrapolate the observed radio

spectral index of β ≈ 1.1 to the X-ray and find that the synchrotron emission

under-predicts the observed X-ray flux by a factor of ∼ 10 in both epochs. This

discrepancy grows significantly larger when the synchrotron cooling break, νc =

18πmece/(t2σ2
T B3), is included, beyond which the spectrum steepens by ∆β =

−0.5. Using the magnetic field derived in §2.5, the cooling frequency at t ≈ 30

(120) days is νc ≈ 6.1 × 1010 (2.3 × 1011) Hz. Including the cooling break and

extrapolating from νc to νX−ray as fν ∝ ν−1.6, the synchrotron flux falls five orders
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of magnitude below the observed X-ray emission. We therefore conclude that the

X-ray emission is not dominated by synchrotron emission.

2.7.2 Thermal Bremsstrahlung Emission

In a scenario dominated by thermal bremsstrahlung processes, the X-ray emission

is produced by the forward shock plowing into circumstellar material and/or the

reverse shock heating of the ejecta. In this case, the strength of the X-ray emission

depends strongly on the density of the CSM and unshocked ejecta. The shocked

material then cools by free-free emission processes. For a wind-stratified density

profile, the summed free-free luminosity from the forward and reverse shock is

generalized (72, 385) roughly by

LX,FS+RS ≈ 8.6 × 1034CL,FS+RSṀ
2
−5v

−2
w,3t

−1
1 erg s−1 (2.11)

where CL,FS+RS is a constant such that CL,FS+RS = 1 + (n − 3)(n − 4)2/(4n − 8).

From our SSA radio model we find αr ≈ 0.8 and Ṁ−5 ≈ 14 (vw,3 = 1), thus

CL,FS+RS ≈ 2.8 and LX,FS+RS ≈ 1.6×1037 erg s−1. The predicted X-ray luminosity

is therefore a factor of ∼ 102 fainter than the first epoch observation.

On the other hand, if we assume the X-ray emission must be dominated by free-

free processes, then this implies a significantly higher mass loss rate of Ṁ−5 ≈ 230

(vw,3 = 1). However, we reiterate that a high-density model dominated by external

absorption processes is inconsistent with the observed radio spectrum (Figure 2.5).

A possible compromise could be that the X-ray emission is produced by dense

CSM clumps distributed with a very low filling factor (f << 1) such that the

radio emission is optically thin. This scenario was invoked for the radio luminous

Type IIn SN 1986J (420). However, the dense CSM clumps inferred for Type IIn’s

also give rise to bright nebular Hα emission lines which are not present in the

nebular spectra of SN 2003bg. Moreover, it would be difficult to sustain the ejecta

velocities inferred from our radio modeling in such a a high density environment

(Chevalier & Fransson, in prep). We conclude that the radio and optical emission
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do not support a scenario in which the observed X-ray flux is dominated by thermal

bremsstrahlung emission.

2.7.3 Inverse Compton Scattering

X-ray emission from supernovae can also be produced by inverse Compton scat-

tering (ICS) of the relativistic electrons by the optical photons. This process was

observed to be important in explaining the observed X-ray emission for SN 2002ap

(37) and SN 2003L (S05) on timescales comparable to the optical maximum. In

this scenario the ratio of flux measured in the radio and X-ray bands, respectively

is given by

Fradio

FX
≈ UB

Uph
(2.12)

where UB and Uph are the energy densities in magnetic fields and up-scattered

photons, respectively. We note that Equation 2.12 is relatively insensitive to the

spectral energy index of the electrons. Björnsson and Fransson (37) show that

Uph ≈ 0.4 Lbol,42

(
tdv

c

)−2

erg cm−3 (2.13)

where td is the time in days, Lbol,42 is the optical luminosity at t = td normalized

to 1042 erg s−1 and v is the shock velocity.

At the time at the first X-ray observation, td ≈ 30, the optically thin radio

flux was Fradio ≈ 2.2 × 10−14 erg cm−2 s−1 and the unabsorbed X-ray flux was

FX ≈ 9.3 × 10−14 erg cm−2 s−1; therefore Fradio/FX ≈ 0.24. From our SSA radio

modeling (§2.5) we estimate B ≈ 1.6 G and v ≈ 0.19c at t ≈ 30 days. Based

on the optical peak magnitude (Hamuy et al., private communication) we find

Lbol,42 ≈ 2.3 at td ≈ 30, coincident with the time of optical maximum. Therefore,

UB = B2/8π ≈ 0.10 erg cm−3, and Uph ≈ 0.028 erg cm−3. Thus UB/Uph ≈ 0.28,

comparable to the observed ratio for Fradio/FX . We conclude that inverse Compton

emission can produce the bright X-ray luminosity in the first epoch.

The second epoch, however, cannot be explained through ICS. From our radio
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model at td ≈ 120, B ≈ 0.41 G, v ≈ 0.15c and Fradio ≈ 1.5 × 10−15 erg cm−2 s−1.

The optical light-curve implies Lbol,42 ≈ 0.23 at this time. Therefore we estimate

UB/Uph ≈ 24 and a predicted IC X-ray flux of 6.3 × 10−17 erg cm−2 s−1 which

is a factor of ∼ 200 fainter than that observed. We conclude that the X-ray flux

observed at 120 days is dominated by a separate process, possibly due to a cosmic

ray dominated SN shock which produces a late-time flattening of X-ray light-curves

in SNe Ibc (Chevalier & Fransson, in prep.)

2.8 Radio Supernovae and CSM Density Variations

We have shown that the abrupt radio light-curve variations observed for SN 2003bg

can be attributed to density enhancements in the circumstellar medium. In com-

parison with well-sampled radio supernovae compiled from previous studies5 in-

cluding our ongoing survey of Type Ibc events (Soderberg et al., in prep), we find

that ∼ 50% of radio supernovae similarly show evidence for abrupt achromatic

variations. At the same time, there are several examples of well-studied radio su-

pernovae with smooth light-curve evolutions including Type IIb SN 1993J (409, 35)

and Type Ic SN 2003L (S05), among others. In Table 2.4, we compile the light-

curve properties for radio supernovae with abrupt variability. We emphasize that

this compilation contains core-collapse SNe from nearly all spectroscopic classifica-

tions, including hydrogen-rich Type IIL, IIn, and IIb, in addition to hydrogen-poor

Type Ibc.

Table 2.4 shows that the short timescale variability observed for radio super-

novae can be qualitatively divided into three types. The most common effect is an

abrupt steepening of the radio light-curves as observed for SN1988Z (433). On the

other hand, an abrupt rise in the optically thin flux has been observed for a couple

of events (e.g., SN 1987A, Manchester et al. 238). More intriguingly, episodic (and

perhaps periodic) light-curve bumps are observed for SNe 1979C (425, 260, 261),

2001ig (325), 1998bw (216, 419), and 2003bg, all of which are characterized by
5http://rsd-www.nrl.navy.mil/7213/weiler/sne-home.html
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modest flux deviations (factor of ∼< 2).

These three types of radio variability are generally attributed to dynamical

interaction of the ejecta with irregularities in the circumstellar medium. Abrupt

density variations in the media surrounding core-collapse supernovae are known to

be produced in a variety of ways, including: [1] fluctuations in the progenitor mass

loss rate and/or wind velocity. This scenario is supported through observations of

local supernova remnants and massive stars which collectively suggest a complex

picture for mass loss during the final stage of stellar evolution. [2] Termination

shocks between stellar winds ejected during the evolution of the progenitor star

may produce abrupt density enhancements at radii of R ∼> 0.1 pc (154, 155, 74,

307). Case 2 is observationally motivated by the circumstellar nebulae associated

with local Wolf-Rayet stars, which are produced by interacting stellar winds (78).

[3] a clumpy stellar wind perhaps resulting from fragmentation of circumstellar

shells by Rayleigh-Taylor instabilities (154). This scenario is motivated by narrow

Hα line profiles observed for Type IIn supernovae. In the case of SN 1988Z, Chugai

and Danziger (81) propose a shocked dense wind component at R ∼ 5 × 1016 cm

to explain the low-velocity line emission. [4] the effects of a binary companion

on the circumstellar wind profile. This case is observationally motivated by the

binary companion for Type IIb SN 1993J (246) and the dense circumstellar ring

around SN 1987A at R ∼ 8 × 1017 cm (54) commonly attributed to the effects of

a companion star (294). In this scenario, the binary system parameters determine

the circumstellar radii at which the progenitor wind is most affected. [5] a close

binary progenitor system embedded in a common envelope (295). Given that the

rate of SN progenitors in common envelope binary systems is predicted to be low

(∼ 1% of SNe Ibc; Chugai 79) this scenario is expected to be rare. As an example,

a common envelope system has been argued to explain the large inferred density

enhancement at R ∼ 7 × 1016 cm responsible for strong radio (381), X-ray (298),

and optical (Hα; Soderberg et al. 358) emission in the unusual Type Ic SN 2001em

at t ∼ 2.5 years (80).

To summarize, the strength and location of circumstellar density variations



238

depend on the method by which the density profile was disturbed. We note that

Cases 3 and 5 are generally associated with hydrogen-rich events whereas Cases 1,

2 ,and 4 are applicable to all classes of core-collapse supernovae.

Finally, in light of this compilation it is interesting to note that an abrupt rise

in the optically thin radio emission of Type Ibc supernovae can also be attributed

to the presence of an off-axis gamma-ray burst jet (275, 418). As the jet sweeps

up circumstellar material and decelerates, it eventually undergoes a dynamical

transition to sub-relativistic expansion on a timescale of t ∼ 1 yr (135). Once

sub-relativistic, the jet spreads sideways and the ejecta rapidly approach spherical

symmetry. The observational signature of an off-axis GRB is therefore an abrupt

optically thin rise as the jet sweeps through our line-of-sight. Due to the location

of the synchrotron spectral peak, this signature is is most easily detected in the

radio band on a timescale of t ∼ 1 to 10 years (370). Yet as we have shown here,

many radio supernovae show evidence for density induced variability on this same

timescale. We therefore emphasize that abrupt flux variations in radio supernovae

may not be used as a reliable proxy for an off-axis GRB jet and/or energy injection

from a central engine.

2.8.1 A Comparison of SN2003bg and SN2001ig

A comparison of the radio light-curves represented in Table 2.4 shows that the

variations are generally unique to each supernova. However, as Figure 2.8 shows,

the separation and intensity of the observed variations in SN2003bg and the Type

IIb SN 2001ig are strikingly similar. By simply scaling our SN 2003bg light-curve

fits by a factor of ∼ 0.1 we obtain a reasonable match to the SN2001ig radio

evolution. With this scaling we derive the following physical parameters for the

SN2001ig radio-emitting ejecta: r ≈ 4.2 × 1015(t/t0)0.8 cm, v ≈ 0.16c(t/t0)−0.2,

B ≈ 3.8(t/t0)−1 G, and E ≈ 1.3×1048(t/t0)0.4 erg for εe = εB = 0.1. The electron

number density is thus given by ne ≈ 3.0×105(r/r0)−2 cm−3, with successive peaks

of relative intensity comparable to those observed in SN2003bg (Table 2.3) and

an associated mass loss rate of Ṁ ≈ 8.6× 10−5 M� yr−1 (vw = 1000 km s−1). We
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note that this mass loss estimate is comparable to that reported by Ryder et al.

(325), but they adopt free-free absorption for the dominant absorption process

and a progenitor wind velocity of 10 km s−1, typical of red supergiant Type II SN

progenitors. Our SSA modeling, however, shows the ejecta velocity of SN 2001ig

is consistent with those of SNe Ibc and the mass loss rate is in fact comparable to

Galactic Wolf-Rayet stars, similar to the case of SN 2003bg.

Figure 2.8 shows that strong light-curve deviations are observed for both SNe on

timescales of ∼ 120 and 300 days with evidence for a weaker feature at t ∼ 600 days.

Making the reasonable approximation that the ejecta evolve as r ∼ 5×1015(t/t0)0.8

cm, these variations correspond to density enhancements at radial distances of

R ∼ 4 × 1016 and 8 × 1016 cm. Assuming a progenitor wind velocity of vw =

1000 km s−1, we infer ejection timescales of ∼ 12 and 24 years before the SN

explosion. Moreover, as shown in the Figure 2.8 the strength of the light-curve

variations decreases with time implying that the largest enhancements are closest

to the explosion site.

In addition to their radio light-curves, the optical evolution for SNe 2003bg and

2001ig are also similar. In both cases there was spectroscopic evidence for a thin

layer of hydrogen near the time of optical maximum (289, 174); however nebular

spectra revealed no hydrogen emission in either event (Filippenko and Chornock

114; Hamuy, private communication)6. This evolution is characteristic of Type IIb

supernovae (e.g., SN 1993J; Filippenko et al. 117). However, their inferred ejecta

velocities resemble more closely those of SNe Ibc and therefore imply compact

(Wolf-Rayet) progenitors. We conclude that these two events are intermediate

between Types IIb and Ibc, and show more overall similarities to hydrogen-poor

events. Moreover, the likeness of their observed radio and optical evolution may

indicate similar environments and progenitor evolutions.
6Given the similarity between the two SNe, it is natural to question whether earlier observations

of SN 2001ig would have revealed a Type Ic spectrum as was observed for SN 2003bg at t ∼ 6

days past explosion.
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2.9 The Progenitors of SNe 2003bg and 2001ig

The overall resemblance of SN 2003bg and SN 2001ig, as outlined in the previous

section, suggests that a similar process is responsible for the observed density

variations. Based on the location (R ∼> 5× 1016 cm) and relative intensity (factor

of ∼< 2) of the density enhancements, we find that Cases 1 and 4 (a variable mass

loss rate and the tidal effects of a binary companion, respectively) provide the

most likely explanations for the inferred circumstellar structure.

Noting the abrupt fluctuations in the SN 2001ig radio light-curves, Ryder et al.

(325) recently proposed a binary induced pinwheel nebula for the inferred episodic

density enhancements. In this scenario, the colliding stellar winds produce a

smooth dusty plume that spirals in the plane of the binary orbit. A highly ec-

centric orbit is required to produce structure at well-defined intervals and a fa-

vorable viewing angle is necessary to reproduce the observed flux variations. Here

the location and intensity of the pinwheel structure is determined by the binary

parameters. Ryder et al. (324) argue further support for this model based on the

discovery of a late-B - late-F supergiant coincident (rms uncertainty of 0.03 arc-

sec, corresponding to 1.7 pc at d ≈ 11.5 Mpc) with the SN 2001ig optical position

which they interpret as the putative binary companion. However, in cases of ob-

served pinwheel nebulae (e.g., Tuthill et al. 402), the dust plumes are attributed

to the strong wind-wind interaction between a Wolf-Rayet and O- or early-B star

companion. Taken together with the substantial uncertainty in the position of

the putative companion, this suggests that a binary induced pinwheel nebula for

SN2001ig is not clearly substantiated.

Adopting a pinwheel model for both SNe 2003bg and 2001ig would imply that

the geometry of their circumstellar nebulae are nearly identical and thus they share

remarkably similar binary systems. Moreover, this model would imply that our

viewing angle with respect to their circumstellar nebulae must also be very similar.

While this scenario cannot be ruled out, it is clearly unlikely.

Assuming a single star progenitor model, the mass loss rates derived through
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our SSA modeling for SNe 2003bg and 2001ig imply massive Wolf-Rayet progen-

itors. Broadband observations of Galactic WR stars show that the circumstellar

media for these events are often significantly disturbed. In particular, X-ray ob-

servations show evidence for colliding stellar winds and dense clumps (e.g., Hillier

186). If the progenitors of SNe 2003bg and 2001ig were single WR stars then the

observed density variations could be produced by a series of enhanced mass loss

episodes. To be consistent with the radio data, the mass loss ejections must ramp

up as the star nears explosion. In this scenario, the observed variation timescale

and the lack of CSM structure at radii inward of R ∼ 4 × 1016 cm may be ex-

plained by a quasi-periodic mechanism which drives enhanced mass loss episodes

every ∼ 12 years. If accompanied by wind velocity variations, these episodes could

produce shells of circumstellar material, overall consistent with the circularly sym-

metric density structures we infer for SNe 2003bg and 2001ig. The observed simi-

larity between SNe 2003bg and 2001ig implies that these mass loss episodes may

be common among some fraction of hydrogen-poor events.

These clues suggest that episodic variations in the progenitor mass loss rate

and/or wind velocity provide a reasonable explanation to the radio light-curve

variations observed for both SNe 2003bg and 2001ig. Given the predicted timescale

for the mass ejections, these two SNe provide some of the best evidence for unusual

mass loss evolution immediately preceding the supernova explosion. While the

presence of a binary companion cannot be ruled out for either of these hydrogen-

poor events, additional studies of short timescale variability in radio supernovae

will enable discrimination between single and binary progenitor models.

2.10 Conclusions

We report extensive radio and X-ray observations of SN 2003bg. The spectroscopic

evolution of this unusual supernova shows a transition from a broad-lined Type Ic

to a hydrogen-rich Type II and later to a typical hydrogen-poor Type Ibc. This

evolution strengthens the connection between Type II and Type Ibc (including
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broad-lined) events. We show that the extraordinarily luminous radio emission for

a SN Ibc is well described by a self-absorption dominated synchrotron spectrum

while the observed X-ray emission at t ≈ 30 days is adequately fit by inverse

Compton scattering of the optical photons off of the synchrotron emitting electrons.

Our radio model implies a sub-relativistic ejecta velocity, v ≈ 0.24c, and a size

of r ≈ 6.2 × 1015 cm at t0 ≈ 10 days. This analysis emphasizes that broad

optical absorption lines do not imply relativistic ejecta. We find that the total

energy of the radio emitting region evolves as E ≈ 7.3×1048(t/t0)0.4 erg assuming

equipartition of energy between relativistic electrons and magnetic fields (εe =

εB = 0.1). The circumstellar density is well described by stellar wind profile,

∝ r−2, with modest (factor of ∼ 2) episodic enhancements which produce abrupt

achromatic flux variations. We show that free-free absorption does not contribute

significantly to the radio spectrum and estimate an average mass loss rate of Ṁ ≈
3 × 10−4 M� yr−1, consistent with observed values for local Wolf-Rayet stars.

Comparison with other events reveals that ∼ 50% of radio supernovae show

similar short timescale light-curve variations which are attributable to circumstel-

lar density irregularities. This compilation emphasizes that abrupt radio light-

curve variations cannot be used as a reliable proxy for an engine-driven explosion,

including off-axis gamma-ray bursts.

Finally, the radio light-curves and spectroscopic evolution for SN 2003bg are

strikingly similar to those of SN 2001ig, suggestive of a common progenitor evo-

lution for these two events. The overall similarity of SNe 2003bg and 2001ig to

radio SNe Ibc is suggestive of a compact Wolf-Rayet progenitor model. Based on

the relative intensity of the inferred density enhancements, we conclude that the

progenitors of hydrogen-poor SNe 2003bg and 2001ig experienced quasi-periodic

mass loss episodes just prior to the SN explosion.
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Table 2.4. Radio Supernovae with Strong Light-curve Variations

SN Type tpeak νpeak Variation Ref.†

(years) (ν GHz) Type

1957D II < 27 4.9 Abrupt Steepening 1,2,3

1978K IIn 2.6 4.9 Abrupt Steepening 4

1979C IIL 1.2 5.0 Episodic Bumps 1,5,6

1980K IIL 0.4 5.0 Abrupt Steepening 1,7

1986J IIn 3.8 4.9 Abrupt Steepening 8

1987A II 0.0093 0.84 Abrupt Rise 9,10

1988Z IIn 2.5 4.9 Abrupt Steepening 11

1998bw Ic 0.030 4.9 Episodic Bumps 12,13,14

2001em Ic/II < 2.5 4.9 Abrupt Rise 15,16

2001ig IIb 0.20 5.0 Episodic Bumps 17

2003bg Ic/II 0.27 4.9 Episodic Bumps 18

2004C Ic < 0.24 4.9 Abrupt Rise 19

2004cc Ic 0.068 8.5 Abrupt Steepening 19

†References: 1 - Weiler et al. (421); 2 - Cowan et al. (93), 3 - Stockdale

et al. (379); 4 - Schlegel et al. (345); 5 - Weiler et al. (425); 6 - Montes

et al. (261); 7 - Montes et al. (260); 8 - Bietenholz et al. (34); 9 - Ball

et al. (7); 10 - Chevalier (71); 11 - Williams et al. (433); 12 - Kulkarni

et al. (216); 13 - Li and Chevalier (226); 14 - Weiler et al. (419); 15 -

Stockdale et al. (381); 16 - Chugai and Chevalier (80); 17 - Ryder et al.

(325); 18 - this paper; 19 - Soderberg et al., in prep.
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Figure 2.1: Composite color (g′r′) image of host galaxy MCG -05-10-15 taken with

the Palomar 200-inch telescope with the Large Field Camera. White contours

map the radio emission from SN2003bg detected with the Very Large Array at

8.46 GHz on 2005 May 31 (VLA B-array configuration). Contours are linearly

spaced and correspond to flux density values between 0.5 and 4.0 mJy. The SN

was located in a star-forming spiral arm of the host galaxy at position α(J2000) =

04h10m59.42s, δ(J2000) = −31o24′50.3′′ (±0.1 arcsec in each coordinate). We note

that no diffuse emission from the host galaxy was detected in any of our radio

observations.
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Figure 2.2: From bottom to top, the measurements were taken with the VLA

at 1.43 GHz (pink), 4.86 GHz (red), 8.46 GHz (orange), 15.0 GHz (green), 22.5

GHz (blue), and 43.3 GHz (purple) between 2003 March and 2005 October UT

(t ∼ 10 − 1000 days after the explosion). The data have been scaled to the 8.46

GHz measurements by νβ where β ≈ −1.1 is the observed optically thin spectral

index. An abrupt, achromatic light-curve deviation is observed at t ∼ 120 days

and additional, weaker deviations are suggested at t ∼ 300 and 600 days. The

synchrotron self-absorption model described in §2.5 is overplotted (solid lines).

An extrapolation of the early fit (t ∼< 110 days) is shown for comparison (dashed

lines).
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Figure 2.3: Radio light-curves of SN 2003bg were taken with the VLA at fre-

quencies 1.43, 4.86, 8.46, 15.0, 22.5, and 43.3 GHz between 2003 March and 2005

October UT. The synchrotron self-absorption model fits described in §2.5 are over-

plotted (solid line). An extrapolation of our SSA model with no density variations

is shown for comparison (dashed line).
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Figure 2.4: The temporal evolution of 1.43/4.86 GHz, 4.86/8.46 GHz, 8.46/15.0

GHz, 15.0/22.5 GHz, and 22.5/43.3 GHz spectral indices are shown along with

our SSA model fits (solid lines). The abrupt variations in the spectral indices are

overall consistent with our CSM density jump model (§2.5).
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Figure 2.5: Radio spectra for SN 2003bg on 2003 Mar 17 (t ≈ 23 days; top) and

2004 Feb 8 UT (t ≈ 351 days; bottom). Detections are indicated by filled points

and upper limits as inverted triangles. In the later spectrum, we supplement our

Very Large Array data (dark grey points) with simultaneous observations from

the Giant Meterwave Radio Telescope (light grey points; P. Chandra, 2005, PhD

thesis, http://www.tifr.res.in/∼poonam). The low frequency GMRT observations

at 0.33, 0.62, and 1.28 GHz confirm that the absorbed spectral index is not steeper

than β ≈ 2.5 (66). Both spectra are best-fit with a synchrotron self-absorbed

spectrum (thick black lines) as described in §2.2.1. For comparison, we show best-

fit FFA models (dashed black lines) which are clearly inconsistent with the observed

spectrum. We conclude that internal SSA dominates the observed absorption.
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Figure 2.6: Chandra ACIS-S spectra for SN2003bg at t ≈ 30 days (upper panel)

and at t ≈ 120 days (bottom panel). Overplotted in both panels is an absorbed

power-law fit with fixed (Galatic) NH as described in §2.2.2 and Table 2.2. In §2.7

we argue that the X-ray emission is produced by inverse Compton scattering of

the optical photons in the first epoch.
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Figure 2.7: Physical parameters for SN 2003bg based on our synchrotron self-

absorption model described in §3.3 and applied in §2.5. Left column: the temporal

evolution from t ≈ 10 to 2000 days is shown for the energy of the emitting region,

shock radius, and average velocity (top to bottom). Right column: the radial

profile of the magnetic field, electron number density, and mass loss rate are shown

from r ≈ 5 × 1015 to 4 × 1017 cm. An extrapolation of our SSA model with no

density variations is shown for comparison (dashed line).
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Figure 2.8: Radio light-curves for SN 2003bg (dark grey circles) and the Type IIb

SN2001ig (light grey circles; Ryder et al. 325) are compared. While SN 2003bg

is overall a factor of ∼ 10 more luminous than SN 2001ig, the shape of the radio

light-curves are strikingly similar. Specifically, the SNe show evidence for light-

curve variations on similar timescales, perhaps indicative of similar CSM density

structures and progenitor system evolution. Our radio modeling fits (thick black

lines) for SN2003bg are shown at 8.46 (top panel) and 15.0 GHz (bottom panel).

By dimming the SN2003bg fits by a factor of ∼ 10 we obtain a suitable match to

the SN2001ig light-curves.
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Chapter 3

Late-time Radio Observations of 68 Type Ibc

Supernovae: Strong Constraints on Off-Axis

Gamma-ray Bursts†
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Abstract

We present late-time radio observations of 68 local Type Ibc supernovae, including

six events with broad optical absorption lines (“hypernovae”). None of these ob-

jects exhibit radio emission attributable to off-axis gamma-ray burst jets spreading

into our line-of-sight. Comparison with our afterglow models reveals the following

conclusions: (1) Less than ∼ 10% of Type Ibc supernovae are associated with

typical gamma-ray bursts initially directed away from our line-of-sight; this places
†A version of this chapter was published in The Astrophysical Journal, vol. 638, 930–937,

(2006). Reproduced by permission of the AAS.
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an empirical constraint on the GRB beaming factor of 〈f−1
b 〉 ∼< 104 corresponding

to an average jet opening angle, θj ∼> 0.8 degrees. (2) This holds in particular

for the broad-lined supernovae (SNe 1997dq, 1997ef, 1998ey, 2002ap, 2002bl, and

2003jd) which have been argued to host GRB jets. Our observations reveal no ev-

idence for typical (or even sub-energetic) GRBs and rule out the scenario in which

every broad-lined SN harbors a GRB at the 84% confidence level. Their large pho-

tospheric velocities and asymmetric ejecta (inferred from spectropolarimetry and

nebular spectroscopy) appear to be characteristic of the non-relativistic supernova

explosion and do not necessarily imply the existence of associated GRB jets.

3.1 Introduction

It is now generally accepted that long duration gamma-ray bursts (GRBs) give rise

to engine-driven relativistic jets as well as non-relativistic spherical supernova (SN)

explosions. The first example of this GRB-SN connection came with the discovery

of the Type Ic supernova, SN 1998bw, associated with GRB 980425 (d ∼ 36 Mpc;

Galama et al. 151, Pian et al. 290). The unusually fast photospheric velocities and

exceptionally bright radio emission of SN 1998bw indicated ∼ 1052 erg of kinetic

energy and mildly relativistic ejecta (bulk Lorentz factor, Γ ∼ 3; Kulkarni et al.

216, Iwamoto et al. 193, Li and Chevalier 226, Woosley et al. 436). In comparison

with other core-collapse events (EKE ∼ 1051 erg and ejecta speeds, v ∼< 0.1c),

SN1998bw was considered a hyper-energetic supernova (“hypernova”; Iwamoto

et al. 193). Broad optical absorption lines were also observed in the Type Ic SNe

2003dh and 2003lw, associated with the cosmological GRBs 030329 and 031203,

indicative of comparably large photospheric velocities (243, 237). Together, these

observations appear to suggest that broad spectral features are characteristic of

GRB-associated SNe.

In addition to events with prompt gamma-ray emission, the GRB-SN connec-

tion also implies the existence of “orphan” supernovae whose relativistic jets are

initially beamed away from our line of sight (314, 275). Since the discovery of
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SN1998bw, several broad-lined SNe have been identified locally (d ∼< 100 Mpc)

and are currently estimated to represent ∼ 5% of the Type Ibc supernova (SNe

Ibc) population (296). Given their spectral similarity to the GRB-associated SNe,

it has been argued that local broad-lined supernovae can be used as signposts for

GRBs.

Thus, associations with poorly-localized BATSE bursts have been invoked for

the broad-lined SNe 1997cy, 1997ef, and 1999E1 (159, 401, 414, 251, 319). In

addition, association with off-axis GRBs have also been claimed. In the case

of SN2002ap, broad optical absorption lines and evidence for mildly asymmetric

ejecta (based on spectropolarimetry measurements) were interpreted to support

an off-axis GRB jet (Kawabata et al. 201, Totani 398, but see Leonard et al. 220).

More recently, an off-axis GRB model has been proposed for SN2003jd, for

which photospheric velocities upward of 40,000 km s−1 were measured at early time

(116, 241). More intriguingly, late-time (t ∼ 400 days) spectra showed double-

peaked emission lines of light-elements, attributed to an asymmetric explosion

(202). Mazzali et al. (252) argue that these observations can be understood if

SN2003jd was accompanied by a highly collimated GRB jet initially directed ∼ 70

degrees away from our line-of-sight.

Regardless of viewing angle, however, strong afterglow emission eventually be-

comes visible as the decelerating GRB jets spread laterally and the emission be-

comes effectively isotropic. As the jets spread into our line-of-sight, a rapid increase

of broadband synchrotron emission is observed on a timescale of a few weeks to

several years. This late-time emission is most easily detected at long wavelengths

(287, 224, 418). Targeting local Type Ibc supernovae with late-time radio obser-

vations has thus become the preferred method to search for evidence of off-axis

GRBs (382, 357).

Using early radio observations (t ∼< 100 days) we have already limited the
1We note that SNe 1997cy and 1999E were initially classified as Type IIn supernovae, however

Hamuy et al. (175) later showed convincing evidence that they are hydrogen-rich Type Ia events

similar to SN 2002ic.
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fraction of SNe Ibc harboring on-axis (or mildly off-axis) GRBs to be ∼< 3% (26).

In this paper, we present late-time (t ∼ 0.5 to 20 yr) radio observations for 68 local

Type Ibc supernovae, including SN 2003jd and five additional broad-lined events,

making this the most comprehensive study of late-time radio emission from SNe

Ibc. We use these data to constrain the SN fraction associated with GRB jets

regardless of viewing angle assumptions, constraining even those initially beamed

perpendicular to our line-of-sight.

3.2 Radio Observations

3.2.1 Type Ic SN2003jd

SN2003jd was discovered on 2003 October 25.2 UT within host galaxy MCG -

01-59-021 (dL ∼ 81 Mpc; Burket et al. 52). In Table 3.1 we summarize our

radio observations for SN 2003jd, spanning 8 − 569 days after the explosion2. All

observations were conducted with the Very Large Array3 (VLA) in the standard

continuum mode with a bandwidth of 2 × 50 MHz centered at 4.86, 8.46, or 22.5

GHz. We used 3C48 and 3C147 (J0137+331 and J0542+498) for flux calibration,

while J2323-032 was used to monitor the phase. Data were reduced using standard

packages within the Astronomical Image Processing System (AIPS).

No radio emission was detected at the optical SN position during our early

observations. Our radio limits imply that SN 2003jd was a factor of ∼> 100 less

luminous than SN 1998bw on a comparable timescale. We conclude that SN 2003jd,

like the majority of SNe Ibc, did not produce relativistic ejecta along our line-of-

sight.

We re-observed SN 2003jd at t ∼ 1.6 yrs to search for radio emission from an

off-axis GRB jet. No emission was detected, implying a limit of Fν < 45 µJy (3σ)

at 8.46 GHz.
2Here we assume an approximate explosion date of 2003 October 21 UT, based on pre-explosion

images (52).
3The Very Large Array is a facility of the National Science Foundation operated under coop-

erative agreement by Associated Universities, Inc.
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3.2.2 Late-time Data on Local Type Ibc Supernovae

We supplement these data with late-time (t ∼ 0.5 − 20 year) radio observations

for 67 local (dL ∼< 200 Mpc) SNe Ibc, summarized in Table 4.1. Eleven objects

were observed at moderately late-time as part of our on-going VLA program to

characterize the early (t ∼< 100 days) radio emission from SNe Ibc (Soderberg et

al., in prep). The remaining 54 objects were observed on a later timescale (t ∼> 1

year) and were taken from the VLA archive4. We note that five of these supernovae

(SNe 1997dq, 1997ef, 1998ey, 2002ap, 2002bl) were spectroscopically observed to

have broad optical absorption lines, similar to SN 1998bw.

All VLA observations were conducted at 8.46 GHz (except for SN 1991D at

4.86 GHz) in the standard continuum mode with a bandwidth of 2 × 50 MHz.

Data were reduced using AIPS, and the resulting flux density measurements for

this sample of SNe Ibc is given in Table 4.1. With the exception of SN 2001em,

from which radio emission from the non-relativistic, spherical supernova ejecta is

still detected at late-time (Stockdale et al. 378, Bietenholz and Bartel 33, but see

Granot and Ramirez-Ruiz 169), none of the SNe Ibc show radio emission above

our average detection limit of ∼ 0.15 mJy (3σ). In comparison with SN 1998bw,

only SN 2001em shows a comparable radio luminosity on this timescale. These

results are consistent with the earlier report by Stockdale et al. (382).

In Figure 3.1 we plot the radio observations for this sample of SNe Ibc, in

addition to late-time radio data for SN1954A (105) and SN 1984L (357).

3.3 Off-Axis Models for Gamma-ray Bursts

3.3.1 An Analytic Approach

Waxman (418) present an analytic model for the late-time radio emission from a

typical GRB viewed significantly away from the collimation axis. In this model,

the GRB jet is initially characterized by a narrow opening angle, θj ∼ few degrees,

while the viewing angle is assumed to be large, θobs ∼> 1 radian. As the jet
4http://e2e.nrao.edu/archive/
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sweeps up circumstellar material (CSM) and decelerates, it eventually undergoes

a dynamical transition to sub-relativistic expansion (135). The timescale for this

non-relativistic transition is estimated at tNR ≈ 0.2(E51/n0)1/3 yr (≈ 0.3E51/A∗

yr) in the case of a homogeneous (wind-stratified) medium (418). Here, E51 is the

beaming-corrected ejecta energy normalized to 1051 erg and n0 is the circumstellar

density of the homogeneous medium (interstellar medium; ISM) normalized to 1

particle cm−3. For a wind-stratified medium, A∗ defines the circumstellar density

in terms of the progenitor mass loss rate, Ṁ , and wind velocity, vw, such that

Ṁ/4πvw = 5 × 1011A∗ g cm−1, and thus A∗ = 1 for Ṁ = 10−5 M� yr−1 and

vw = 103 km s−1 (226).

Once sub-relativistic, the jets spread sideways, rapidly intersecting our line-

of-sight as the ejecta approach spherical symmetry. At this point the afterglow

emission is effectively isotropic and appears similar to both on-axis and off-axis

observers. The broadband emission observed from the sub-relativistic ejecta is de-

scribed by a standard synchrotron spectrum, characterized by three break frequen-

cies: the synchrotron self-absorption frequency, νa, the characteristic synchrotron

frequency, νm, and the synchrotron cooling frequency, νc. On timescales compa-

rable to the non-relativistic transition, νa and νm are typically below the radio

band while νc is generally near the optical (135, 24, 134). Making the usual as-

sumption that the kinetic energy is partitioned between relativistic electrons and

magnetic fields (εe and εB, respectively), and that these fractions are constant

throughout the evolution of the jet, Waxman (418) estimate the radio luminosity

of the sub-relativistic, isotropic emission to be

Lν ≈ 8.0 × 1029
( εe

0.1

)( εB

0.1

)3/4
n

3/4
0 E51 (3.1)

×
( ν

10GHz

)−1/2
(

t

tNR

)−9/10

erg s−1 Hz−1

for the ISM case, while for a wind-stratified medium
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Lν ≈ 2.1 × 1029
( εe

0.1

)( εB

0.1

)3/4
A

9/4
∗ E

−1/2
51 (3.2)

×
( ν

10GHz

)−(p−1)/2
(

t

tNR

)−3/2

erg s−1 Hz−1.

Here it is assumed that the electrons are accelerated into a power-law distribu-

tion, N(γ) ∝ γ−p with p = 2.0. These equations reveal that the strength of the

non-relativistic emission is strongly dependent on the density of the circumstellar

medium (especially in the case of a wind) and is best probed at low frequencies.

While this analytic model provides robust predictions for the afterglow emission

at t > tNR, it does not describe the early evolution or the transition from relativistic

to sub-relativistic expansion. At early time, the observed emission from an off-

axis GRB is strongly dependent on the viewing angle and dynamics of the jet.

To investigate this early afterglow evolution and the transition to sub-relativistic

expansion, we developed a detailed semi-analytic model, described below.

3.3.2 A Semi-analytic Model

In modeling the afterglow emission from an off-axis GRB jet, we adopt the stan-

dard framework for a adiabatic blastwave expanding into either a uniform or wind

stratified medium (336, 171). We assume a uniform, sharp-edged jet such that

Lorentz factor and energy are constant over the jet surface. The hydrodynamic

evolution of the jet is fully described in Oren et al. (272). As the bulk Lorentz

factor of the ejecta approaches Γ ∼ 1, the jets begin to spread laterally at the

sound speed5. Our off-axis light-curves are obtained by integrating the afterglow

emission over equal arrival time surface. We note that these resulting light-curves

are in broad agreement with Model 2 of Granot et al. (168) and are consistent

with Waxman’s analytic model (§3.3.1) on timescales, t ∼> tNR.
5Since the spreading behavior of relativistic GRB jets is poorly constrained by observations,

we assume negligible spreading during this phase. We adopt this conservative assumption since

it produces the faintest off-axis light-curves.
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Over-plotted in Figure 3.1 are our off-axis models calculated for both wind-

stratified and homogeneous media at an observing frequency of νobs = 8.46 GHz.

We assume standard GRB parameters of E51 = A∗ = n = 1, εB = εe = 0.1, p = 2.2

and θj = 5o, consistent with the typical values inferred from broadband modeling

of GRBs (280, 445, 74). We compute model light-curves for off-axis viewing angles

between 30 and 90 degrees. As clearly shown in the figure, the majority of our

late-time SNe Ibc limits are significantly fainter than all of the model light-curves,

constraining even the extreme case where θobs = 90o.

3.4 SN 2003jd: Constraints on the Off-axis Jet

Based on the double-peaked profiles observed for the nebular lines of neutral oxygen

and magnesium, Mazzali et al. (252) argue that SN 2003jd was an aspherical,

axisymmetric explosion viewed near the equatorial plane. They suggest that this

asymmetry may be explained if the SN explosion was accompanied by a tightly

collimated and relativistic GRB jet, initially directed ∼ 70 degrees from our line-of-

sight. This hypothesis is consistent with the observed lack of prompt gamma-ray

emission (192) as well as the absence of strong radio and X-ray emission at early

time (364, 416).

Our radio observation of SN2003jd at t ∼ 1.6 years imposes strong constraints

on the putative off-axis GRB jet. While the early data constrain only mildly

off-axis jets (θobs ∼< 30o), our late-time epoch constrains even those jets initially

directed perpendicular to our line-of-sight. As shown in Figure 3.1, our radio

limit is a factor of ∼> 200 (∼> 20) fainter than that predicted for a typical GRB

expanding into a homogeneous (wind-stratified) medium, even in the extreme case

where θobs ∼ 90o. Given the assumption of typical GRB parameters, we conclude

that our late-time radio limit is inconsistent with the presence of an off-axis GRB

jet. We note that the model assumptions and physical parameters of our off-axis

afterglow light-curves are identical to those adopted by Mazzali et al. (252).

We next explore the range of parameters ruled out by our deep radio limits.
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As shown in Equations 1 and 2, the luminosity of the late-time emission is a

function of the ejecta energy, the density of the circumstellar medium and the

equipartition fractions. To investigate the effect of energy and density on the

late-time radio luminosity, we fix the equipartition fractions to εe = εB = 0.1,

chosen to be consistent with the values typically inferred from afterglow modeling

of cosmological GRBs (280, 445).

In Figure 3.2, we illustrate how each radio epoch for SN2003jd maps to a curve

within the two-dimensional parameter space of kinetic energy and circumstellar

density for an off-axis GRB. Here we adopt our semi-analytic model (§3.3.2) for

a wind-stratified medium, along with a typical electron index of p = 2.2, and a

viewing angle of θobs = 90o; the faintest model for a given set of equipartition

fractions. By comparing the luminosity limit for SN2003jd at a particular epoch

with the off-axis model prediction for that time, we exclude the region of parameter

space rightward of the curve since this region produces a jet which is brighter than

the observed limit. The union of these regions represents the total parameter

space ruled out for an associated GRB. As shown in this figure, the total excluded

parameter space extends from A∗ ∼> 0.03 and E ∼ 1047 to 1052.

We compare these constraints with the beaming-corrected kinetic energies and

CSM densities for 18 cosmological GRBs (Table 3.3). Here we make the rough

approximation that A∗ ≈ n0; a reasonable assumption for circumstellar radii near

∼ 1018 cm. As shown in Figure 3.2, these GRBs span the region of parameter

space roughly bracketed by A∗ ∼ 0.002 to 100 and E ∼ 2 × 1049 to 4 × 1051. The

majority of the bursts (13 out of 18) fall within the excluded region of parameter

space for SN 2003jd. We conclude that SN2003jd was not likely associated with a

typical GRB at a confidence level of ∼ 72%.

3.5 Local Type Ibc Supernovae: Further Constraints

While physical parameters atypical of the cosmological GRB population can be

invoked to hide an off-axis GRB for SN 2003jd, it is exceedingly unlikely for atypical
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parameters to dominate a large statistical sample of SNe Ibc. Motivated thus, we

searched for off-axis GRBs in the 67 local Type Ibc SNe for which we have compiled

late-time (t ∼ 0.5 − 30 yr) radio observations. Applying the method described in

§3.4 we produce exclusion regions in the E51 − A∗ parameter space for each SN.

Figure 3.3 shows the resulting contours for all 68 SNe, including SN2003jd and

five broad-lined events. For the twenty SNe with early radio limits (26, 22) we

combine late- and early-time data to provide further constraints.

In Figure 3.4 we compile all 68 exclusion regions to quantify the E51 − A∗

parameter space constrained by this statistical sample. Contours map the regions

excluded by incremental fractions of our sample. As in the case of SN2003jd, all

curves rule out bursts with A∗ ∼> 1 and E ∼> 1050 erg. Moreover, 50% exclude

A∗ ∼> 0.1 and E ∼> 1049 erg. For comparison, the mean ejecta energy and CSM

density values for cosmological GRBs are E ≈ 4.4 × 1050 erg and A∗ = n0 ≈ 1.2.

Focusing on the subsample of broad-lined SNe, we emphasize that our deep lim-

its rule out both putative GRB jets directed along our line-of-sight (e.g., SN 1997ef)

as well as those which are initially beamed off-axis (e.g., SN 2002ap and SN 2003jd).

In particular, the large exclusion region for SN 2002ap (see Figure 3.3) implies that

an extremely low CSM density, less than A∗ ∼ 3 × 10−3, is needed to suppress

the emission from an associated GRB. This is a factor of ∼ 10 below the density

inferred from modeling of the early radio emission (22) and we therefore con-

clude that an off-axis GRB model is inconsistent with our late-time observations

of SN 2002ap. In Figure 3.4 we show that this entire sample of six broad-lined SNe

rule out bursts with energies E ∼> 1049 erg, and 50% even rule out E ∼ 1047 erg

(all assuming a typical A∗ = 1).

We next address the limits on an association with GRBs defined by the cos-

mological sample (Table 3.3). For each SN in our sample we calculate the fraction

of observed GRBs that lie in its exclusion region. We then determine the prob-

ability of finding null-detections for our entire sample by calculating the product

of the individual probabilities. We find that the probability that every Type Ibc

supernova has an associated GRB is 1.1 × 10−10. We further rule out a scenario
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in which one in ten SNe Ibc is associated with a GRB at a confidence level of

∼ 90%. For the broad-lined events alone we rule out the scenario that every event

is associated with a GRB at a confidence level of ∼ 84%. Confidence levels are

shown as a function of GRB/SN fraction in Figure 3.5.

3.6 Discussion and Conclusions

We present late-time radio observations for 68 local Type Ibc supernovae, including

six broad-lined SNe (“hypernovae”), making this the most comprehensive study

of late-time radio emission from SNe Ibc. None of these objects show evidence for

bright, late-time radio emission that could be attributed to off-axis jets coming into

our line-of-sight. Comparison with our most conservative off-axis GRB afterglow

models reveals the following conclusions:

[1] Less than ∼ 10% of Type Ibc supernovae are associated with GRBs. These

data impose an empirical constraint on the GRB beaming factor, 〈f−1
b 〉, where

fb = (1− cos θj). Assuming a local GRB rate of ∼ 0.5 Gpc−3 yr−1 (346, 288, 172)

and an observed SNe Ibc rate of ∼ 4.8×104 Gpc−3 yr−1 (240, 64, 124), we constrain

the GRB beaming factor to be 〈f−1
b 〉 ∼< ×104. Adopting a lower limit of 〈f−1

b 〉 > 13

(224), the beaming factor is now observationally bound by 〈f−1
b 〉 ≈ [13 − 104],

consistent with the observed distribution of jet opening angles (133, 172).

[2] Despite predictions that most or all broad-lined SNe Ibc harbor GRB

jets (296), our radio observations for six broad-lined events (SNe 1997dq, 1997ef,

1998ey, 2002ap, 2002bl, and 2003jd) reveal no evidence for association with typical

(or even sub-energetic) GRBs. While unusual physical parameters can suppress

the radio emission from off-axis jets in any one SN, it is unlikely that all six broad-

lined events host atypical GRBs. We observationally rule out the scenario in which

every broad-lined SN harbors GRB jets with a confidence level of ∼ 84%.

[3] While low CSM densities (e.g., A∗ ∼< 0.1) can suppress the emission from

off-axis GRB jets, such values are inconsistent with the mass loss rates measured

from local Wolf-Rayet stars (0.6 − 9.5 × 10−5 M� yr−1; Cappa et al. 62), thought
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to be the progenitors of long-duration gamma-ray bursts.

[4] While we have so far considered only the signature from a highly collimated

GRB jet, these late-time radio data also impose constraints on the presence of

broader jets and/or jet cocoons. As demonstrated by GRBs 980425 and 030329,

the fraction of energy coupled to mildly relativistic and mildly collimated ejecta

can dominate the total relativistic energy budget (216, 27). Less sensitive to to

the effects of beaming and viewing geometry, broad jets are more easily probed at

early time (t ∼ 100 days) when the emission is brightest. Still, we note that the

majority of our late-time radio limits are significantly fainter than GRBs 980425

and 030329 on a comparable timescale, thus constraining even mildly relativistic

ejecta.

These conclusions, taken together with the broad spectral features observed for

GRB-associated SNe 1998bw, 2003dh, and 2003lw, motivate the question: what

is the connection between GRBs and local Type Ibc supernovae? While current

optical data suggest that all GRB-SNe are broad-lined, our late-time radio observa-

tions clearly show that the inverse is not true: broad optical absorption lines do not

serve as a reliable proxy for relativistic ejecta. This suggests that their observed

large photospheric velocities and asymmetric ejecta are often merely characteris-

tics of the non-relativistic SN explosion and thus manifestations of the diversity

within SNe Ibc.

The authors thank Doug Leonard, Paolo Mazzali, Dale Frail, Brian Schmidt,

and Avishay Gal-Yam for helpful discussions. As always, the authors thank Jochen

Greiner for maintaining his GRB page. A.M.S. is supported by the NASA Grad-
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Table 3.1. Radio Observations of SN2003jd

Date Obs ∆ta Fν,4.96 GHz
b Fν,8.46 GHz Fν,22.5 GHz

(UT) (days) (µJy) (µJy) (µJy)

2003 Oct 29 8 ±52 ±34 ±58

2003 Nov 4 14 — ±77 —

2003 Nov 15 25 — ±74 —

2005 May 12 569 — ±15 —

aAssuming an explosion date of 2003 October 21 UT, based on

pre-explosion images (52).
bAll flux densities are given as 1σ (rms).



272

T
ab

le
3.

2.
L
at

e-
ti

m
e

R
ad

io
O

bs
er

va
ti

on
s

of
T

yp
e

Ib
c

Su
pe

rn
ov

ae

SN
na

m
e

H
os

t
G

al
ax

y
D

is
ta

nc
ea

E
xp

lo
si

on
D

at
eb

IA
U

C
D

at
e

O
bs

∆
tc

F
lu

x
de

ns
it
yd

(M
pc

)
(U

T
)

(#
)

(U
T

)
(d

ay
s)

(µ
Jy

)

19
83

N
N

G
C

52
36

7.
2

19
83

Ju
n

26
38

35
20

03
O

ct
17

74
16

±1
24

19
85

F
N

G
C

46
18

7.
7

19
85

M
ay

14
40

42
20

03
O

ct
17

67
30

±3
7

19
87

M
N

G
C

27
15

18
.9

19
87

A
ug

31
44

51
20

03
O

ct
17

58
91

±3
4

19
90

B
N

G
C

45
68

32
.0

19
89

D
ec

23
-1

99
0

Ja
n

20
49

49
20

03
O

ct
17

50
32

±2
4

19
90

U
N

G
C

74
79

33
.7

19
90

Ju
n

28
-J

ul
27

50
63

20
03

O
ct

17
48

45
±4

4

19
91

A
IC

29
73

45
.5

19
90

D
ec

6-
13

51
78

20
03

O
ct

17
46

95
±3

5

19
91

D
A

no
n.

17
3

19
91

Ja
n

16
51

53
19

92
O

ct
11

63
3

±4
9

19
91

N
N

G
C

33
10

14
.0

19
91

Fe
b

20
-M

ar
29

52
27

20
03

O
ct

17
46

04
±5

9

19
91

ar
IC

49
65

.0
19

91
A

ug
3

53
34

20
03

O
ct

17
44

58
±3

0

19
94

I
N

G
C

51
94

6.
5

19
94

A
pr

1-
2

59
61

20
03

O
ct

17
34

86
±4

2

19
94

ai
N

G
C

90
8

21
.3

19
94

D
ec

8-
16

61
20

20
03

O
ct

17
33

36
±4

0

19
96

D
N

G
C

16
14

68
.1

19
96

Ja
n

28
63

17
20

03
O

ct
15

28
18

±1
53

19
96

N
N

G
C

13
98

19
.7

19
96

Fe
b

16
-M

ar
13

63
51

20
03

O
ct

15
27

87
±3

6



273

T
ab

le
3.

2—
C

on
ti

nu
ed

SN
na

m
e

H
os

t
G

al
ax

y
D

is
ta

nc
ea

E
xp

lo
si

on
D

at
eb

IA
U

C
D

at
e

O
bs

∆
tc

F
lu

x
de

ns
it
yd

(M
pc

)
(U

T
)

(#
)

(U
T

)
(d

ay
s)

(µ
Jy

)

19
96

aq
N

G
C

55
84

23
.2

19
96

Ju
l
30

64
65

20
03

O
ct

17
26

35
±3

2

19
97

B
IC

43
8

44
.3

19
96

D
ec

14
65

35
20

03
O

ct
15

24
98

±3
3

19
97

C
N

G
C

31
60

99
.2

19
96

D
ec

18
-1

99
7

Ja
n

14
65

36
20

03
O

ct
17

24
81

±3
7

19
97

X
N

G
C

46
91

15
.7

19
97

Ja
n

16
-F

eb
2

65
52

20
03

O
ct

17
24

57
±2

2

19
97

dc
N

G
C

76
78

49
.6

19
97

Ju
l
22

67
15

20
03

O
ct

17
22

78
±3

6

19
97

dq
�

N
G

C
38

10
14

.0
19

97
O

ct
16

67
70

20
03

O
ct

17
21

92
±3

0

19
97

ef
�

U
G

C
41

07
49

.8
19

97
N

ov
16

-2
6

67
78

20
03

O
ct

17
21

56
±3

3

19
98

T
N

G
C

36
90

44
.3

19
98

Fe
b

8-
M

ar
3

68
30

20
03

O
ct

17
20

66
±4

82

19
98

ey
�

N
G

C
70

80
69

.0
19

98
N

ov
1-

D
ec

5
68

30
20

03
O

ct
17

17
94

±3
2

19
99

bc
U

G
C

44
33

90
.2

19
99

Ja
n

30
71

33
20

03
O

ct
15

17
21

±2
5

19
99

di
N

G
C

77
6

70
.2

19
99

Ju
l
6

72
34

20
03

O
ct

17
15

64
±3

5

19
99

dn
N

G
C

77
14

39
.7

19
99

A
ug

10
-2

0
72

41
20

03
O

ct
17

15
24

±4
2

19
99

ec
N

G
C

22
07

38
.9

19
99

A
ug

24
72

68
20

03
O

ct
15

15
15

±4
5



274

T
ab

le
3.

2—
C

on
ti

nu
ed

SN
na

m
e

H
os

t
G

al
ax

y
D

is
ta

nc
ea

E
xp

lo
si

on
D

at
eb

IA
U

C
D

at
e

O
bs

∆
tc

F
lu

x
de

ns
it
yd

(M
pc

)
(U

T
)

(#
)

(U
T

)
(d

ay
s)

(µ
Jy

)

19
99

eh
N

G
C

27
70

27
.6

19
99

Ju
l
26

72
82

20
03

O
ct

17
15

44
±1

9

20
00

C
†

N
G

C
24

15
53

.8
19

99
D

ec
30

-2
00

0
Ja

n
4

73
48

20
03

O
ct

17
13

85
±3

5

20
00

F
IC

30
2

84
.5

19
99

D
ec

30
-2

00
0

Ja
n

10
73

53
20

03
O

ct
15

13
83

±2
6

20
00

S
M

C
G

-0
1-

27
-2

85
.8

19
99

O
ct

9
73

84
20

03
O

ct
17

14
69

±3
0

20
00

de
N

G
C

43
84

35
.6

20
00

Ju
l
13

74
78

20
03

O
ct

17
11

91
±4

0e

20
00

ds
N

G
C

27
68

19
.4

20
00

M
ay

28
75

07
20

03
O

ct
17

12
37

±3
4

20
00

dv
U

G
C

46
71

57
.7

20
00

Ju
l
4

75
10

20
03

O
ct

17
12

00
±3

2

20
01

B
†

IC
39

1
22

.0
20

00
D

ec
25

-2
00

1
Ja

n
4

75
55

20
03

O
ct

15
10

21
±3

0

20
01

M
†

N
G

C
32

40
50

.6
20

01
Ja

n
3-

21
75

68
20

03
O

ct
17

10
08

±5
4

20
01

bb
†

IC
43

19
66

.3
20

01
A

pr
15

-2
9

76
14

20
03

O
ct

17
90

8
±3

5

20
01

ch
M

C
G

-0
1-

54
-1

41
.6

20
01

M
ar

23
20

03
O

ct
17

76
37

93
8

±3
2

20
01

ci
†

N
G

C
30

79
15

.8
20

01
A

pr
17

-2
5

76
38

20
03

O
ct

17
90

9
±1

88

20
01

ef
†

IC
38

1
35

.1
20

01
A

ug
29

-S
ep

9
77

10
20

03
O

ct
17

77
4

±3
3



275

T
ab

le
3.

2—
C

on
ti

nu
ed

SN
na

m
e

H
os

t
G

al
ax

y
D

is
ta

nc
ea

E
xp

lo
si

on
D

at
eb

IA
U

C
D

at
e

O
bs

∆
tc

F
lu

x
de

ns
it
yd

(M
pc

)
(U

T
)

(#
)

(U
T

)
(d

ay
s)

(µ
Jy

)

20
01

ej
†

U
G

C
38

29
57

.4
20

01
A

ug
30

77
19

20
03

O
ct

15
77

8
±3

6

20
01

em
U

G
C

11
79

4
83

.6
20

01
Se

p
10

-1
5

77
22

20
03

O
ct

17
76

5
90

7
±

58

20
01

is
†

N
G

C
19

61
56

.0
20

01
D

ec
14

-2
3

77
82

20
03

O
ct

15
66

8
±3

1

20
02

J†
N

G
C

34
64

53
.0

20
02

Ja
n

15
-2

1
78

00
20

03
O

ct
17

63
7

±2
3

20
02

ap
�
‡

N
G

C
62

8
9.

3
20

02
Ja

n
28

-2
9

78
10

20
03

O
ct

17
62

6
±2

9

20
02

bl
�
†

U
G

C
54

99
67

.8
20

02
Ja

n
31

78
45

20
03

O
ct

17
62

4
±3

9

20
02

bm
†

M
C

G
-0

1-
32

-1
78

.0
20

02
Ja

n
16

-M
ar

6
78

45
20

03
O

ct
17

63
0

±3
9

20
02

cp
†

N
G

C
30

74
73

.4
20

02
A

pr
11

-2
8

78
87

20
03

O
ct

17
54

7
±2

9

20
02

hf
†

M
C

G
-0

5-
3-

20
80

.2
20

02
O

ct
22

-2
9

80
04

20
03

O
ct

17
35

7
±4

8

20
02

ho
†

N
G

C
42

10
38

.8
20

02
Se

p
24

80
11

20
03

O
ct

17
38

9
±3

5

20
02

hy
†

N
G

C
34

64
53

.0
20

02
O

ct
13

-N
ov

12
80

16
20

03
O

ct
17

35
4

±2
3

20
02

hz
†

U
G

C
12

04
4

77
.8

20
02

N
ov

2-
12

80
17

20
03

O
ct

17
34

4
±2

9

20
02

ji†
N

G
C

36
55

20
.8

20
02

O
ct

20
80

25
20

03
O

ct
17

36
2

±1
8



276

T
ab

le
3.

2—
C

on
ti

nu
ed

SN
na

m
e

H
os

t
G

al
ax

y
D

is
ta

nc
ea

E
xp

lo
si

on
D

at
eb

IA
U

C
D

at
e

O
bs

∆
tc

F
lu

x
de

ns
it
yd

(M
pc

)
(U

T
)

(#
)

(U
T

)
(d

ay
s)

(µ
Jy

)

20
02

jj
†

IC
34

0
60

.1
20

02
O

ct
22

80
26

20
03

O
ct

15
36

0
±3

0

20
02

jp
†

N
G

C
33

13
52

.7
20

02
O

ct
20

80
31

20
03

O
ct

17
36

2
±3

7

20
03

A
U

G
C

59
04

94
.4

20
02

N
ov

23
-2

00
3

Ja
n

5
80

41
20

03
Ju

n
15

18
2

±6
9

20
03

I
IC

24
81

76
.0

20
02

D
ec

14
80

46
20

03
Ju

n
15

18
3

±6
0

20
03

aa
N

G
C

33
67

43
.1

20
03

Ja
n

24
-3

1
80

63
20

03
Ju

n
15

13
8

±7
0

20
03

bm
U

G
C

42
26

11
3.

7
20

03
Fe

b
20

-M
ar

3
80

86
20

03
Ju

n
15

10
9

±5
7

20
03

bu
N

G
C

53
93

86
.1

20
03

Fe
b

10
-M

ar
11

80
92

20
03

Ju
n

15
11

0
±7

1

20
03

cr
U

G
C

96
39

15
5.

2
20

03
Fe

b
24

-M
ar

31
81

03
20

03
N

ov
2

23
3

±5
9

20
03

dg
U

G
C

69
34

79
.1

20
03

M
ar

24
-A

pr
8

81
13

20
03

N
ov

2
21

5
±9

0

20
03

dr
N

G
C

57
14

31
.7

20
03

A
pr

8-
12

81
17

20
03

N
ov

2
20

6
±5

8

20
03

ds
N

G
C

31
91

13
2.

9
20

03
M

ar
25

-A
pr

14
81

20
20

03
N

ov
2

21
2

±6
7

20
03

el
N

G
C

50
00

80
.2

20
03

A
pr

19
-M

ay
22

81
35

20
03

N
ov

2
18

0
±6

5

20
03

ev
A

no
ny

m
ou

s
10

3.
3

20
03

A
pr

9-
Ju

n
1

81
40

20
03

N
ov

2
18

0
±6

1



277

T
ab

le
3.

2—
C

on
ti

nu
ed

SN
na

m
e

H
os

t
G

al
ax

y
D

is
ta

nc
ea

E
xp

lo
si

on
D

at
eb

IA
U

C
D

at
e

O
bs

∆
tc

F
lu

x
de

ns
it
yd

(M
pc

)
(U

T
)

(#
)

(U
T

)
(d

ay
s)

(µ
Jy

)

20
03

jd
�
†

M
C

G
-0

1-
59

-2
1

80
.8

20
03

O
ct

16
-2

5
82

32
20

05
M

ay
12

56
9

±1
5

.
.

a
D

is
ta

nc
es

ha
ve

be
en

ca
lc

ul
at

ed
fr

om
th

e
ho

st
ga

la
xy

re
ds

hi
ft

.
W

e
as

su
m

e
H

0
=

72
km

s−
1

M
pc

−1
,
Ω

M
=

0.
27

,
an

d
Ω

Λ
=

0.
73

.
b
E

xp
lo

si
on

da
te

s
ar

e
gi

ve
n

as
a

ra
ng

e
co

ns
tr

ai
ne

d
by

th
e

da
te

of
di

sc
ov

er
y

an
d

th
e

m
os

t
re

ce
nt

pr
e-

di
sc

ov
er

y

im
ag

e
in

w
hi

ch
th

e
SN

is
no

t
de

te
ct

ed
.

In
th

e
ca

se
s

w
he

re
pr

e-
di

sc
ov

er
y

im
ag

es
ar

e
no

t
av

ai
la

bl
e

(o
r

no
t

co
ns

tr
ai

ni
ng

),
w

e
ad

op
t

th
e

sp
ec

tr
os

co
pi

ca
lly

de
ri

ve
d

ag
e

es
ti

m
at

e
w

it
h

re
sp

ec
t

to
m

ax
im

um
lig

ht
an

d
as

su
m

e

a
ty

pi
ca

ll
ig

ht
-c

ur
ve

ri
se

ti
m

e
of

∼
21

da
ys

to
pr

ov
id

e
a

ro
ug

h
es

ti
m

at
e

of
th

e
ex

pl
os

io
n

da
te

.
c
C

al
cu

la
te

d
us

in
g

th
e

av
er

ag
e

of
th

e
ex

pl
os

io
n

da
te

ra
ng

e
in

C
ol

um
n

4.
d
A

ll
ob

se
rv

at
io

ns
w

er
e

co
nd

uc
te

d
at

8.
46

G
H

z
(e

xc
ep

t
fo

r
SN

19
91

D
at

4.
86

G
H

z)
an

d
un

ce
rt

ai
nt

ie
s

re
pr

es
en

t

1σ
rm

s
no

is
e.

e
W

e
de

te
ct

a
∼

0.
7

m
Jy

so
ur

ce
lo

ca
te

d
∼

2
ar

cs
ec

fr
om

th
e

op
ti

ca
l

po
si

ti
on

fo
r

SN
20

00
de

.
D

ue
to

th
e

si
gn

ifi
ca

nt
po

si
ti

on
al

off
se

t,
w

e
as

su
m

e
th

e
ra

di
o

so
ur

ce
is

no
t

as
so

ci
at

ed
w

it
h

th
e

SN
.

�
B

ro
ad

ab
so

rp
ti

on
lin

es
ob

se
rv

ed
sp

ec
tr

os
co

pi
ca

lly
.

† E
ar

ly
ra

di
o

lim
it

s
re

po
rt

ed
in

B
er

ge
r

et
al

.
(2

6)

‡ E
ar

ly
ra

di
o

da
ta

fo
r

SN
20

02
ap

w
as

re
po

rt
ed

by
B

er
ge

r
et

al
.
(2

2)



278

Table 3.3. Physical Parameters for GRBs

GRB z Ejecta Energya Densityb Density Profile Referencec

(×1051 erg) (A∗ = n)

970508 0.835 2.4+1.4
−0.9 2.4+1.4

−0.9 ISM 1

980329 ∼< 3.9 1.1+0.26
−0.46 20+10

−10 ISM 2

980425 0.0085 0.012 0.04 Wind 3

980519 1† 0.41+0.48
−0.14 0.14+0.48

−0.14 ISM 4

980703 0.966 3.5+1.26
−0.42 28+8

−6 ISM 2

990123 1.60 0.15+0.33
−0.04 0.0019+0.0005

−0.0015 ISM 4

990510 1.619 0.140.49−0.05 0.29+0.11
−0.15 ISM 4

991208 0.706 0.24+0.28
−0.22 18+22

−6 ISM 4

991216 1.02 0.11+0.1
−0.04 4.7+6.8

−1.8 ISM 4

000301c 2.03 0.33+0.03
−0.05 27+5

−5 ISM 4

000418 1.118 3.4 0.02 ISM 5

000926 2.066 2.0+0.34
−0.2 16+6

−6 ISM 2

010222 1.477 0.51 1.7 ISM 4

011121 0.36 0.2 0.015 Wind 6

020405 0.69 0.3 ∼< 0.07 Wind 6

020903 0.251 0.4 100 ISM 7

030329 0.168 0.67 3.0 ISM 8

031203 0.105 0.017 0.6 ISM 9

aCorrected for beaming. Errors bracket the 90% confidence interval.

bErrors bracket the 90% confidence interval.
cReferences: 1. Berger et al. (24); 2. Yost et al. (445); 3. Li and Chevalier (226);

4. Panaitescu and Kumar (280); 5. Berger et al. (18); 6. Chevalier et al. (74); 7.

Soderberg et al. (361); 8. Berger et al. (27); 9. Soderberg et al. (362)
†Redshift Unknown; z=1 was assumed.
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Figure 3.1: Late-time radio limits (3σ) are shown for 62 local Type Ibc supernovae

(grey triangles) and six broad-lined SNe (circles/arrows) including SN 2003jd (en-

circled dot). For SN2001em, we adopt the spherical SN emission as an upper limit

on the emission from an off-axis GRB jet. Afterglow models for a typical GRB

(E51 = A∗ = n0 = 1, εe = εB = 0.1, θj = 5o, p = 2.2) are shown for both wind-

stratified (solid lines) and homogeneous (dashed lines) media at viewing angles of

θobs = 30o (thickest), 60o (thick), and 90o (thin) away from the initial collimation

axis of the jet. As discussed in §3.3.2, we make the conservative assumption that

lateral jet spreading does not begin until after the non-relativistic transition, at

which point the jets spread sideways at the sound speed. All of the broad-lined

SNe, including SN 2003jd, are significantly fainter than the model light-curves,

regardless of the CSM density profile or viewing angle.
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Figure 3.2: Each of the four 8.46 GHz observations is mapped to a contour (thin

black lines) in the two-dimensional parameter space of kinetic energy and CSM

density for an off-axis GRB. As discussed in §3.4, we adopt a conservative off-

axis model (wind-stratified CSM, εe = εB = 0.1, p = 2.2, θobs = 90o) which

produces the faintest light-curves in Figure 1. We exclude the grey hatched re-

gion of parameter space rightward of each contour since this region produces a jet

which is brighter than the observed 3σ limit. The union of these regions (thick

black line) represents the total parameter space ruled out for an associated GRB.

For comparison, we also show are the energy and density values for 17 GRBs

(filled circles) from Table 3.3, inferred from broadband modeling of the afterglow

emission. For the GRBs without reported error estimates, we adopt a factor of

two for the uncertainty of both parameters. We also include the parameters for

GRB980425 (unfilled circle) derived from the early radio emission emitted from

the quasi-spherical SN component, but note that the lack of strong radio emission

from SN 2003jd at early time indicates that it is not similar to GRB 980425.
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Figure 3.3: Late-time radio limits for 62 SNe Ibc (grey contours) and six broad-

lined SNe (black contours, labels) are used to constrain the parameters (E51 and

A∗) of putative off-axis GRBs as discussed in §3.5. For SN2001em, we adopt the

spherical SN emission as an upper limit on the emission from an off-axis GRB

jet. As discussed in §3.4, we adopt a conservative off-axis model (wind-stratified

CSM, εe = εB = 0.1, p = 2.2, θobs = 90o) which produces the faintest light-

curves in Figure 1. The region rightward of each SN contour is ruled out since

it implies an off-axis GRB which is brighter than the observed 3σ limit. For the

21 SNe with additional early-time radio observations, we determine the union of

parameter space which is excluded (see Figure 3.2). Energy and density values for

17 cosmological GRBs (filled circles) and GRB 980425 (unfilled circle) are shown

for comparison. For the GRBs without reported error estimates, we adopt a factor

of two for the uncertainty of both parameters. It is clear that most of the GRBs

lie in the excluded regions for each SN, implying that if these events are associated

with off-axis GRBs, their densities are unusually low.
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Figure 3.4: Top panel: Regions of E51 − A∗ parameter space for off-axis GRBs

ruled out by the SNe Ibc sample in Figure 3.3. Contours/shading depict the

regions ruled out by fractions of the sample, labeled in increments of 10%. The

darkest shading corresponds to the region excluded by 100% of the sample. The

statistical mean E51 and A∗ values for cosmological GRBs is shown as a barred

point. Bottom panel: Same as above, except only including the broad-lined SNe.
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Figure 3.5: Using late-time radio data for 68 local SNe Ibc (Table 4.1) and the

physical parameters inferred for cosmological GRBs (Table 3.3) we constrain the

fraction of SNe harboring GRBs. We find that we can rule out the the scenario

in which every supernova (circles) has an associated GRB (GRBs/SNe=1) at a

confidence level of ∼ 100% and can rule out a fraction of ∼> 0.1 with a confidence

level of ∼ 90%. For the broad-lined supernovae (stars) we rule out the scenario in

which every event harbors a GRB with a confidence level of ∼ 84%.
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Chapter 4

The Radio Properties of Type Ibc Supernovae

A. M. Soderberg
a
, S. R. Kulkarni

a
, D. A. Frail

b

aDivision of Physics, Mathematics and Astronomy, 105-24, California Institute of Technology,

Pasadena, CA 91125m USA

bNational Radio Astronomy Observatory, Socorro, NM 87801, USA

4.1 Introduction

The discovery of several gamma-ray bursts (GRBs) and X-ray flashes (XRFs) at

z ∼< 0.3 in the last few years has firmly established that GRBs and XRFs are ac-

companied by supernovae of Type Ibc (SNe Ibc) (see Woosley and Bloom 435 for

a review). While the distribution of GRB/XRF-SN optical luminosities is indis-

tinguishable from local samples of SNe Ibc (366), spectroscopy reveals unusually

broad absorption lines (“broad-lined”, BL) in every case (292). However, the two

classes are easily distinguished through the production of mildly-relativistic ejecta,

which gives rise to strong non-thermal “afterglow” emission. Radio observations

are critical in this analysis since they provide the best calorimetry of the fastest

ejecta.

Furthermore, we have identified a population of GRBs/XRFs that are sub-

energetic by a factor of ∼ 102 and about 10 times more common than typical bursts

(362, 365). Given their under-luminous prompt energy release, current satellites
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can only detect them nearby (z ∼< 0.1). These sub-energetic explosions are interme-

diate between GRBs/XRFs and local SNe Ibc with respect to gamma-ray release,

jet collimation, and volumetric rate, and thus hint at an overall continuum.

Motivated by the GRB/XRF-SN connection and the discovery of sub-energetic

GRBs, in 2002 we embarked on a dedicated survey of optically-selected local SNe

Ibc with the Very Large Array. The goal is to determine the fraction of SNe Ibc that

produce mildly-relativistic ejecta. This survey is well-suited to recognizing bursts

for which no gamma-ray emission is detected, either because the jets are pointed

away from our line-of-sight (“off-axis”) or the emission is below the detection

thresholds of current satellites.

Since then we have observed ∼ 200 optically-selected local (d ∼< 200 PC) SNe

Ibc with the VLA, on timescales of days to years after the explosion. This dedicated

effort has served to characterize in a systematic way the environments and ejecta

properties of SNe Ibc for the first time. Early radio observations are crucial for

identifying sub-energetic and/or uncollimated explosions. On the other hand, late-

time radio observations are sensitive to jets initially beamed away from our line-

of-sight. Through this intense VLA program, we have established that (i) roughly

15% of SNe Ibc show detectable radio emission, (ii) less than ∼ 3% show radio

luminosities comparable to those observed for GRB/XRF afterglows (26, 367, 365),

and (iii) basic optical properties (peak magnitude, photospheric velocities) are not

reliable indicators of strong radio emission.

4.2 A Large Radio Survey of SNe Ibc: The Sample

Beginning in 2002, we obtained radio observations of every newly discovered spec-

troscopically identified SN Ibc within a maximum distance of ∼ 200 Mpc and

accessible to the VLA (declination limit, ∼> 40 deg). All of the targets were drawn

from the IAUC, CBET, or ATEL circulars which typically report ∼ 20 new SNe

Ibc each year, of which ∼ 90% are accessible to the VLA. Almost all of the re-

ported SNe Ibc are found through “targeted” SN search campaigns which monitor
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only the most luminous local galaxies drawn from the RC3 catalog.

Upon spectral classification, we immediately triggered radio follow-up under

our VLA Target-of-Opportunity program resulting in first epoch observations typ-

ically within a few days of the initial circular. Since most SNe Ibc are discovered

near maximum light, the first epoch observations correspond to days to weeks after

the explosion. Follow-up observations for each SN were scheduled logarithmically

in time since the explosion.

We supplement this sample with radio data of SNe Ibc discovered before 2002.

The majority of these data were extracted from the VLA archive and combined

with data in the literature. The archival data were primarily taken for radio

studies of nearby galaxies, while some were taken specifically for SN follow-up. As

a result, the archival data generally probe significantly later timescales: months

to years after the explosion. This is highlighted in Figure 1 where we compare

the discovery rate of SNe Ibc with the fraction observed with the VLA. Early

observations (d ∼< 150 days) were uncommon in the years preceding our VLA

survey.

4.2.1 SNe Ibc: One Class or Two?

The resulting dataset includes all VLA observations of local SNe Ibc to date. In

Table 4.1, we list the relevant properties of each SN Ibc included in this sample

along with the radio measurements. In particular, we include the spectroscopic

classification(s) of each SN as reported in the circulars to search for broad corre-

lations between spectroscopic and radio properties. Since the 1980s, it has been

heavily debated whether SNe Ibc represent one class of explosions or two, Types

Ib and Ic, distinguished based on the strength of weak helium absorption features

(428, 113). Related this issue is the fact that sub-classification is observationally

challenging: the optical helium lines are often (i) weak, (ii) blended with other

features, and (iii) evolve with time such that sub-classification is time-dependent

(e.g,. SN 1999ex; Hamuy et al. 173). To further complicate the issue several “tran-

sition” events have been identified which show an unusual evolution of the helium
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features (e.g., SN 2005bf; Anupama et al. 5, Tominaga et al. 395, Folatelli et al.

121).

Table 4.1 shows that roughly half of the SNe Ibc are classified as Ib or Ic with

the other half as Ibc. More importantly, we focus on the 35% of cases where mul-

tiple classifications were made (either by different observers/data or by the same

observer using a time series of data). Of these, more than half were shown to be

inconsistent with the initial classification. This compilation emphasizes that there

currently exists no strong observational motivation for SNe Ibc to be sub-classified

as Ib and Ic; the dispersion in helium line strength may simply represent a broad

distribution of progenitor properties. As an interesting aside, we also note that

13 (7%) of SNe Ibc in this dataset were initially classified as Type Ia supernovae,

underscoring the need for multiple spectral classifications and suggesting that a

small fraction of SNe Ia are actually misidentified SNe Ibc.

4.2.2 Observation Details

Radio observations are summarized in Table 4.1. Most of the VLA observations

were conducted at 8.46 GHz while frequencies of 1.43, 4.86, 15.0, and 22.5 GHz

were also used. All of the data were obtained in the standard continuum mode with

a bandwidth of 2 × 50 MHz. Phase referencing was performed against a bright,

(∼> 0.2 Jy), nearby (∼< 10 deg) source and flux calibration was performed using a

short (∼ 1 min) observation of 3C48, 3C147, and/or 3C286. Data were reduced

using AIPS, and the resulting flux density measurements for this sample of SNe

Ibc are given in Table 4.1. For those SNe with detected radio emission, we list in

Table 1 only the first epoch in which the emission is detected. In Table 4.2, we list

the peak flux density measurements of the thirty SNe Ibc detected to date. For

those SNe not detected in the radio, we list all available upper limits in Table 4.1.



288

4.3 The Radio Properties of SNe Ibc

As shown in Table 4.1 and Figure 4.2, the fraction of SNe Ibc with detectable radio

emission is small, ∼ 15%. Compared with their spectroscopic classification(s), SNe

sub-classified as Ib show a somewhat higher detection rate than SNe Ic, indicating

that Helium-rich explosions may be stronger radio emitters than Helium-poor. In

turn, since optical sub-classification is often difficult, as discussed in section §4.2.1,

we propose that radio luminosity may enable a more reliable sub-classification.

Of those with positive detections, the majority (∼ 70%) are discovered before

radio maximum with well-constrained spectral peaks. As shown in Table 4.2 and

Figures 4.2 and 4.3, the peak radio luminosities span four orders of magnitude,

Lν,radio ≈ 1026 − 1030 erg s−1 Hz−1. Normalizing by the distance to which each

SN could be detected and the effective monitoring time of the survey, we produce

the radio luminosity function in Figure 4.3. Clearly, sub-luminous radio SNe Ibc

are the most common, though least often detected.

4.4 Constraints on the Ejecta Velocity and Kinetic En-

ergy

As discussed by Chevalier (71), the radio emission from SNe Ibc is produced as

the fastest ejecta shock accelerate particles in the CSM. Turbulence amplifies the

magnetic field and the accelerated (relativistic) electrons produce synchrotron ra-

diation which peaks near the radio band at the time of the explosion. The spectral

peak, defined by the low-frequency turn-over, is dominated by synchrotron self-

absorption (SSA). This is different from most Type II SNe which are dominated

by external free-free absorption due to an exceedingly dense CSM.

As shown by Readhead (310), for radio sources dominated by SSA the bright-

ness temperature, TB = c2Fν/(2πkθ2ν2), is constrained to 5 × 1010 K, assuming

the post-shock energy density is in equipartition between magnetic fields, εB, and

relativistic electrons, εe. With this assumption, robust constraints on the radius
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and internal energy of the radio emitting material, Ei, are derived (71, 216, 73).

These constraints scale simply as observable quantities including the peak spectral

frequency, νp, the flux at the spectral peak, fp, and the luminosity distance, d

(see Soderberg et al. 359 356 for a detailed discussion). Here we adopt a simple

model (see Chevalier and Fransson 73), assuming εe = εB = 0.1 which provides

the following relations:

r = 4 × 1014(fp/mJy)9/19(d/Mpc)18/19(νp/5 GHz)−1 cm (4.1)

Ei = 1.5 × 1041(d/Mpc)8(fp/mJy)4(νp/5 GHz)−7(r/1015 cm)−6 erg. (4.2)

Together with the observed peak time, tp, the velocity of the shock is easily

constrained from Equation 4.1 and is shown for these SNe Ibc in Figure 4.4. SNe

with early bright radio emission indicate the fastest ejecta. Of the thirty radio

bright SNe Ibc in this sample, the inferred velocities range from 0.01 to 0.5c.

Next, the inferred energy of the radio-emitting material for these SNe Ibc is

constrained to 1045 to 1048 erg. Here we have adopted a values of 0.1 for both the

fraction of energy coupled to magnetic fields, εB, and that coupled to relativistic

electrons, εe. As shown in Chevalier (69), the internal energy of the shocked CSM

is ∼ 20% of the total energy, which is in turn equal to the kinetic energy of the

fastest ejecta. Including this factor of ∼ 5, we find that the kinetic energy of the

fastest ejecta, EK = 5Ei, spans 1046 − 1049 erg for SNe Ibc, a factor of 102 to 105

times less than that traced by the optical emission.

Finally, we compare these ejecta parameters (velocity, kinetic energy) with

those of GRB and XRFs, including the class of sub-energetic bursts (Figure 4.5).

We find that evidence of a clear dichotomy between ordinary SNe Ibc and typical

GRBs/XRFs: ordinary SNe couple roughly 1047 erg to their fastest (but still non-

relativistic) ejecta, v ∼ 0.15c. Meanwhile, typical GRBs/XRFs couple 1051 erg to

relativistic jets, Γ ∼ 10. Sub-energetic explosions bridge these two classes, coupling
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at least 1048 erg to mildly-relativistic outflows, Γ ∼ 3.

4.5 Constraints on the Mass Loss Rate

With the assumption that SSA dominates the observed radio spectrum, robust

constraints on the CSM density and profile are easily extracted. As shown in

Chevalier and Fransson (73), the mass loss rate of the progenitor can be estimated

using the radio spectral parameters together with an assumed values of εB, εe, and

the progenitor wind velocity, vw. In the simple model adopted here we have

Ṁ = 10−5 (fp/mJy)−4/19(d/Mpc)−8/19(νp/5 GHz)2(tp/10 days)2 M� yr−1 (4.3)

where we have adopted εe = εB = 0.1 and a progenitor wind velocity of 1000km s−1,

typical for Galactic Wolf-Rayet stars (63). As shown in Figure 4.6, the inferred

distribution of progenitor mass loss rates for SNe Ibc span 10−7 − 10−2 M� yr−1.

In comparison with the observed mass loss rates of local WR stars (63), these

values are largely consistent.

Next, we compare the inferred mass loss rates with the velocity of the fastest

ejecta. As shown in Figure 4.7, SNe Ibc with a denser CSM typically show evi-

dence for faster ejecta. Moreover, in comparison with GRB-SN1998bw and XRF-

SN2006aj which are within the distance limit of this survey, ordinary SNe Ibc

show significantly higher mass loss rates. This result suggests that binary progen-

itor systems may be required to further strip the progenitors of GRB/XRF-SNe.

4.6 Conclusions

In conclusion, based on our large survey of optically selected local SNe Ibc, we find

that (i) roughly 15% show detectable radio emission with Helium-rich explosions

showing a slightly higher detection rate, (ii) the peak radio luminosities of SNe

Ibc span four orders of magnitude with peak times between 1 and 1000 days,
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(iii) the kinetic energy and fastest velocity of these explosions are significantly

different from those of typical GRBs and XRFs, (iv) compared with the sample

of sub-energetic GRBs, ∼< 3% of SNe Ibc show ejecta properties indicative of an

engine-driven explosion, and (v) the inferred range of progenitor mass loss rates

for ordinary SNe Ibc are consistent with those of galactic WRs but higher than

those of GRB-SNe.

As discussed in the next chapter, with the emergence of wide-field optical

surveys, SNe Ibc from “blind” search campaigns will soon begin to dominate new

discoveries. In an investigation of the relation between the large-scale environment

(host galaxy characteristics) and ejecta properties, these unbiased surveys will

play an important role. In particular, host galaxy metallicity is argued to be

a critical parameter as a proxy for the progenitor metallicity. Numerical models

suggest that only low metallicity progenitors are able to produce the accretion-disk

powered outflows inferred for GRBs (437). Therefore, these models predict that

engine-driven explosions are unlikely to be hosted in the luminous, high-metallicity

galaxies monitored by targeted SN searches (376). Looking forward, a radio survey

focused exclusively on the SNe Ibc discovered through blind surveys will directly

address and answer this question.



292

T
ab

le
4.

1.
R

ad
io

O
bs

er
va

ti
on

s
of

SN
e

Ib
c

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

1
9
5
4
A

N
G

C
4
2
1
4

I1
4
5
3

Ib
I1

4
5
3

2
.9

a
1
9
5
4

M
a
r

2
7
b

1
9
8
6

M
a
y

3
∼

1
1
7
2
5

N
±2

3
1
.4

3
A

1

—
—

—
—

—
—

—
2
0
0
5

D
ec

2
6

∼
1
8
8
8
9

N
±1

4
8
.4

6
D

—

1
9
6
2
L

N
G

C
1
0
7
3

I1
8
0
9

Ib
/
Ic

∗∗
—

c
1
1

1
9
6
2

N
o
v

1
4
b

1
9
8
9

M
a
r

1
4

∼
9
6
1
0

N
±2

3
6

4
.8

6
B

—

—
—

—
—

—
—

—
1
9
9
0

J
u
l
3
0

∼
1
0
1
1
3

N
±1

3
4

4
.8

6
B

—

1
9
6
4
L

N
G

C
3
9
3
8

I1
8
8
2

Ib
/
Ic

∗∗
—

c
1
4

1
9
6
4

N
o
v

2
1
b

1
9
8
9

M
a
r

1
4

∼
8
8
7
3

N
±6

6
4
.8

6
B

—

—
—

—
—

—
—

—
1
9
9
0

J
u
l
3
0

∼
9
3
7
6

N
±8

7
4
.8

6
B

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

1
1

∼
1
4
2
2
5

N
±6

2
1
.4

3
B

—

1
9
8
3
I

N
G

C
4
0
5
1

I3
8
1
3

Ib
/
Ic

∗∗
—

d
1
3

1
9
8
3

A
p
r

1
1
b

1
9
8
6

M
a
r

1
8

∼
1
0
7
2

N
±2

3
6

1
.4

3
A

—

—
—

—
—

—
—

—
1
9
9
1

J
u
n

2
5

∼
3
0
3
0

N
±5

0
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
1

F
eb

1
∼

6
5
3
6

N
±3

2
8
.4

6
A

—

1
9
8
3
N

N
G

C
5
2
3
6

I3
8
2
5

Ib
—

e
4
.5

f
1
9
8
3

J
u
n

2
8
b

1
9
8
3

J
u
l
6

∼
8

Y
2
0
0
0
±

5
0
0

4
.8

6
D

2

1
9
8
3
V

N
G

C
1
3
6
5

I3
8
9
5

Ib
/
Ic

∗∗
—

g
1
8
h

1
9
8
3

N
o
v

1
0
b

1
9
8
3

N
o
v

6
∼

−4
N

±5
3

1
.4

3
A

—

—
—

—
—

—
—

—
1
9
8
8

F
eb

1
∼

1
5
4
3

N
±1

7
6

4
.8

6
B

—

—
—

—
—

—
—

—
1
9
9
3

F
eb

3
∼

3
3
7
0

N
±9

2
1
.4

3
A

—

—
—

—
—

—
—

—
1
9
9
9

F
eb

2
0

∼
5
5
7
7

N
∼<

3
3
2

4
.8

6
D

n
C

—

1
9
8
4
L

N
G

C
9
9
1

I3
9
7
9

Ib
I4

0
1
4

1
5

1
9
8
4

J
u
l
2
9
-A

u
g

2
9

1
9
8
4

O
ct

2
3
4
-6

5
Y

7
0
0
±

1
7
0

4
.8

6
D

3

1
9
8
5
F

N
G

C
4
6
1
8

I4
0
4
2

Ib
∗

—
i

1
1

1
9
8
4

M
a
y

2
2
j

1
9
8
5

M
a
r

1
8

∼
3
0
0

N
±3

1
4
.8

6
B

n
A

—

—
—

—
—

—
—

—
1
9
8
5

M
a
r

1
8

∼
3
0
0

N
±7

8
1
.4

3
B

n
A

—

—
—

—
—

—
—

—
1
9
8
6

A
p
r

4
∼

6
8
2

N
±4

8
4
.8

6
A

—



293

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
1
9
8
7

J
u
n

1
0

∼
1
1
1
4

N
±4

8
4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
1

J
u
n

1
6

∼
2
5
8
0

N
±1

1
2

1
.4

3
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
7
0
8
8

N
±3

7
8
.4

6
A

4

1
9
8
6
M

N
G

C
7
4
9
9

I4
2
8
2

Ib
I4

2
8
8

1
6
5

1
9
8
6

N
o
v

2
†

2
0
0
3

J
u
n

1
∼

6
0
5
1

N
±2

8
1

1
.4

3
A

—

1
9
8
7
M

N
G

C
2
7
1
5

I4
4
5
1

Ib
/
Ic

∗∗
4
4
5
9

1
8

1
9
8
7

S
ep

7
†

1
9
8
7

N
o
v

7
∼

6
1

N
±5

1
4
.8

6
B

n
A

—

—
—

—
—

—
—

—
1
9
8
7

N
o
v

7
∼

6
1

N
±1

2
9

1
.4

3
B

n
A

—

—
—

—
—

—
—

—
1
9
8
8

J
a
n

2
6

∼
1
4
1

N
±6

7
4
.8

6
B

—

—
—

—
—

—
—

—
1
9
8
9

M
a
r

1
4

∼
5
5
3

N
±1

7
6

4
.8

6
B

—

—
—

—
—

—
—

—
1
9
9
2

O
ct

1
7

∼
1
8
6
5

N
±5

5
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
5
8
8
4

N
±3

4
8
.4

6
A

4

1
9
8
8
L

N
G

C
5
4
8
0

I4
5
9
0

Ia
/
Ib

∗∗
I4

5
9
0

3
0

1
9
8
8

M
a
r

2
1
†

1
9
9
1

J
u
n

1
6

∼
1
1
8
2

N
±1

3
2

1
.4

3
A

—

1
9
8
9
E

M
C

G
+

5
-3

2
-4

5
I4

7
3
6

Ib
I4

7
5
9

1
2
1

1
9
8
8

D
ec

2
1
†

1
9
9
1

J
u
n

1
6

∼
9
0
7

N
±1

3
0

1
.4

3
A

—

1
9
9
0
B

N
G

C
4
5
6
8

I4
9
4
9

Ib
/
Ic

∗∗
I4

9
5
3

1
6
k

1
9
8
9

D
ec

2
3
-1

9
9
0

J
a
n

2
0

1
9
9
0

F
eb

6
1
7
-4

5
Y

6
0
0
±

6
0

8
.4

6
D

5

1
9
9
0
U

N
G

C
7
4
7
9

I5
1
1
1

Ib
/
Ic

∗∗
I5

0
6
9

3
0

1
9
9
0

J
u
n

2
8
-J

u
l
2
7

1
9
9
1

J
u
n

1
7

3
2
5
-3

5
4

N
±5

1
4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
2

O
ct

1
6

8
1
1
-8

4
0

N
±1

8
6

4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
6

N
o
v

4
2
2
9
0
-2

3
1
9

N
±4

2
4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
9

N
o
v

2
7

3
4
0
8
-3

4
3
7

N
±3

9
4
.8

6
B

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

4
8
3
0
-4

8
5
9

N
±4

4
8
.4

6
A

4

1
9
9
0
a
a

U
G

C
5
4
0

I5
0
8
7

Ia
/
Ib

c/
Ic

∗∗
I5

0
9
0

6
6

1
9
9
0

A
u
g

1
9
-2

5
1
9
9
1

J
u
n

1
7

2
9
6
-3

0
2

N
±1

0
7

4
.8

6
A

—



294

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
1
9
9
2

O
ct

1
6

7
8
2
-7

8
8

N
±1

0
4

1
.4

3
A

—

—
—

—
—

—
—

—
—

—
N

±8
7

4
.8

6
A

—

1
9
9
0
a
i

A
n
o
n
.

I5
1
4
7

Ib
c

I5
1
4
7

1
5
0
l

∼
1
9
9
0

N
o
v

1
2

1
9
9
1

J
u
n

1
6

∼
2
1
6

N
±6

2
4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
2

O
ct

1
7

∼
7
0
4

N
±3

7
1
.4

3
A

—

1
9
9
0
a
j

N
G

C
1
6
4
0

I5
1
7
8

Ib
I5

1
7
8

1
8

1
9
8
9

D
ec

1
7
†

1
9
9
1

J
u
n

1
7

∼
5
4
7

N
±7

7
4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
2

O
ct

1
6

∼
1
0
3
3

N
±2

7
4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
2

O
ct

1
7

∼
1
0
3
4

N
±6

1
1
.4

3
A

—

1
9
9
1
A

IC
2
9
7
3

I5
1
5
3

Ic
I5

1
5
5

4
9

1
9
9
0

D
ec

6
-1

3
1
9
9
2

O
ct

1
7

6
7
3
-6

8
0

N
±6

7
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

4
6
9
1
-4

6
9
8

N
±3

5
8
.4

6
A

4

1
9
9
1
D

A
n
o
n
.

I5
1
8
2

Ib
c/

Ib
∗∗

I5
2
0
0

1
7
6
m

1
9
9
1

J
a
n

1
2
m

2
0
0
2

O
ct

1
1

∼
6
3
7

N
±4

9
4
.8

6
A

4

1
9
9
1
L

M
C

G
+

7
-3

4
-1

3
4

I5
2
0
0

Ib
c

I5
2
0
4

1
3
6

1
9
9
1

J
a
n

1
7
†

1
9
9
2

O
ct

1
7

∼
6
3
8

N
±9

2
4
.8

6
A

—

1
9
9
1
N

N
G

C
3
3
1
0

I5
2
2
7

Ib
c

I5
2
3
4

2
3
n

1
9
9
1

F
eb

2
0
-M

a
r

2
9

1
9
9
2

O
ct

1
7

5
6
7
-6

0
4

N
±4

1
4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
4

M
a
y

8
1
1
3
5
-1

1
7
2

N
±1

3
1

4
.8

6
A

—

—
—

—
—

—
—

—
1
9
9
4

M
a
r

2
1
0
6
8
-1

1
0
5

N
±2

4
6

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
2

F
eb

1
6

3
9
7
4
-4

0
1
1

N
±1

5
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
2

N
o
v

3
4
2
4
0
-4

2
7
7

N
∼<

3
1
4

2
2
.5

C
—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

4
5
8
5
-4

6
2
2

N
±5

9
8
.4

6
A

4

—
—

—
—

—
—

—
2
0
0
3

N
o
v

1
5

4
6
1
7
-4

6
5
4

N
±6

8
8
.4

6
B

—

—
—

—
—

—
—

—
—

—
N

∼<
5
2
9

4
.8

6
B

—



295

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
—

—
N

±8
8

1
5
.0

B
—

—
—

—
—

—
—

—
2
0
0
4

N
o
v

2
4
9
7
0
-5

0
0
7

N
±1

6
8

1
5
.0

A
—

—
—

—
—

—
—

—
—

—
N

±4
3

4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
5

M
a
r

1
7

5
1
0
5
-5

1
4
2

N
∼<

3
1
7

4
.8

6
B

—

—
—

—
—

—
—

—
—

—
N

±6
0

8
.4

6
B

—

1
9
9
1
R

A
n
o
n
.

I5
2
3
7

Ib
c

I5
2
3
7

1
5
2
o

1
9
9
1

M
a
r

2
†

1
9
9
2

O
ct

1
6

∼
5
9
3

N
±5

9
4
.8

6
A

—

1
9
9
1
a
r

IC
4
9

I5
3
3
4

Ib
∗

I5
3
4
6

5
9

1
9
9
1

A
u
g

3
†

1
9
9
1

S
ep

2
6

∼
5
4

N
±2

1
4
.8

6
A

—

—
—

—
—

—
—

—
—

—
N

±1
6

8
.4

6
A

—

—
—

—
—

—
—

—
1
9
9
1

O
ct

6
∼

6
4

N
±8

9
8
.4

6
A

—

—
—

—
—

—
—

—
1
9
9
1

O
ct

2
1

∼
7
9

N
±8

0
8
.4

6
A

—

—
—

—
—

—
—

—
1
9
9
2

M
a
r

4
∼

2
1
3

N
±3

0
4
.8

6
C

—

—
—

—
—

—
—

—
—

—
N

±2
0

8
.4

6
C

—

—
—

—
—

—
—

—
1
9
9
2

O
ct

1
0

∼
4
3
3

N
±6

9
4
.8

6
A

—

—
—

—
—

—
—

—
—

—
N

±4
5

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
4
4
5
8

N
±3

0
8
.4

6
A

4

1
9
9
4
I

N
G

C
5
1
9
4

I5
9
6
1

II
/
II

b
/
Ia

/
Ib

c∗
∗

I5
9
6
2

7
.9

p
1
9
9
4

M
a
r

2
9
-3

1
q

1
9
9
4

A
p
r

3
3
-5

Y
5
5
0
±

7
0

8
.4

6
A

6

1
9
9
4
a
i

N
G

C
9
0
8

I6
1
2
0

Ic
I6

1
2
0

1
8
n

1
9
9
4

D
ec

8
-1

6
1
9
9
5

J
a
n

9
2
4
-3

2
N

∼<
2
0
5

8
.4

6
C

—

—
—

—
—

—
—

—
—

—
N

∼<
4
6
1

4
.8

6
C

—

—
—

—
—

—
—

—
—

—
N

±1
3
1

1
5
.0

C
—



296

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
1
9
9
6

J
u
n

2
3

5
5
4
-5

6
2

N
±5

3
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

3
2
2
7
-3

2
3
5

N
±4

0
8
.4

6
A

4

1
9
9
6
D

N
G

C
1
6
1
4

I6
3
1
7

Ic
∗

I6
3
1
7

6
3

1
9
9
6

J
a
n

2
8
†

1
9
9
8

S
ep

1
7

∼
5
9
7

N
∼<

2
8
9

4
.8

6
B

—

—
—

—
—

—
—

—
2
0
0
3

J
u
l
9

∼
2
7
1
7

N
±3

9
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
5

∼
2
8
1
7

N
±1

5
3

8
.4

6
A

4

1
9
9
6
N

N
G

C
1
3
9
8

I6
3
5
1

Ib
c/

Ib
∗∗

I6
3
5
1

1
5

1
9
9
6

F
eb

1
6
-M

a
r

1
3

1
9
9
6

A
p
r

2
2
0
-4

5
Y

1
5
0
±

3
0

8
.4

6
C

7

1
9
9
6
a
q

N
G

C
5
5
8
4

I6
4
5
4

Ic
I6

4
5
4

2
9

1
9
9
6

J
u
l
3
0
†

1
9
9
6

O
ct

6
∼

6
8

Y
3
2
9
±

2
6

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
2
6
3
4

N
±3

2
8
.4

6
A

4

1
9
9
7
B

IC
4
3
8

I6
5
3
5

Ic
∗

I6
5
3
5

4
1

1
9
9
6

D
ec

1
4
†

2
0
0
3

O
ct

1
5

∼
2
4
9
7

N
±3

3
8
.4

6
A

4

1
9
9
7
C

N
G

C
3
1
6
0

I6
5
3
6

Ic
I6

5
3
6

1
0
1

1
9
9
6

D
ec

1
8
-2

3
2
0
0
3

O
ct

1
7

2
4
9
0
-2

4
9
5

N
±3

7
8
.4

6
A

4

1
9
9
7
X

N
G

C
4
6
9
1

I6
5
5
2

Ic
/
Ib

c∗
∗

I6
5
5
2

1
6
k

1
9
9
7

J
a
n

1
6
-F

eb
2

1
9
9
7

F
eb

6
4
-2

1
Y

1
1
1
7
±

4
7

8
.4

6
D

n
A

—

1
9
9
7
d
c

N
G

C
7
6
7
8

I6
7
1
5

Ib
/
Ic

∗∗
I6

7
1
7

4
5

1
9
9
7

J
u
l
2
1
†

2
0
0
3

O
ct

1
7

∼
2
2
8
0

N
±3

6
8
.4

6
A

4

1
9
9
7
d
q

N
G

C
3
8
1
0

I6
7
7
0

Ib
/
Ic

-B
L
∗∗

I6
7
7
0

1
8

1
9
9
7

O
ct

1
6
†

1
9
9
8

F
eb

1
0

∼
1
1
7

N
±2

4
8
.4

6
D

—

—
—

—
—

—
—

—
1
9
9
8

J
u
n

1
0

∼
2
3
7

N
±4

2
8
.4

6
B

n
A

—

—
—

—
—

—
—

—
2
0
0
0

O
ct

1
7

∼
1
0
9
6

N
±8

1
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
2

J
u
n

2
6

∼
1
7
1
3

N
±8

0
1
.4

3
B

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
2
1
9
3

N
±3

0
8
.4

6
A

4

1
9
9
7
ef

U
G

C
4
1
0
7

I6
7
7
8

Ib
/
Ic

/
Ic

-B
L
∗∗

I6
7
8
6

4
9

1
9
9
7

N
o
v

2
0
r

2
0
0
0

D
ec

4
∼

1
1
0
9

N
±3

0
8
.4

6
A

—

—
—

—
—

—
—

—
—

—
N

±4
0

4
.8

6
A

—



297

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
2
1
5
8

N
±3

3
8
.4

6
A

4

1
9
9
7
ei

N
G

C
3
9
6
3

I6
7
9
5

Ia
/
Ic

∗∗
I6

7
9
6

4
7

1
9
9
7

D
ec

5
-2

3
1
9
9
8

J
a
n

1
6

2
4
-4

2
N

±2
8

8
.4

6
D

—

—
—

—
—

—
—

—
1
9
9
8

F
eb

1
1

5
0
-6

8
N

∼<
1
4
9

8
.4

6
D

—

—
—

—
—

—
—

—
1
9
9
8

J
u
n

1
0

1
6
9
-1

8
7

N
±3

8
8
.4

6
B

n
A

—

1
9
9
8
T

N
G

C
3
6
9
0

I6
8
3
0

Ib
I6

8
3
0

4
6

1
9
9
7

F
eb

8
-M

a
r

3
1
9
9
9

J
a
n

2
1

6
8
9
-7

1
2

N
±1

3
1

8
.4

6
C

—

—
—

—
—

—
—

—
1
9
9
9

O
ct

2
9

9
7
0
-9

9
3

N
±1

0
3

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
0

O
ct

2
5

1
3
3
1
-1

3
5
4

N
±8

7
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
2

A
p
r

2
9

1
8
8
2
-1

9
0
5

N
±1

8
2

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

2
4
2
0
-2

4
4
3

N
±4

8
2

8
.4

6
A

4

1
9
9
8
ey

N
G

C
7
0
8
0

I7
0
6
5

Ic
-B

L
I7

0
6
6

6
7

1
9
9
8

N
o
v

1
-D

ec
5

1
9
9
9

A
p
r

2
5

1
4
1
-1

7
5

N
∼<

8
6

8
.4

6
D

—

—
—

—
—

—
—

—
—

—
N

±6
6

1
5
.0

D
—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

1
7
7
7
-1

8
1
1

N
±3

2
8
.4

6
A

4

1
9
9
9
b
c

U
G

C
4
4
3
3

I7
1
3
3

Ic
I7

1
3
3

9
0

1
9
9
9

J
a
n

3
0
†

2
0
0
3

O
ct

1
5

∼
1
7
1
9

N
±2

5
8
.4

6
A

4

1
9
9
9
b
u

N
G

C
3
7
8
6

I7
1
4
5

Ic
I7

1
4
9

4
2

1
9
9
9

M
a
r

7
-1

3
2
0
0
3

F
eb

2
8

1
4
4
7
-1

4
5
3

N
∼<

5
5
0
0

4
.8

6
D

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

2
0

1
5
5
9
-1

5
6
9

N
±6

6
8
.4

6
A

—

1
9
9
9
b
v

M
C

G
+

1
0
-2

5
-1

4
I7

1
4
8

Ib
c/

II
-I

b
c∗

∗
I7

1
5
0

8
2

1
9
9
9

M
a
r

1
1
†

1
9
9
9

A
p
r

3
∼

2
3

N
±7

1
8
.4

6
D

—

—
—

—
—

—
—

—
1
9
9
9

A
p
r

2
6

∼
4
6

N
±8

6
4
.8

6
D

—

1
9
9
9
cn

M
C

G
+

2
-3

8
-4

3
I7

2
0
2

Ic
I7

2
0
2

1
0
2

1
9
9
9

M
a
y

2
5
†

1
9
9
9

J
u
n

1
7

∼
2
3

N
±1

1
1

8
.4

6
A

—

—
—

—
—

—
—

—
—

—
N

±1
1
4

1
.4

3
A

—



298

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

1
9
9
9
d
i

N
G

C
7
7
6

I7
2
3
4

Ib
I7

2
3
9

6
4

1
9
9
9

J
u
l
6
†

2
0
0
3

O
ct

1
7

∼
1
5
6
4

N
±3

5
8
.4

6
A

4

1
9
9
9
d
n

N
G

C
7
7
1
4

I7
2
4
1

Ia
/
Ic

/
Ib

c/
Ib

∗∗
I7

2
4
4

3
5

1
9
9
9

A
u
g

1
0
-2

0
1
9
9
9

N
o
v

2
7

9
9
-1

0
9

N
±5

3
4
.8

6
B

—

—
—

—
—

—
—

—
2
0
0
1

J
u
l
1
0

6
8
9
-6

9
9

N
±4

0
8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
2

A
p
r

1
2

9
6
5
-9

7
5

N
±5

7
1
.4

3
A

—

—
—

—
—

—
—

—
—

—
N

±8
2

4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

1
5
1
9
-1

5
2
9

N
±4

2
8
.4

6
A

4

—
—

—
—

—
—

—
2
0
0
6

F
eb

4
2
3
5
8
-2

3
6
8

N
±5

0
2
2
.5

A
—

1
9
9
9
ec

N
G

C
2
2
0
7

I7
2
6
8

Ib
I7

2
6
9

3
6

1
9
9
9

A
u
g

2
4
†

2
0
0
3

O
ct

1
7

∼
1
5
1
5

N
±4

5
8
.4

6
A

4

1
9
9
9
eh

N
G

C
2
7
7
0

I7
2
8
2

Ib
I7

2
8
2

2
8

1
9
9
9

J
u
l
2
7
†

2
0
0
0

O
ct

1
7

∼
4
4
7

N
±9

3
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
1
5
4
3

N
±1

9
8
.4

6
A

4

1
9
9
9
ex

IC
5
1
7
9

I7
3
1
0

Ic
/
Ib

c∗
∗

I7
3
1
0

4
7

1
9
9
9

O
ct

2
6
-N

o
v

1
0

1
9
9
9

N
o
v

1
8

8
-2

3
N

±5
3

8
.4

6
B

8

—
—

—
—

—
—

—
—

—
N

±7
1

4
.8

6
B

8

2
0
0
0
C

N
G

C
2
4
1
5

I7
3
4
8

Ic
∗

I7
3
5
2

5
2

1
9
9
9

D
ec

3
0
-2

0
0
0

J
a
n

4
2
0
0
0

F
eb

4
3
1
-3

5
N

∼<
1
8
7

4
.8

6
B

8

—
—

—
—

—
—

—
2
0
0
2

J
u
l
2
7

9
0
4
-9

0
9

N
∼<

1
2
6

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

1
3
8
2
-1

3
8
7

N
±3

5
8
.4

6
A

4

2
0
0
0
F

IC
3
0
2

I7
3
5
3

Ic
I7

3
6
0

7
8

1
9
9
9

D
ec

3
0
-2

0
0
0

J
a
n

1
0

2
0
0
3

O
ct

1
7

1
3
7
6
-1

3
8
7

N
±2

6
8
.4

6
A

4

2
0
0
0
H

IC
4
5
4

I7
3
6
1

Ia
/
Ic

/
II

b
∗∗

I7
3
6
6

5
3

2
0
0
0

J
a
n

2
6
-2

7
2
0
0
0

F
eb

1
9

2
3
-2

4
Y

3
2
3
±

8
1

8
.4

6
C

n
B

—

2
0
0
0
S

M
C

G
-1

-2
7
-2

0
I7

3
8
4

Ic
I7

3
8
4

8
9

1
9
9
9

D
ec

1
9
†

2
0
0
3

O
ct

1
7

∼
1
3
9
8

N
±3

0
8
.4

6
A

4

2
0
0
0
cr

N
G

C
5
3
9
5

I7
4
4
3

II
/
Ic

∗∗
I7

4
4
3

5
4

2
0
0
0

J
u
n

2
1
-2

6
2
0
0
0

J
u
l
3

7
-1

2
N

∼<
4
2
0

8
.4

6
C

n
D

8



299

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
2
0
0
3

J
u
n

2
1

1
0
9
0
-1

0
9
5

N
±5

6
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
4

S
ep

1
8

1
5
4
4
-1

5
4
9

N
±4

8
8
.4

6
A

—

2
0
0
0
d
e

N
G

C
4
3
8
4

I7
4
7
8

Ib
I7

4
8
1

3
8

2
0
0
0

J
u
n

6
-A

u
g

1
1

2
0
0
3

O
ct

1
7

1
1
6
2
-1

2
2
8

Y
6
5
1
±

4
0

8
.4

6
A

4

2
0
0
0
d
s

N
G

C
2
7
6
8

I7
5
0
7

Ib
c

I7
5
1
1

1
9
s

2
0
0
0

M
a
y

2
8
-O

ct
1
0

2
0
0
0

O
ct

2
9

1
9
-1

5
4

N
±1

0
4

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
1

F
eb

1
9

1
3
2
-2

6
7

N
±3

0
8
.4

6
B

n
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

1
1
0
3
-1

2
3
8

N
±3

4
8
.4

6
A

4

—
—

—
—

—
—

—
2
0
0
4

S
ep

6
1
4
2
6
-1

5
6
1

N
±8

5
8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
6

J
a
n

3
1
9
1
0
-2

0
4
5

N
±2

3
8
.4

6
A

—

2
0
0
0
d
t

U
G

C
3
4
1
1

I7
5
0
8

Ib
I7

5
1
1

9
5

2
0
0
0

S
ep

2
1
-O

ct
1
3

2
0
0
0

O
ct

2
9

1
6
-3

8
N

±6
6

8
.4

6
A

—

2
0
0
0
d
v

U
G

C
4
6
7
1

I7
5
1
0

Ib
I7

5
1
1

5
8

2
0
0
0

J
u
l
5
†

2
0
0
0

O
ct

2
9

∼
1
1
6

Y
1
0
3
2
±

8
9

8
.4

6
A

—

2
0
0
0
ew

N
G

C
3
8
1
0

I7
5
3
0

Ia
/
Ic

∗∗
I7

5
3
2

1
8

2
0
0
0

N
o
v

1
4
t

2
0
0
2

J
u
n

2
6

∼
5
8
9

N
±6

7
1
.4

3
B

8

2
0
0
0
fn

N
G

C
2
5
2
6

I7
5
4
6

Ib
I7

5
4
7

6
5

2
0
0
0

O
ct

3
1
†

2
0
0
0

D
ec

2
9

∼
5
9

N
±4

5
8
.4

6
A

8

2
0
0
1
B

IC
3
9
1

I7
5
5
5

Ia
/
Ib

∗∗
I7

5
6
3

2
0

2
0
0
0

D
ec

2
5
-2

0
0
1

J
a
n

4
2
0
0
1

F
eb

4
3
1
-4

1
Y

3
5
0
0
±

2
9

8
.4

6
B

n
A

8

2
0
0
1
M

N
G

C
3
2
4
0

I7
5
6
8

Ic
∗

I7
5
7
6

5
3

2
0
0
1

J
a
n

3
-2

1
2
0
0
1

F
eb

4
1
4
-3

2
N

±2
8

8
.4

6
B

n
A

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

9
9
9
-1

0
1
7

N
±5

4
8
.4

6
A

4

2
0
0
1
a
i

N
G

C
5
2
7
8

I7
6
0
5

Ic
∗

I7
6
0
5

1
1
1

2
0
0
1

M
a
r

1
9
-2

8
2
0
0
1

M
a
r

3
1

3
-1

2
N

∼<
1
7
2

8
.4

6
B

8

—
—

—
—

—
—

—
—

—
N

∼<
1
9
6

4
.8

6
B

8

—
—

—
—

—
—

—
—

—
N

∼<
1
9
6

1
.4

3
B

8

2
0
0
1
b
b

IC
4
3
1
9

I7
6
1
4

Ia
/
Ic

∗∗
I7

6
1
6

6
7

2
0
0
1

A
p
r

1
5
-2

9
2
0
0
1

M
a
y

5
6
-2

0
N

±5
0

8
.4

6
B

8



300

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
—

—
N

±6
0

4
.8

6
B

8

—
—

—
—

—
—

—
—

—
N

±1
2
0

1
.4

3
B

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

9
0
1
-9

1
5

N
±3

5
8
.4

6
A

4

2
0
0
1
ch

M
C

G
-1

-5
4
-1

6
I7

6
3
7

Ic
I7

6
3
7

4
0

2
0
0
1

M
a
r

2
4
†

2
0
0
3

O
ct

1
7

∼
9
3
7

N
±3

2
8
.4

6
A

4

2
0
0
1
ci

N
G

C
3
0
7
9

I7
6
1
8

Ic
I7

6
3
8

1
7

2
0
0
1

A
p
r

1
7
-2

5
2
0
0
1

J
u
n

6
4
2
-5

0
N

∼<
9
0
0

8
.4

6
B

n
A

8

—
—

—
—

—
—

—
2
0
0
1

D
ec

1
7

2
4
4
-2

5
2

N
∼<

4
4
8

2
2
.5

D
—

—
—

—
—

—
—

—
2
0
0
3

M
a
y

1
7

7
5
2
-7

6
0

N
∼<

2
6
6
8

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
3

S
ep

1
3

8
7
1
-8

7
9

N
±1

6
3

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

9
0
5
-9

1
3

N
±1

8
8

8
.4

6
A

4

2
0
0
1
ej

U
G

C
3
8
2
9

I7
7
1
9

Ib
c/

Ic
/
Ib

∗∗
I7

7
2
1

5
5

2
0
0
1

A
u
g

3
1
†

2
0
0
1

S
ep

2
7

∼
2
7

N
∼<

1
5
4
0

8
.4

6
C

n
D

8

—
—

—
—

—
—

—
2
0
0
2

J
u
n

1
6

∼
2
8
9

N
±8

5
1
.4

3
B

8

—
—

—
—

—
—

—
2
0
0
3

J
u
l
2
0

∼
6
8
8

N
±7

4
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
5

∼
7
7
5

N
±3

6
8
.4

6
A

4

2
0
0
1
em

U
G

C
1
1
7
9
4

I7
7
2
2

Ib
c/

II
n
∗∗

I7
7
3
7

8
1

2
0
0
1

S
ep

5
-1

5
2
0
0
3

O
ct

1
7

7
6
2
-7

7
2

Y
1
1
5
1
±

5
1

8
.4

6
A

9

2
0
0
1
g
l

A
n
o
n
.

I7
7
6
3

Ib
c

I7
7
6
3

1
9
0
7

2
0
0
1

M
a
r

2
8
-A

p
r

2
0

2
0
0
2

J
u
n

2
6

4
0
1
-4

2
4

N
±1

7
6

1
.4

3
B

—

2
0
0
1
ig

N
G

C
7
4
2
4

I7
7
7
2

II
b
/
Ib

c∗
∗

I7
7
8
2

1
1

2
0
0
1

D
ec

4
u

2
0
0
1

D
ec

1
5

∼
1
1

Y
2
1
0
0
±

3
0
0

8
.6

4
—

1
0

2
0
0
1
is

N
G

C
1
9
6
1

I7
7
8
2

Ib
I7

7
8
7

5
4

2
0
0
1

D
ec

1
4
-2

3
2
0
0
2

J
u
n

1
6

1
7
5
-1

8
4

N
∼<

2
1
0

1
.4

3
B

8

—
—

—
—

—
—

—
2
0
0
3

J
u
l
2
0

5
7
4
-5

8
3

N
±6

8
4
.8

6
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
5

6
6
1
-6

7
0

N
±3

1
8
.4

6
A

4



301

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
2
J

N
G

C
3
4
6
4

I7
8
0
0

Ic
I7

8
0
8

5
7

2
0
0
2

J
a
n

1
5
-2

1
2
0
0
2

J
u
n

1
5

1
4
5
-1

5
1

N
±2

5
1

1
.4

3
B

—

—
—

—
—

—
—

—
2
0
0
2

J
u
n

1
8

1
4
8
-1

5
4

N
±8

5
1
.4

3
B

8

—
—

—
—

—
—

—
2
0
0
2

N
o
v

2
2

3
0
5
-3

1
1

N
±7

4
8
.4

6
C

8

—
—

—
—

—
—

—
2
0
0
2

N
o
v

2
6

3
0
9
-3

1
5

N
±4

9
8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

6
3
5
-6

4
1

N
±2

3
8
.4

6
A

4

2
0
0
2
a
p

N
G

C
6
2
8

I7
8
1
0

Ib
c/

Ic
-B

L
∗∗

I7
8
1
1

6
.7

v
2
0
0
2

J
a
n

2
5
-2

9
2
0
0
2

F
eb

1
3
-7

Y
3
7
4
±

2
9

8
.4

6
A

1
1

2
0
0
2
b
l

U
G

C
5
4
9
9

I7
8
4
5

Ic
-B

L
I7

8
4
5

7
0

2
0
0
2

F
eb

1
4
-M

a
r

3
2
0
0
2

M
a
r

8
5
-2

2
N

±5
0

8
.4

6
A

8

—
—

—
—

—
—

—
—

—
N

±4
5

4
.8

6
A

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

5
9
3
-6

1
0

N
±3

9
8
.4

6
A

4

2
0
0
2
b
m

M
C

G
-0

1
-3

2
-1

9
I7

8
4
5

Ic
I7

8
4
8

8
4

2
0
0
2

J
a
n

1
6
-M

a
r

6
2
0
0
2

J
u
n

2
6

1
1
2
-1

6
1

N
±6

6
1
.4

3
B

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

5
9
0
-6

3
9

N
±3

9
8
.4

6
A

4

2
0
0
2
cg

U
G

C
1
0
4
1
5

I7
8
7
7

Ic
I7

8
8
1

1
4
2

2
0
0
2

F
eb

2
3
†

2
0
0
2

J
u
n

2
6

∼
1
2
3

N
∼<

7
4
0

1
.4

3
B

8

2
0
0
2
cj

E
S
O

5
8
2
-G

5
I7

8
8
2

Ic
∗

I7
8
9
4

1
0
3

2
0
0
2

A
p
r

1
0
-A

p
r

2
2

2
0
0
2

J
u
n

3
4
2
-5

4
Y

1
2
1
±

3
3

8
.4

6
B

8

2
0
0
2
cp

N
G

C
3
0
7
4

I7
8
8
7

Ib
c∗

∗
I7

8
9
4

7
5

2
0
0
2

A
p
r

1
1
-2

8
2
0
0
2

J
u
n

2
3
5
-5

2
N

±3
1

8
.4

6
B

n
A

8

—
—

—
—

—
—

—
—

—
N

±3
5

4
.8

6
B

n
A

8

—
—

—
—

—
—

—
—

—
N

±3
6

1
.4

3
B

n
A

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

5
3
7
-5

5
4

N
±2

9
8
.4

6
A

4

2
0
0
2
d
n

IC
5
1
4
5

I7
9
2
2

Ic
I7

9
2
2

1
0
3

2
0
0
2

J
u
n

1
-1

6
2
0
0
2

J
u
l
4

1
8
-3

3
N

±3
9

8
.4

6
B

8

—
—

—
—

—
—

—
—

—
N

±4
3

4
.8

6
B

8



302

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
—

—
N

±7
2

1
.4

3
B

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

2
1

4
9
2
-5

0
7

N
±3

7
8
.4

6
B

2
0
0
2
d
g

A
n
o
n
.

I7
9
1
5

Ib
I7

9
2
2

1
9
7

2
0
0
2

M
a
y

5
-
M

a
y

3
1

2
0
0
2

J
u
l
1
0

4
0
-6

6
Y

9
2
±

3
7

4
.8

6
B

8

2
0
0
2
g
e

N
G

C
7
4
0
0

I7
9
8
7

Ia
/
Ic

∗∗
I7

9
9
0

4
1

2
0
0
2

S
ep

2
1
†

2
0
0
2

O
ct

1
2

∼
2
1

N
∼<

1
6
0
0

8
.4

6
C

8

—
—

—
—

—
—

—
—

—
N

∼<
3
9
0

4
.8

6
C

8

2
0
0
2
g
y

U
G

C
2
7
0
1

I7
9
9
6

Ib
c

I7
9
9
9

9
8

2
0
0
2

O
ct

9
-1

6
2
0
0
2

O
ct

2
8

1
2
-1

9
N

±3
6

8
.4

6
C

8

—
—

—
—

—
—

—
—

—
N

±3
9

4
.8

6
C

8

2
0
0
2
h
f

M
C

G
-0

5
-3

-2
0

I8
0
0
4

Ic
I8

0
0
7

7
5

2
0
0
2

O
ct

2
-2

9
2
0
0
2

N
o
v

7
9
-3

6
N

±4
0

8
.4

6
C

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

3
5
3
-3

8
0

N
±4

8
8
.4

6
A

4

2
0
0
2
h
n

N
G

C
2
5
3
2

I8
0
0
9

Ic
I8

0
0
9

7
4

2
0
0
2

O
ct

2
2
-3

1
2
0
0
2

N
o
v

7
7
-1

6
N

±4
4

8
.4

6
C

8

—
—

—
—

—
—

—
2
0
0
2

N
o
v

1
0

1
0
-1

9
N

±1
1
4

8
.4

6
C

—

2
0
0
2
h
o

N
G

C
4
2
1
0

I8
0
1
1

Ic
I8

0
1
4

4
0

2
0
0
2

S
ep

2
8
†

2
0
0
2

N
o
v

1
5

∼
4
8

N
±4

7
8
.4

6
C

8

—
—

—
—

—
—

—
—

—
N

±5
4

4
.8

6
C

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
3
8
4

N
±3

5
8
.4

6
A

4

2
0
0
2
h
y

N
G

C
3
4
6
4

I8
0
1
6

Ib
I8

0
1
9

5
7

2
0
0
2

O
ct

1
3
-N

o
v

1
2

2
0
0
2

N
o
v

2
2

1
0
-4

0
N

±7
4

8
.4

6
C

8

—
—

—
—

—
—

—
2
0
0
2

N
o
v

2
6

1
4
-4

4
N

±4
9

8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

3
3
9
-3

6
9

N
±2

3
8
.4

6
A

4

2
0
0
2
h
z

U
G

C
1
2
0
4
4

I8
0
1
7

Ib
I8

0
5
1

7
5

2
0
0
2

N
o
v

2
-1

2
2
0
0
3

J
a
n

2
1

7
0
-8

0
N

±2
9

8
.4

6
D

n
C

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

3
3
9
-3

4
9

N
±2

9
8
.4

6
A

4



303

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
2
ji

N
G

C
3
6
5
5

I8
0
2
5

Ic
/
Ib

c∗
∗

I8
0
2
6

2
5

2
0
0
2

O
ct

1
1
†

2
0
0
2

D
ec

6
∼

5
6

N
±4

3
8
.4

6
C

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
3
7
1

N
±1

8
8
.4

6
A

4

2
0
0
2
jj

IC
3
4
0

I8
0
2
6

Ic
I8

0
3
1

5
4

2
0
0
2

O
ct

1
-2

4
2
0
0
2

D
ec

1
5

5
2
-7

5
N

±3
3

8
.4

6
C

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
5

3
5
6
-3

7
9

N
±3

0
8
.4

6
A

4

2
0
0
2
jp

N
G

C
3
3
1
3

I8
0
3
1

Ic
I8

0
3
1

5
6

2
0
0
2

N
o
v

7
†

2
0
0
2

D
ec

1
5

∼
3
8

N
±3

8
8
.4

6
C

8

—
—

—
—

—
—

—
2
0
0
3

O
ct

1
7

∼
3
4
4

N
±3

7
8
.4

6
A

4

2
0
0
2
jz

U
G

C
2
9
8
4

I8
0
3
7

Ic
/
II

b
∗∗

I8
0
3
7

1
6

2
0
0
2

N
o
v

2
6
†

2
0
0
3

J
a
n

3
∼

3
8

N
∼<

7
5

8
.4

6
C

8

2
0
0
3
A

U
G

C
5
9
0
4

I8
0
4
1

Ib
c

I8
0
4
2

9
5

2
0
0
2

N
o
v

2
3
-2

0
0
3

J
a
n

5
2
0
0
3

J
a
n

8
3
-4

6
N

∼<
1
4
0

8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

1
5

1
6
1
-2

0
4

N
±6

9
8
.4

6
A

4

2
0
0
3
H

N
G

C
2
2
0
7

I8
0
4
5

Ib
/
Ib

c∗
∗

I8
0
4
7

3
6

2
0
0
3

J
a
n

3
-5

2
0
0
3

J
a
n

1
4

9
-1

1
N

∼<
4
3
8

8
.4

6
D

n
C

—

2
0
0
3
I

IC
2
4
8
1

I8
0
4
6

Ib
I8

0
4
9

7
8

2
0
0
2

D
ec

1
4
†

2
0
0
3

J
a
n

1
9

∼
3
6

Y
1
7
1
±

2
1

8
.4

6
D

n
C

—

2
0
0
3
L

N
G

C
3
5
0
6

I8
0
4
8

Ic
/
Ib

c∗
∗

I8
0
5
7

9
6

2
0
0
2

N
o
v

1
5
-J

a
n

7
2
0
0
3

J
a
n

2
6

1
9
-7

2
Y

7
4
3
±

3
9

8
.4

6
D

n
C

1
2

2
0
0
3
b
g

M
C

G
-0

5
-1

0
-1

5
I8

0
9
2

Ic
-B

L
/
II

/
Ib

c∗
∗

I8
0
8
4

1
5

2
0
0
2

N
o
v

7
-2

0
0
3

F
eb

2
6

2
0
0
3

M
a
r

4
6
-1

1
7

Y
2
5
1
0
±

7
0

8
.4

6
D

1
3

2
0
0
3
b
m

U
G

C
4
2
2
6

I8
0
8
6

Ib
c

I8
0
9
1

1
1
2

2
0
0
3

F
eb

2
0
-M

a
r

3
2
0
0
3

M
a
r

1
4

1
1
-2

2
N

±5
8

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

1
5

1
0
4
-1

1
5

N
±5

7
8
.4

6
A

4

2
0
0
3
b
p

N
G

C
2
5
9
6

I8
0
8
9

Ib
/
Ib

c∗
∗

I8
0
9
1

8
5

2
0
0
3

F
eb

1
9
-2

8
2
0
0
3

M
a
r

1
4

1
4
-2

3
N

∼<
2
5
4

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

1
5

1
0
7
-1

1
6

N
±6

6
8
.4

6
A

—

2
0
0
3
b
u

N
G

C
5
3
9
3

I8
0
9
2

Ic
I8

0
9
8

9
2

2
0
0
3

F
eb

1
1
-M

a
r

1
2

2
0
0
3

M
a
r

2
7

1
5
-4

4
N

∼<
3
9
2

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

1
5

8
0
-1

2
4

N
±7

1
8
.4

6
A

4



304

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
3
cr

U
G

C
9
6
3
9

I8
1
0
3

Ic
I8

1
1
1

1
6
0

2
0
0
3

F
eb

2
4
-M

a
r

3
1

2
0
0
3

J
u
n

1
5

7
6
-1

1
1

N
±6

7
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
2
1
6
-2

5
1

N
±5

9
8
.4

6
B

4

2
0
0
3
d
g

U
G

C
6
9
3
4

I8
1
1
3

Ib
c

I8
1
5
9

8
4

2
0
0
3

M
a
r

2
4
-A

p
r

8
2
0
0
3

J
u
l
1

8
4
-9

9
N

±5
7

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
2
0
8
-2

2
3

N
±9

0
8
.4

6
B

4

2
0
0
3
d
r

N
G

C
5
7
1
4

I8
1
1
7

Ib
c

I8
1
5
9

3
6

2
0
0
3

A
p
r

8
-1

2
2
0
0
3

J
u
l
1

8
0
-8

4
N

±4
6

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
2
0
4
-2

0
8

N
±5

8
8
.4

6
B

4

2
0
0
3
d
s

M
C

G
+

0
8
-1

9
-1

7
I8

1
2
0

Ic
I8

1
5
8

1
3
1

2
0
0
3

M
a
r

2
5
-A

p
r

1
4

2
0
0
3

J
u
l
1

7
8
-9

8
N

±4
9

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
2
0
2
-2

2
2

N
±6

7
8
.4

6
B

4

2
0
0
3
el

N
G

C
5
0
0
0

I8
1
3
5

Ic
I8

1
3
6

8
5

2
0
0
3

A
p
r

1
9
-M

a
y

2
2

2
0
0
3

M
a
y

2
8

6
-3

9
N

±6
0

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

1
0

1
9
-5

2
N

±2
2

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

1
5

2
4
-5

7
N

±7
0

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
1
6
4
-1

9
7

N
±6

5
8
.4

6
B

4

2
0
0
3
ev

A
n
o
n
.

I8
1
4
0

Ic
-B

L
/
Ic

∗∗
I8

1
4
2

1
0
3

2
0
0
3

A
p
r

9
-J

u
n

1
2
0
0
3

J
u
n

1
0

9
-6

2
N

±5
7

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

J
u
n

1
5

1
4
-6

7
N

±5
6

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
1
5
4
-2

0
7

N
±6

1
8
.4

6
B

4

2
0
0
3
g
f

M
C

G
-0

4
-5

2
-2

6
I8

1
5
6

Ic
I8

1
5
7

3
5

2
0
0
3

M
a
y

1
5
†

2
0
0
3

J
u
l
1

∼
4
7

N
±5

0
8
.4

6
A

—

2
0
0
3
g
k

N
G

C
7
4
6
0

I8
1
6
2

Ib
∗

I8
1
6
4

4
1

2
0
0
3

M
a
y

2
2
†

2
0
0
3

J
u
l
1
4

∼
5
3

N
±6

6
8
.4

6
A

—

2
0
0
3
h
p

U
G

C
1
0
9
4
2

I8
0
8
8

Ic
-B

L
I8

2
1
1

9
4

2
0
0
3

A
u
g

1
7
-2

5
2
0
0
3

O
ct

7
4
3
-5

1
N

±7
4

8
.4

6
B

n
A

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
6
9
-7

7
N

±6
6

8
.4

6
B

—



305

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
3
id

N
G

C
8
9
5

I8
2
0
1

Ic
∗

I8
2
0
3

2
6

2
0
0
3

S
ep

8
-1

7
2
0
0
3

S
ep

2
3

6
-1

5
N

±8
9

8
.4

6
B

n
A

—

—
—

—
—

—
—

—
2
0
0
3

O
ct

2
1

3
4
-4

3
N

±4
2

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
3

D
ec

4
7
8
-8

7
N

±3
6

8
.4

6
B

—

2
0
0
3
ig

U
G

C
2
9
7
1

I8
2
0
7

Ic
I8

2
1
1

7
9

2
0
0
3

S
ep

1
2
-2

3
2
0
0
3

O
ct

7
1
4
-2

5
N

±4
3

8
.4

6
B

n
A

—

2
0
0
3
ih

U
G

C
2
8
3
6

I8
2
0
7

Ib
c

I8
2
4
6

6
6

2
0
0
3

S
ep

8
-1

5
2
0
0
3

D
ec

4
8
0
-8

7
N

±3
8

8
.4

6
B

—

2
0
0
3
is

M
C

G
+

0
7
-4

0
-0

3
I8

2
2
4

Ic
I8

2
2
5

7
9

2
0
0
3

O
ct

4
-1

4
2
0
0
3

O
ct

1
8

4
-1

4
N

±2
7

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
3

N
o
v

2
1
9
-2

9
N

±7
3

8
.4

6
B

—

2
0
0
3
jd

M
C

G
-0

1
-5

9
-2

1
I8

2
3
2

Ic
-B

L
∗

I8
2
3
4

7
7

2
0
0
3

O
ct

1
6
-2

5
2
0
0
3

O
ct

2
9

4
-1

3
N

±3
4

8
.4

6
B

4

—
—

—
—

—
—

—
—

—
N

±5
2

4
.8

6
B

4

—
—

—
—

—
—

—
—

—
N

±5
8

2
2
.5

B
4

—
—

—
—

—
—

—
2
0
0
3

N
o
v

4
1
0
-1

9
N

±7
7

8
.4

6
B

4

—
—

—
—

—
—

—
2
0
0
3

N
o
v

1
5

2
1
-3

0
N

±7
4

8
.4

6
B

4

—
—

—
—

—
—

—
2
0
0
5

M
a
y

1
2

5
6
4
-5

7
3

N
±1

5
8
.4

6
B

4

2
0
0
3
jg

N
G

C
2
9
9
7

I8
2
3
5

Ib
c

I8
2
4
1

1
7

2
0
0
3

S
ep

2
7
-O

ct
6

2
0
0
3

N
o
v

2
6

3
1
-4

0
N

±7
0

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
3

D
ec

7
6
2
-7

1
N

±4
8

8
.4

6
B

—

2
0
0
3
k
b

U
G

C
3
4
3
2

I8
2
4
1

Ia
/
Ic

∗∗
I8

2
4
2

6
9

2
0
0
3

N
o
v

5
-1

9
2
0
0
3

N
o
v

2
6

7
-2

1
N

±3
2

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
3

D
ec

7
1
8
-3

2
N

±4
4

8
.4

6
B

—

2
0
0
4
C

N
G

C
3
6
8
3

I8
2
6
9

Ic
I8

2
6
9

2
6

2
0
0
3

D
ec

5
†

2
0
0
4

J
a
n

2
4

∼
5
0

Y
1
6
3
3
±

5
4

8
.4

6
C

n
B

—

2
0
0
4
a
o

U
G

C
1
0
8
6
2

I8
2
9
9

Ib
∗

I8
3
0
4

2
9

2
0
0
4

F
eb

1
5
†

2
0
0
4

M
a
r

2
0

∼
3
3

N
±3

2
8
.4

6
C

—



306

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
4
a
w

N
G

C
3
9
9
7

I8
3
1
0

Ia
/
Ic

-B
L
/
Ib

c/
Ic

∗∗
I8

3
1
2

7
2

2
0
0
4

M
a
r

1
3
-2

0
2
0
0
4

M
a
r

2
3

3
-1

0
N

±3
7

8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
4

N
o
v

1
4

2
3
9
-2

4
6

N
±2

7
8

4
.8

6
A

—

2
0
0
4
a
x

N
G

C
5
9
3
9

I8
3
1
1

Ib
c

I8
3
3
1

9
7

2
0
0
4

M
a
r

7
-2

1
2
0
0
4

A
p
r

2
7

3
7
-5

1
N

∼<
1
7
6

8
.4

6
C

—

2
0
0
4
b
f

U
G

C
8
7
3
9

I8
3
1
7

Ic
I8

3
2
4

7
7

2
0
0
4

M
a
r

2
3
-A

p
r

7
2
0
0
4

A
p
r

1
5

8
-2

3
N

∼<
2
4
4

8
.4

6
C

—

2
0
0
4
b
i

U
G

C
5
8
9
4

I8
3
2
1

Ic
/
II

b
∗∗

I8
3
2
4

9
7

2
0
0
4

M
a
r

1
5
-A

p
r

1
3

2
0
0
4

A
p
r

1
9

6
-3

5
N

±3
3

8
.4

6
C

—

2
0
0
4
b
m

N
G

C
3
4
3
7

I8
3
3
5

Ic
I8

3
3
9

2
1

2
0
0
4

M
a
r

1
5
-A

p
r

2
5

2
0
0
4

M
a
y

2
1

2
6
-6

7
N

∼<
1
9
0
0

8
.4

6
D

n
C

—

—
—

—
—

—
—

—
2
0
0
4

J
u
n

3
3
9
-8

0
N

±8
9

2
2
.5

D
n
C

—

2
0
0
4
b
s

N
G

C
3
3
2
3

I8
3
4
1

Ib
I8

3
4
4

7
7

2
0
0
4

A
p
r

2
5
-M

a
y

1
0

2
0
0
4

M
a
y

2
9

1
9
-3

4
N

±7
5

2
2
.5

D
n
C

—

2
0
0
4
b
u

U
G

C
1
0
0
8
9

I8
3
4
3

Ic
-B

L
∗

I8
3
4
5

8
4

2
0
0
4

M
a
y

1
4
w

2
0
0
4

M
a
y

2
9

∼
1
5

N
±2

9
8
.4

6
D

n
C

—

2
0
0
4
cc

N
G

C
4
5
6
8

I8
3
5
0

Ic
I8

3
5
3

1
6
k

2
0
0
4

M
a
y

2
3
-J

u
n

1
0

2
0
0
4

J
u
n

1
7

7
-2

5
Y

7
3
5
0
±

1
8
0

2
2
.5

D
—

2
0
0
4
d
c

IC
1
5
0
4

I8
3
7
2

Ic
I8

3
7
2

8
5

2
0
0
4

M
a
y

3
0
†

2
0
0
4

J
u
l
1
5

∼
4
6

N
∼<

4
0
3

8
.4

6
D

—

—
—

—
—

—
—

—
—

—
N

±1
1
1

2
2
.5

D
—

—
—

—
—

—
—

—
2
0
0
4

A
u
g

7
∼

6
9

N
∼<

3
8
2

8
.4

6
D

—

2
0
0
4
d
k

N
G

C
6
1
1
8

I8
3
7
7

Ic
/
Ib

∗∗
I8

3
7
9

2
8

2
0
0
4

J
u
l
2
9
-3

0
2
0
0
4

A
u
g

7
8
-9

Y
1
3
0
4
±

4
8

8
.4

6
D

—

2
0
0
4
d
n

U
G

C
2
0
6
9

I8
3
8
1

Ic
I8

3
8
1

4
8

2
0
0
4

J
u
l
1
8
†

2
0
0
4

A
u
g

8
∼

2
1

N
±2

5
8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
4

A
u
g

1
6

∼
2
9

N
±4

6
8
.4

6
D

—

2
0
0
4
d
x

M
C

G
+

0
7
-3

7
-3

6
I8

3
9
2

Ib
c

I8
4
2
0

1
3
3

2
0
0
4

J
u
n

2
7
-A

u
g

2
0

2
0
0
4

O
ct

2
8

6
9
-1

2
3

N
±2

9
8
.4

6
A

—

2
0
0
4
eh

U
G

C
1
8
9
2

I8
4
0
1

Ib
I8

4
2
0

1
3
8

2
0
0
4

A
u
g

2
8
†

2
0
0
4

O
ct

2
8

∼
6
1

N
±2

4
8
.4

6
A

—

2
0
0
4
eu

M
C

G
+

0
7
-5

-3
9

I8
4
1
7

Ic
∗

I8
4
1
8

8
8

2
0
0
4

S
ep

1
5
-O

ct
6

2
0
0
4

O
ct

1
8

1
2
-3

3
N

±3
7

8
.4

6
A

—



307

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
4
fe

N
G

C
1
3
2

I8
4
2
5

Ic
∗

I8
4
2
6

7
1

2
0
0
4

O
ct

2
2
-3

0
2
0
0
4

N
o
v

4
5
-1

3
N

±3
5

8
.4

6
A

—

2
0
0
4
ff

E
S
O

5
5
2
-G

4
0

I8
4
2
5

Ic
I8

4
2
8

9
3

2
0
0
4

O
ct

2
1
-3

0
2
0
0
4

N
o
v

4
5
-1

4
N

±4
0

8
.4

6
A

—

2
0
0
4
g
e

U
G

C
3
5
5
5

I8
4
4
3

Ic
I8

4
5
3

6
6

2
0
0
4

N
o
v

1
4
-1

7
2
0
0
4

D
ec

1
6

2
9
-3

2
N

±4
2

8
.4

6
A

—

2
0
0
4
g
k

IC
3
3
1
1

I8
4
4
6

Ic
I8

4
4
6

1
6
k

2
0
0
4

N
o
v

7
†

2
0
0
4

D
ec

1
∼

2
4

N
±5

2
8
.4

6
A

—

—
—

—
—

—
—

—
—

—
N

±1
0
2

1
.4

3
A

—

—
—

—
—

—
—

—
2
0
0
4

D
ec

1
0

∼
3
3

N
±4

2
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
5

D
ec

1
2

∼
4
0
0

N
±4

0
8
.4

6
D

—

2
0
0
4
g
q

N
G

C
1
8
3
2

I8
4
5
2

Ic
/
Ib

∗∗
I8

4
5
2

2
3

2
0
0
4

D
ec

4
-1

1
2
0
0
4

D
ec

1
6

5
-1

2
Y

2
0
0
3
±

4
5

8
.4

6
A

1
4

2
0
0
4
g
t

N
G

C
4
0
3
8

I8
4
5
4

Ib
/
Ic

∗∗
I8

4
5
6

1
4
x

2
0
0
4

N
o
v

2
7
†

2
0
0
4

D
ec

2
2

∼
2
5

N
±6

5
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
5

D
ec

1
2

∼
3
8
0

N
±7

1
2
2
.5

D
—

2
0
0
4
g
v

N
G

C
8
5
6

I8
4
5
4

Ib
c

I8
4
5
6

7
9

2
0
0
4

N
o
v

2
9
-D

ec
1
4

2
0
0
4

D
ec

1
9

5
-2

0
N

±5
0

8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
5

J
a
n

8
2
5
-4

0
N

±4
9

8
.4

6
A

—

2
0
0
5
C

A
n
o
n
.

I8
4
6
8

Ib
I8

4
6
8

2
1
9
y

2
0
0
4

N
o
v

2
0
-2

0
0
5

J
a
n

1
1

2
0
0
5

J
a
n

3
1

2
0
-7

2
N

±4
3

8
.4

6
B

n
A

—

2
0
0
5
E

N
G

C
1
0
3
2

I8
4
6
5

Ib
I8

4
6
5

3
2

2
0
0
4

D
ec

2
4
-2

0
0
5

J
a
n

1
3

2
0
0
5

J
a
n

2
1

8
-2

8
N

±5
3

8
.4

6
A

—

2
0
0
5
N

N
G

C
5
4
2
0

I8
4
7
0

Ib
c

I8
4
7
2

7
6

2
0
0
4

S
ep

2
2
†

2
0
0
5

F
eb

1
2

∼
1
4
3

N
±5

7
8
.4

6
B

n
A

—

2
0
0
5
O

N
G

C
3
3
4
0

I8
4
7
1

Ib
I8

4
7
2

8
3

2
0
0
4

D
ec

2
8
-2

0
0
5

J
a
n

1
7

2
0
0
5

J
a
n

2
3

6
-2

6
Y

3
0
1
±

6
1

8
.4

6
B

n
C

—

2
0
0
5
V

N
G

C
2
1
4
6

I8
4
7
4

Ib
c

I8
4
7
4

1
1

2
0
0
5

J
a
n

1
†

2
0
0
5

F
eb

3
∼

3
3

N
±4

2
8
.4

6
B

n
A

—

—
—

—
—

—
—

—
2
0
0
5

F
eb

1
2

∼
4
2

N
±1

4
4

8
.4

6
B

n
A

—

2
0
0
5
a
j

U
G

C
2
4
1
1

I8
4
8
8

Ic
I8

4
9
3

3
4

2
0
0
5

F
eb

9
w

2
0
0
5

M
a
r

1
5

∼
3
4

N
±2

0
8
.4

6
B

—



308

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
5
a
r

C
G

C
G

0
1
1
-0

3
3

I8
4
9
3

Ib
I8

4
9
3

1
1
3

2
0
0
5

F
eb

1
0
-M

a
r

1
0

2
0
0
5

M
a
r

1
7

7
-3

5
N

±3
5

8
.4

6
B

—

2
0
0
5
a
z

N
G

C
4
9
6
1

I8
5
0
3

Ib
/
Ic

∗∗
A

4
5
1

4
1

2
0
0
5

M
a
r

2
0
-2

7
2
0
0
5

A
p
r

7
1
1
-1

8
N

±2
4

8
.4

6
B

—

2
0
0
5
b
f

M
C

G
+

0
0
-2

7
-5

I8
5
0
7

Ic
/
II

-I
b
/
Ib

∗∗
I8

5
0
9

8
4

2
0
0
5

M
a
r

1
5
-3

0
2
0
0
5

A
p
r

1
3

1
4
-2

9
N

±3
0

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
5

M
a
y

2
3
3
-4

8
N

±3
6

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
5

M
a
y

2
2

5
3
-6

8
N

±5
0

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
5

J
u
n

8
7
0
-8

5
N

±4
1

8
.4

6
B

—

—
—

—
—

—
—

—
2
0
0
5

N
o
v

4
2
1
9
-2

3
4

N
±2

0
8
.4

6
D

n
C

—

—
—

—
—

—
—

—
2
0
0
5

N
o
v

1
2

2
2
7
-2

4
2

N
∼<

4
8

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
5

D
ec

7
2
5
2
-2

6
7

N
∼<

9
0

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
5

D
ec

1
3

2
5
8
-2

7
3

N
±6

3
2
2
.5

D
—

—
—

—
—

—
—

—
2
0
0
6

J
a
n

2
2
7
8
-2

9
3

N
±4

9
8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
6

M
a
r

7
3
4
2
-3

5
7

N
±3

1
8
.4

6
A

—

—
—

—
—

—
—

—
2
0
0
6

D
ec

2
1

6
3
1
-6

4
6

N
±3

1
8
.4

6
C

—

—
—

—
—

—
—

—
—

—
N

±6
2

4
.8

6
C

—

2
0
0
5
b
h

U
G

C
6
4
9
5

I8
5
0
9

Ic
I8

5
1
3

9
7

2
0
0
5

M
a
r

1
2
†

2
0
0
5

A
p
r

1
9

∼
3
8

N
±4

0
8
.4

6
B

—

2
0
0
5
b
j

M
C

G
+

0
3
-4

3
-5

I8
5
1
1

Ic
I8

5
1
3

1
0
0

2
0
0
5

M
a
r

1
1
†

2
0
0
5

A
p
r

1
9

∼
3
9

N
±3

5
8
.4

6
B

—

2
0
0
5
b
k

M
C

G
+

0
7
-3

3
-2

7
I8

5
1
2

Ic
I8

5
1
4

1
0
9

2
0
0
5

M
a
r

2
0
†

2
0
0
5

A
p
r

1
9

∼
3
0

N
±3

3
8
.4

6
B

—

2
0
0
5
b
q

IC
4
3
6
7

I8
5
1
5

Ic
I8

5
2
0

6
4

2
0
0
5

F
eb

1
9
†

2
0
0
5

J
u
n

7
∼

1
0
8

N
∼

8
8

8
.4

6
B

—

2
0
0
5
ce

IC
5
2
3
3

I8
5
3
4

Ib
c

I8
5
3
4

1
0
3

2
0
0
5

M
a
y

5
†

2
0
0
5

J
u
n

6
∼

3
2

N
±4

0
8
.4

6
B

—



309

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
5
ct

N
G

C
2
0
7

I8
5
5
7

Ic
I8

5
6
4

5
1

2
0
0
5

M
a
y

2
9
w

2
0
0
5

J
u
l
2
0

∼
5
2

N
±3

9
8
.4

6
C

—

2
0
0
5
cz

N
G

C
4
5
8
9

I8
5
6
9

Ib
I8

5
7
9

2
1
C

2
0
0
5

J
u
n

2
0
-J

u
l
1
8

2
0
0
5

A
u
g

8
2
1
-4

9
N

±5
5

8
.4

6
C

—

2
0
0
5
d
a

U
G

C
1
1
3
0
1

I8
5
7
0

Ic
-B

L
I8

5
7
5

6
7

2
0
0
5

J
u
n

2
-J

u
l
1
8

2
0
0
5

J
u
l
2
6

8
-5

4
N

±3
8

8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
5

A
u
g

5
1
8
-6

4
N

±6
2

8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
5

D
ec

1
1

1
4
6
-1

9
2

N
±5

4
8
.4

6
D

—

2
0
0
5
d
g

E
S
O

4
2
0
-3

I8
5
8
1

Ic
I8

5
8
5

5
4

2
0
0
5

J
u
l
2
0
-A

u
g

5
2
0
0
5

A
u
g

2
8

2
3
-3

9
N

±5
6

8
.4

6
C

—

2
0
0
5
ek

U
G

C
2
5
2
6

I8
6
0
4

Ic
C

2
3
5

6
5

2
0
0
5

S
ep

1
5
-2

5
2
0
0
5

S
ep

2
9

4
-1

4
N

±6
4

8
.4

6
C

—

2
0
0
5
eo

U
G

C
4
1
3
2

I8
6
0
5

Ic
I8

6
0
5

7
3

2
0
0
5

S
ep

9
†

2
0
0
5

O
ct

4
∼

2
5

N
±6

5
8
.4

6
C

—

2
0
0
5
fk

A
n
o
n
.

C
2
4
7

Ib
c

C
2
4
7

1
1
9
3

2
0
0
5

J
u
l
1
3
†

2
0
0
5

O
ct

1
0

∼
8
9

N
±2

4
8
.4

6
C

—

2
0
0
5
h
g

U
G

C
1
3
9
4

I8
6
2
3

Ic
/
Ib

∗∗
C

2
6
7

8
7

2
0
0
5

O
ct

2
0
-2

5
2
0
0
5

O
ct

2
9

4
-9

N
±3

1
8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
5

N
o
v

3
9
-1

4
N

±2
2

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
6

J
a
n

2
6
9
-7

4
N

±4
4

8
.4

6
D

—

2
0
0
5
k
f

A
n
o
n
.

I8
6
3
0

Ic
C

3
0
1

6
2

2
0
0
5

S
ep

3
0
†

2
0
0
5

N
o
v

2
8

∼
5
9

N
±4

7
8
.4

6
D

—

2
0
0
5
k
l

N
G

C
4
3
6
9

I8
6
3
4

Ic
C

3
0
5

1
8

2
0
0
5

N
o
v

1
†

2
0
0
5

N
o
v

2
8

∼
2
7

N
∼<

1
5
0
0

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
5

D
ec

7
∼

3
6

N
∼<

3
0
0

2
2
.5

D
—

—
—

—
—

—
—

—
2
0
0
5

D
ec

1
7

∼
4
6

N
∼<

1
6
0
0

8
.4

6
D

—

2
0
0
5
k
z

M
C

G
+

0
8
-3

4
-3

2
I8

6
3
9

Ic
-B

L
I8

6
3
9

1
1
9

2
0
0
5

N
o
v

1
-D

ec
1

2
0
0
5

D
ec

6
5
-3

5
N

∼<
9
1

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
6

D
ec

1
6

1
5
-4

5
N

∼<
3
4
8

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
6

D
ec

1
9

1
8
-4

8
N

±5
9

8
.4

6
D

—



310

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
—

—
N

±2
0
9

1
5
.0

D
—

—
—

—
—

—
—

—
—

—
N

±1
2
7

2
2
.5

D
—

—
—

—
—

—
—

—
2
0
0
6

A
p
r

4
1
2
4
-1

5
4

N
±6

6
8
.4

6
D

—

2
0
0
5
la

A
n
o
n
.

I8
6
3
9

II
-I

b
I8

6
3
9

7
9
A

2
0
0
5

J
a
n

1
6
-D

ec
1

2
0
0
5

D
ec

7
6
-3

2
5

N
±4

9
8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
5

D
ec

1
7

1
6
-3

3
5

N
±6

0
8
.4

6
D

—

2
0
0
5
lr

E
S
O

4
9
2
-G

2
I8

6
4
1

Ic
C

3
2
1

3
5

2
0
0
5

N
o
v

5
-D

ec
4

2
0
0
6

J
a
n

2
2
9
-5

8
N

∼<
1
6
0
0

8
.4

6
D

—

2
0
0
5
m

f
U

G
C

4
7
9
8

I8
6
4
8

Ic
I8

6
5
0

1
1
6

2
0
0
5

D
ec

1
3
-2

6
2
0
0
6

J
a
n

2
7
-2

0
N

±4
3

8
.4

6
D

—

2
0
0
5
n
b

U
G

C
7
2
3
0

I8
6
5
7

Ic
-B

L
I8

6
5
7

1
0
7

2
0
0
5

D
ec

8
†

2
0
0
6

J
a
n

1
4

∼
3
7

N
∼<

8
6

8
.4

6
D

—

2
0
0
6
F

N
G

C
9
3
5

I8
6
5
8

Ib
I8

6
5
8

5
3

2
0
0
5

N
o
v

2
1
-2

0
0
6

J
a
n

1
2

2
0
0
6

J
a
n

2
5

1
3
-6

5
N

∼<
1
7
2

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
6

A
p
r

4
8
2
-1

3
4

N
±7

0
8
.4

6
A

—

2
0
0
6
a
b

P
G

C
1
0
6
5
2

I8
6
6
9

Ic
I8

6
7
7

6
6

2
0
0
6

J
a
n

2
4
-F

eb
9

2
0
0
6

M
a
r

2
7

4
6
-6

2
N

±6
2

8
.4

6
A

—

2
0
0
6
b
f

U
G

C
8
0
9
3
?

I8
6
9
3

Ib
/
II

b
∗∗

C
4
5
5

1
3
9
B

2
0
0
6

F
eb

2
6
†

2
0
0
6

A
p
r

3
∼

3
5

N
±5

4
8
.4

6
A

—

2
0
0
6
cb

N
G

C
5
5
4
1

I8
7
0
9

Ib
C

5
2
9

1
1
5

2
0
0
6

F
eb

2
3
-M

a
y

5
2
0
0
6

J
u
n

2
2
8
-9

9
N

±4
4

8
.4

6
B

n
A

—

2
0
0
6
ck

U
G

C
8
2
3
8

I8
7
1
3

Ic
C

5
1
9

1
1
1

2
0
0
6

M
a
y

2
†

2
0
0
6

J
u
n

1
6

∼
4
5

N
±5

7
8
.4

6
B

n
A

—

2
0
0
6
d
g

IC
1
5
0
8

I8
7
2
5

Ic
C

5
6
2

5
6

2
0
0
6

A
p
r

6
†

2
0
0
6

J
u
l
5

∼
9
0

N
±2

7
8
.4

6
B

—

2
0
0
6
d
j

U
G

C
1
2
2
8
7

I8
7
2
7

Ib
C

5
6
7

7
2

2
0
0
6

A
p
r

1
†

2
0
0
6

J
u
l
5

∼
8
5

N
±3

0
8
.4

6
B

—

2
0
0
6
d
l

M
C

G
+

0
4
-3

1
-5

I8
7
2
7

II
b
/
Ib

∗∗
C

5
6
7

9
9

2
0
0
6

J
u
n

1
9
-2

9
2
0
0
6

J
u
l
4

5
-1

0
N

±5
6

8
.4

6
B

—

2
0
0
6
d
n

U
G

C
1
2
1
8
8

I8
7
2
8

Ib
A

8
5
4

7
3
C

2
0
0
6

J
u
n

9
-J

u
l
5

2
0
0
6

J
u
l
1
3

8
-3

4
Y

3
9
5
±

8
2

8
.4

6
B

—

2
0
0
6
ea

U
G

C
1
2
1
3
4

I8
7
3
6

Ib
C

5
8
9

1
0
2

2
0
0
6

J
u
l
1
0
-2

5
2
0
0
6

A
u
g

2
8
-2

3
N

±7
7

8
.4

6
B

—



311

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

2
0
0
6
ec

M
C

G
-0

4
-5

5
-1

4
I8

7
3
6

Ib
C

5
9
9

1
0
6

2
0
0
6

J
u
l
3
-A

u
g

4
2
0
0
6

A
u
g

2
6

2
2
-5

4
N

±1
1
0

8
.4

6
B

—

2
0
0
6
eg

C
G

C
G

4
6
2
-0

2
3

C
6
0
0

Ib
c

C
6
0
4

5
1

2
0
0
6

A
u
g

1
-A

u
g

2
1

2
0
0
6

A
u
g

2
7

6
-2

6
N

±9
9

8
.4

6
B

—

2
0
0
6
ei

N
G

C
7
3
5

C
6
0
0

Ic
C

6
0
4

6
1

2
0
0
6

A
u
g

4
-2

1
2
0
0
6

A
u
g

2
6

5
-2

2
N

±1
6
6

8
.4

6
B

—

2
0
0
6
el

U
G

C
1
2
1
8
8

I8
7
4
1

Ib
/
II

b
∗∗

C
6
1
2

7
3
z

2
0
0
6

A
u
g

1
8
-2

5
2
0
0
6

S
ep

7
1
3
-2

0
N

±2
9

8
.4

6
B

—

2
0
0
6
ep

N
G

C
2
1
4

I8
7
4
4

Ib
/
Ib

c∗
∗

C
6
1
2

5
9

2
0
0
6

A
u
g

2
7
-3

0
2
0
0
6

S
ep

7
8
-1

1
N

±3
8

8
.4

6
B

—

2
0
0
6
fo

U
G

C
2
0
1
9

I8
5
7
0

Ia
/
Ic

∗∗
I8

7
5
0

8
1

2
0
0
6

A
u
g

3
1
D

2
0
0
6

S
ep

2
6

∼
2
6

N
±6

4
8
.4

6
C

n
B

—

—
—

—
—

—
—

—
—

—
N

±2
8
0

2
2
.5

C
n
B

—

—
—

—
—

—
—

—
2
0
0
7

J
a
n

2
1

∼
1
4
3

N
∼<

2
0
2

8
.4

6
D

n
C

—

2
0
0
6
g
i

N
G

C
3
1
4
7

I8
7
5
1

Ib
C

6
3
5

4
8
E

2
0
0
6

A
u
g

3
0
†

2
0
0
6

S
ep

2
6

∼
2
6

Y
2
2
5
±

4
2

8
.4

6
C

n
B

—

2
0
0
6
ip

A
n
o
n
.

C
6
5
8

Ib
c

C
6
5
8

1
3
0
F

2
0
0
6

A
u
g

1
-S

ep
1
9
G

2
0
0
6

O
ct

6
1
7
-6

6
N

±2
9

8
.4

6
C

n
B

—

2
0
0
6
ir

K
U

G
2
3
0
2
+

0
7
3

I8
7
5
8

Ib
c

I8
7
5
8

8
1

2
0
0
6

J
u
n

2
5
-S

ep
2
3
H

2
0
0
6

O
ct

6
1
3
-1

0
3

N
±3

7
8
.4

6
C

n
B

—

2
0
0
6
jc

U
G

C
4
9
0
4

I8
7
6
2

Ib
/
II

b
/
Ib

c∗
∗

C
6
7
2

2
3

2
0
0
6

S
ep

2
2
-O

ct
1
0

2
0
0
6

D
ec

1
6

6
7
-8

5
Y

1
9
2
±

4
4

8
.4

6
C

—

2
0
0
6
lc

N
G

C
7
3
6
4

C
6
8
8

Ic
/
Ib

c∗
∗

C
6
8
8

6
5

2
0
0
6

O
ct

1
9
-2

4
I

2
0
0
6

O
ct

2
6

2
-7

N
±3

9
8
.4

6
C

—

2
0
0
6
ld

U
G

C
3
4
8

I8
7
6
6

Ib
I8

7
6
6

5
3

2
0
0
6

S
ep

2
0
-O

ct
1
9

2
0
0
6

N
o
v

2
8

4
0
-6

9
N

±2
5

8
.4

6
C

—

2
0
0
6
lt

A
n
o
n
.

C
7
1
4

Ib
C

7
1
4

6
4
J

2
0
0
6

A
p
r

1
7
†

2
0
0
6

O
ct

2
3

∼
1
8
9

Y
4
0
1
±

6
2

8
.4

6
C

—

2
0
0
7
C

N
G

C
4
9
8
1

I8
7
9
2

Ib
C

8
0
0

3
0

2
0
0
6

D
ec

2
4
-2

0
0
7

J
a
n

9
2
0
0
7

J
a
n

1
1

2
-1

8
Y

7
2
9
±

3
0

8
.4

6
C

1
5

2
0
0
7
D

U
G

C
2
6
5
3

I8
7
9
4

Ic
-B

L
C

8
0
5

9
4

2
0
0
6

D
ec

6
-2

0
0
7

J
a
n

9
2
0
0
7

J
a
n

1
4

5
-3

9
N

±2
5

8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
7

J
a
n

1
6

7
-4

1
N

±3
5

8
.4

6
C

—

2
0
0
7
I

A
n
o
n
.

I8
7
9
8

Ic
-B

L
C

8
0
8

9
1

2
0
0
6

D
ec

7
-2

0
0
7

J
a
n

1
4

2
0
0
7

J
a
n

1
7

3
-4

1
N

±2
8

8
.4

6
C

—



312

T
ab

le
4.

1—
C

on
ti

nu
ed

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

—
—

—
—

—
—

—
2
0
0
7

J
a
n

1
8

4
-4

2
N

±7
0

8
.4

6
C

—

—
—

—
—

—
—

—
2
0
0
7

J
a
n

1
9

5
-4

3
N

±2
2

8
.4

6
C

—

2
0
0
7
Y

N
G

C
1
1
8
7

I8
8
1
3

Ib
c

C
8
6
2

1
4

2
0
0
7

J
a
n

2
6
-F

eb
1
5

2
0
0
7

F
eb

2
4

9
-2

9
N

±3
4

8
.4

6
D

—

—
—

—
—

—
—

—
2
0
0
7

M
a
r

1
1

2
4
-4

4
N

±1
8

8
.4

6
D

2
0
0
7
a
z

A
n
o
n
.

I8
8
2
9

Ib
I8

8
2
9

1
4
7
K

2
0
0
6

D
ec

1
8
-2

0
0
7

M
a
r

6
L

2
0
0
7

M
a
r

2
9

2
3
-1

0
2

N
±2

5
8
.4

6
D

—

2
0
0
7
b
g

A
n
o
n
.

C
9
2
7

Ic
C

9
2
7

1
4
7
M

2
0
0
7

A
p
r

6
-1

6
2
0
0
7

A
p
r

1
9

3
-1

3
Y

2
3
3
±

4
2

8
.4

6
D

—

C
o
l
(1

):
S
N

n
a
m

e.
C

o
l
(2

):
h
o
st

g
a
la

x
y

n
a
m

e.
C

o
l
(3

):
ci

rc
u
la

r
n
u
m

b
er

fo
r

th
e

S
N

d
is

co
v
er

y.
E

n
tr

ie
s

re
fe

r
to

ta
b
le

re
fe

re
n
ce

s
o
r

ci
rc

u
la

r
n
u
m

b
er

s
p
re

fa
ce

d
b
y

“
I”

(I
A

U
C

),
“
C

”
(C

B
E

T
),

o
r

“
A

”
(A

T
E

L
).

C
o
l
(4

):
sp

ec
tr

o
sc

o
p
ic

cl
a
ss

ifi
ca

ti
o
n
(s

)
li
st

ed
in

ch
ro

n
o
lo

g
ic

a
l
o
rd

er
.

S
N

e
w

it
h

m
u
lt

ip
le

sp
ec

tr
o
sc

o
p
ic

cl
a
ss

ifi
ca

ti
o
n

re
fe

re
n
ce

s

a
re

d
en

o
te

d
a
s

“
*
”

o
r

“
*
*
”

d
ep

en
d
in

g
o
n

w
h
et

h
er

th
e

re
fe

re
n
ce

s
a
re

co
n
si

st
en

t
o
r

in
co

n
si

st
en

t,
re

sp
ec

ti
v
el

y.
R

ef
er

en
ce

fo
r

th
e

in
it

ia
l
sp

ec
tr

o
sc

o
p
ic

cl
a
ss

ifi
ca

ti
o
n

li
st

ed
in

C
o
l
4
.

E
n
tr

ie
s

re
fe

r
to

ta
b
le

re
fe

re
n
ce

s
o
r

ci
rc

u
la

r
n
u
m

b
er

s
p
re

fa
ce

d
b
y

“
I”

(I
A

U
C

),
“
C

”
(C

B
E

T
),

o
r

“
A

”
(A

T
E

L
).

S
u
b
se

q
u
en

t
cl

a
ss

ifi
ca

ti
o
n
s

a
re

ei
th

er

in
cl

u
d
ed

in
th

e
ci

rc
u
la

r
in

co
lu

m
n

5
o
r

re
fe

re
n
ce

d
in

th
e

N
o
te

s
se

ct
io

n
b
el

o
w

.
C

o
l
(6

):
lu

m
in

o
si

ty
d
is

ta
n
ce

to
th

e
h
o
st

g
a
la

x
y

ca
lc

u
la

te
d

u
si

n
g

th
e

N
E

D
co

rr
ec

te
d

v
el

o
ci

ti
es

(V
ir
g
o

+
G

re
a
t

A
tt

ra
ct

o
r

+
S
h
a
p
le

y
S
u
p
er

cl
u
st

er
In

fa
ll
)

a
n
d

a
ss

u
m

in
g

H
0

=
7
1

k
m

s−
1

M
p
c−

1
,
Ω

M
=

0
.2

7
,
Ω

Λ
=

0
.7

3
.

W
h
en

a
va

il
a
b
le

,
lu

m
in

o
si

ty

d
is

ta
n
ce

s
fo

r
sp

ec
ifi

c
h
o
st

s
a
re

a
d
o
p
te

d
fr

o
m

th
e

N
E

D
-1

d
N

A
S
A

/
IP

A
C

E
x
tr

a
g
a
la

ct
ic

D
a
ta

b
a
se

o
f
D

is
ta

n
ce

s
a
n
d

re
fe

re
n
ce

d
a
cc

o
rd

in
g
ly

.
In

th
e

ca
se

s
w

h
er

e
th

e
h
o
st

g
a
la

x
y

is
A

n
o
n
y
m

o
u
s,

th
e

lu
m

in
o
si

ty
d
is

ta
n
ce

is
ca

lc
u
la

te
d

fr
o
m

th
e

re
d
sh

if
t

o
f
th

e
h
o
st

(r
ef

er
en

ce
d

a
cc

o
rd

in
g
ly

)
a
d
o
p
ti

n
g

th
e

co
sm

o
lo

g
ic

a
l
p
a
ra

m
et

er
s

g
iv

en
a
b
o
v
e.

C
o
l
(7

):
C

o
n
st

ra
in

ts
o
n

th
e

S
N

ex
p
lo

si
o
n

d
a
te

.
W

h
en

a
va

il
a
b
le

,
w

e
u
se

th
e

ra
n
g
e

o
f
d
a
te

s
b
ra

ck
et

ed
b
y

th
e

d
is

co
v
er

y
d
a
te

a
n
d

th
e

m
o
st

re
ce

n
t

p
re

-d
is

co
v
er

y
im

a
g
e

in
w

h
ic

h
th

e
S
N

is
n
o
t

d
et

ec
te

d
.

In
ca

se
s

w
h
er

e
th

is
ra

n
g
e

is
la

rg
er

th
a
n

3
m

o
n
th

s,
w

e
a
d
o
p
t

th
e

sp
ec

tr
a
l
a
g
e

es
ti

m
a
te

o
r

th
e

d
a
te

o
f
m

a
x
im

u
m

li
g
h
t

a
n
d

a
ss

u
m

e
a

ri
se

ti
m

e
o
f
2
1

d
a
y
s.

C
o
l
(8

):
D

a
te

o
f
ra

d
io

o
b
se

rv
a
ti

o
n
s.

C
o
l
(9

):
d
a
y
s

si
n
ce

ex
p
lo

si
o
n
.

R
a
n
g
es

re
fl
ec

t
th

e
u
n
ce

rt
a
in

ty
in

ex
p
lo

si
o
n

d
a
te

g
iv

en
in

co
l.

7
w

h
il
e

ro
u
g
h

es
ti

m
a
te

s
a
re

p
re

ce
d
ed

b
y

“
∼”

a
n
d

g
iv

en
in

ca
se

s
w

h
er

e
th

e
ex

p
lo

si
o
n

d
a
te

is
es

ti
m

a
te

d
b
y

th
e

sp
ec

tr
a
l
a
g
e

o
r

th
e

d
a
te

o
f
m

a
x
im

u
m

li
g
h
t.

C
o
l
(1

0
)

w
h
et

h
er

ra
d
io

em
is

si
o
n

w
a
s

d
et

ec
te

d
.

F
o
r

th
o
se

S
N

e
w

it
h

p
o
si

ti
v
e

d
et

ec
ti

o
n
s,

o
n
ly

th
e

in
it

ia
l
d
et

ec
ti

o
n

is
li
st

ed
;
p
ea

k
fl
u
x
es

a
re

g
iv

en
in

T
a
b
le

2
.

C
o
l
(1

1
)

ra
d
io

fl
u
x

d
en

si
ty

.

N
o
n
-d

et
ec

ti
o
n
s

a
n
d

er
ro

rs
a
re

g
iv

en
a
s
±1

σ
rm

s.
In

th
e

ca
se

s
w

h
er

e
d
iff

u
se

h
o
st

g
a
la

x
y

em
is

si
o
n

d
o
m

in
a
te

s
th

e
o
b
se

rv
ed

fl
u
x
,
a
n

u
p
p
er

li
m

it
is

g
iv

en
in

st
ea

d
.

C
o
l

(1
2
):

ra
d
io

fr
eq

u
en

cy
;
C

o
l
(1

3
):

V
L
A

co
n
fi
g
u
ra

ti
o
n
.



313

T
ab

le
4.

2.
R

ad
io

O
bs

er
va

ti
on

s
of

SN
e

Ib
c

(c
on

t’
)

S
N

H
o
st

D
is

c.
S
p
ec

.
S
p
ec

.
d

L
t 0

D
a
te

O
b
s.

∆
t

D
et

ec
te

d
?

F
ν

ν
A

rr
a
y

R
ef

.

G
a
la

x
y

R
ef

.
T

y
p
e

R
ef

.
(M

p
c)

(U
T

)
(U

T
)

(d
a
y
s)

(µ
J
y
)

(G
H

z)
C

o
n
fi
g
.

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

(1
0
)

(1
1
)

(1
2
)

(1
3
)

(1
4
)

† E
x
p
lo

si
o
n

d
a
te

es
ti

m
a
te

d
fr

o
m

sp
ec

tr
a
l
a
g
e

p
ro

v
id

ed
b
y

re
f
in

co
lu

m
n

5
a
n
d

a
ss

u
m

in
g

a
2
1

d
a
y

ri
se

ti
m

e.

a
D

is
ta

n
ce

es
ti

m
a
te

is
a
n

a
v
er

a
g
e

o
f
va

lu
es

re
p
o
rt

ed
in

M
á
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Figure 4.1: The discovery rate of SNe Ibc each year (yellow) is compared with the

fraction observed in the radio on timescales less than 150 days (red). Early radio

observations are crucial for constraining underluminous and/or off-axis GRBs since

they trace the fastest ejecta in the explosion. Since the launch of our VLA survey,

nearly every SN Ibc is observed on this timescale.



319

Figure 4.2: To date, 30 local (d ∼< 200 Mpc) SNe Ibc have been detected at radio

wavelengths, the majority of which were found through our dedicated VLA survey.

Detections are shown as colored light-curves and 3σ upper limits as inverted grey

triangles. GRB-SN1998bw and XRF 2006aj, also within the maximum distance of

this sample, are distinguished by their bright early peaking radio emission (black).

Both of these events were sub-energetic in comparison with typical GRBs (e.g.,

GRB030329; grey) and XRFs (e.g,. XRF 020903; grey).
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Figure 4.3: Top: The peak radio luminosity distribution for SNe Ibc (Table 2)

peaks near Lν ≈ 1028 erg s−1 Hz−1. For the detected SNe where the spectral

peak was not observed directly, we extrapolate the observed flux over the range

of observed peak times (2 days to 150 days) to estimate the upper limit on the

peak luminosity (horizontal bars). Moreover, we include them in the histogram

(grey) by assuming each has an equal probability of having a peak luminosity in

the range determined by the observed luminosity to the estimated upper limit.

Bottom: The radio luminosity function of SNe Ibc. Low luminosity SNe clearly

dominate the intrinsic sample, though they are rarely observed due to their low

flux. We emphasize that this analysis includes several biases, including effective

monitoring time pre-2002 and efficiency of optical spectroscopic classification.
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Figure 4.4: The peak radio luminosities of all the SNe Ibc detected to date (Table 2)

are plotted against the timescale of peak. SNe with well-constrained peaks are

shown as black encircled dots while those where the peak is not well constrained

are shown as black dots with lines indicating the extrapolation of the radio light-

curves between the range of typically observed peak times. GRB-SN1998bw and

XRF-SN2006aj were also discovered within this volume and we include them here

as grey stars. Dashed lines indicate how the velocity of the fastest ejecta scales

with the observed spectral parameters.
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Figure 4.5: The kinetic energy and velocity of the fastest ejecta for radio bright SNe

Ibc are compared with those of GRBs, XRFs, and sub-energetic bursts. Ordinary

SNe Ibc (red) are distinguished in that they couple 1048 erg to non-relativistic

ejecta at v ≈ 0.15c while GRBs and XRFs (blue) couple at 1051 erg to relativistic

material (Γ ≈ 10). Sub-energetic bursts (black) are intermediate between the two

classes, coupling at least 1048 erg to mildly-relativistic (Γ ≈ 3).
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Figure 4.6: Radio observations enable the mass loss rate of the progenitor star to

be constrained. The distribution of inferred mass loss rates are shown assuming

a progenitor wind velocity of vw = 1000 km s1. Those SNe for which the peak

radio luminosity is only constrained from below are extrapolated to the range of

typical peak times (2–150 days) and the inferred range in mass loss rate is shown

as horizontal bars. Moreover, we include them in the total distribution (grey) by

assuming they have an equal probability of having a mass loss rate anywhere in the

range specified. The lower end of the mass loss rates observed for local Wolf-Rayet

(WR) stars is shown as a dashed line for comparison.
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Figure 4.7: The inferred mass loss rates from radio observations (Figure 6) are

plotted against the velocity of the fastest ejecta. A general trend is observed such

that SNe Ibc with faster ejecta velocities also have lower CSM densities. The mass

loss rates for local GRB-SN1998bw and XRF-SN2006aj are shown for comparison.

In addition, we show the low end of the observed distribution of local WR stars.

This plot suggests that single WR stars may not be the progenitors of GRB/XRF-

SNe, which may require a binary companion to further strip the star.
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Chapter 5

Future Directions

5.1 The Progenitors of SNe Ibc

In this thesis, I have highlighted the recent progress made in our understand-

ing of the connection between gamma-ray bursts (GRBs), X-ray flashes (XRFs),

sub-energetic bursts, and Type Ibc supernovae (SNe Ibc). Through this effort,

the basic properties of these cosmic explosions have been revealed: their distance

scale, volumetric rates, ejecta geometry, energetics, Nickel production, and local

environments. While it is now clear that these explosions are all associated with

the death of massive stars, the fundamental question regarding the nature and

relation of their respective progenitor systems (single vs. binary) remains an open

question.

Important clues can be obtained from the explosion environment on both local-

and large-scales. Numerical simulations suggest that metallicity plays a crucial role

in stripping the progenitor star of its outer envelope (437). Along these lines, recent

studies suggest that GRBs (including XRFs and sub-energetic bursts) reside almost

exclusively in low-metallicity host galaxies (e.g., Stanek et al. 376). On the other

hand, the current sample of SNe Ibc are selected primarily through “targeted”

optical searches that focus on luminous galaxies and bias against low-metallicity

hosts (Figure 5.1). This strong selection effect plagues current attempts to compare

the samples and environments of SNe Ibc and GRB explosions.
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Figure 5.1: Left: Luminosity and metallicity of nearby (z < 0.25) GRB host

galaxies (labeled) compared to SDSS star-forming galaxies within same redshift

range, from (376). GRBs appear to favor low metallicity, low luminosity hosts.

Right: Cumulative luminosity distribution of local (d < 150 Mpc) SNe Ibc host

galaxies from blind (red) and targeted (blue) search campaigns are compared. Low-

luminosity GRB-SN hosts (arrows) are strongly biased against in the targeted SNe

Ibc sample and are only accessible through blind surveys.

Fortunately, with the advent of “blind” search campaigns such as the Sloan

Digital Sky Survey (SDSS) SN survey (333), an unbiased sample of SN Ibc is now

being revealed. These SN surveys, along with future projects (e.g., Pan-STARRS,

LSST), are opening a new window to our understanding of SNe Ibc. In parallel

to on-going investigations of GRBs, the time is now ripe to study the explosion

physics and environments of SNe Ibc - the most numerous of all the stripped-

envelope explosions.

Drawing from both targeted and blind SN samples, the following questions

must be addressed:

• What is the relation between the progenitors of SNe Ibc and
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GRBs?

• What is the role of the environment?

This approach has the promise to enable a mapping between progenitor systems

(single vs. binary) and explosion characteristics.

5.2 Large-scale Environment

A full investigation into the progenitors of SNe Ibc and their relation to GRBs must

include a study of their large-scale host galaxy environments. This study relies

exclusively on the unbiased sample of blind SNe Ibc. In this context, host galaxy

metallicity is a crucial parameter as a rough proxy for the progenitor metallicity,

and in turn, the progenitor system.

The envelope-stripping winds of isolated Wolf-Rayet stars require a significant

metallicity since the mass loss is driven by bound-free and metal line opacities; a

relation Ṁ ∝ Z1/2 has been found from observations of Wolf-Rayet stars in the

Local Group (97, 235). On the other hand, a low metallicity favors the creation of a

larger core and the retention of angular momentum, which can lead to an accretion

disk powered GRB (234). In the latter case, a companion star is required to strip

the massive envelope. Therefore, in comparison with well-studied galaxy samples

(e.g., SDSS, Blanton et al. 40), SNe Ibc host metallicities may shed light on the

nature of their progenitors (single vs. binary), the size of the remnant core, and

perhaps the nature of the post-explosion compact object (NS vs. BH). Moreover, in

comparison to GRB host metallicities, this study may reveal the relation between

these two channels of stellar death. I underscore that this study relies exclusively

on the discovery of SNe Ibc from blind surveys since targeted search campaigns

bias against low metallicity hosts.

While an unbiased statistical study of SNe Ibc host galaxy metallicities has not

yet been carried out in full, the preliminary results are promising. As shown in

Figure 5.2, a spectral analysis of the host galaxy of SN 2005hm, discovered through
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Figure 5.2: Left: Pre-explosion SDSS color imaging of the host galaxy of the blind

Type Ibc SN 2005hm (z = 0.034) reveals that it is a low-luminosity star-forming

dwarf (arrow) with MB ∼−15 mag. The explosion site (cross) lies less than an

arcsec from the host nucleus (inset). Right: A Magellan/LDSS spectrum of the

host galaxy reveals that the metallicity at the SN position is low, Z ∼ 0.5 Z�.

Thus, the SN host galaxy is similar to those of GRB hosts and only accessible

through blind SN search campaigns.

the SDSS SN survey, reveals a low metallicity comparable to those of GRB hosts,

Z ∼0.5 Z�.

Finally, this study should also include an analysis of host galaxy star-formation

rate (SFR) estimates. GRB hosts have been claimed to have high specific SFRs

(∼ 10 M� yr−1 L−1∗ , Christensen et al. 77) and a comparison to the hosts of SNe

Ibc will provide additional diagnostics of their relation.

5.3 Unique Diagnostics of Ejecta Properties

As discussed throughout this thesis, radio, and X-ray observations of SNe Ibc trace

the non-thermal synchrotron emission produced by the dynamical interaction of

the fastest ejecta (v ∼> 0.1c) with the CSM. Since 2002, I have increased the existing
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sample of well-studied radio SNe Ibc tenfold (353). Through detailed modeling of

the synchrotron emission, the velocity and kinetic energy of the fastest ejecta are

robustly constrained. Most importantly, these observations measure the explosion

geometry since they are sensitive to ejecta components initially “jetted” away

from our line-of-sight (287, 275, 367). Together, these diagnostics represent a

powerful tool to search for the presence of collimated and/or relativistic ejecta –

the hallmark of a engine-driven explosion. As discussed in the previous chapter,

my dedicated radio survey has revealed evidence for central engines in less than

3% of optically-selected SNe Ibc.

It is natural to question if the radio properties of SNe Ibc are tied to those of

their large-scale environments: star-formation rate (SFR) and metallicity. Indeed,

this is true for SNe Ia, where the most luminous events are found primarily in

star-forming galaxies (384). Clearly, this type of investigation requires a statistical

sample of SNe Ibc discovered through an unbiased search campaign. The SNe Ibc

included in my VLA survey were drawn almost exclusively from targeted surveys

which bias heavily towards luminous, metal-rich host galaxies (Figure 5.1).

Looking forward, a radio study of SNe Ibc from blind surveys will enable an

unbiased view of the radio properties of SNe Ibc. With the increased sensitivity

provided by EVLA1 (factor of ∼10) starting in late-2008, the faint end of the radio

luminosity function of SNe Ibc (Figure 5.3) will finally be accessible. In compar-

ison with their inferred host galaxy properties, the relation between large-scale

environment and ejecta properties will be mapped out. This is particularly im-

portant in the context of the GRB/XRF-SN connection since it is argued that the

low metallicities observed for GRB/XRF host galaxies imply a low metallicity for

their progenitors, which in turn may be required for the production of relativistic

ejecta.

Next, thanks to the fast response capability of the Swift X-ray Telescope (XRT),

the sample of early time (∼< 10 days) X-ray observations of local SNe Ibc will

increase tenfold in the coming years. These data will enable untriggered GRB-
1http://www.aoc.nrao.edu/evla/
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Figure 5.3: A compilation of data from my dedicated VLA survey of nearby

(d ∼< 150 Mpc) GRB-SNe and optically-selected SNe Ibc (353). Circles and stars

mark the discovery and peak radio luminosity, respectively. GRB-SNe are labeled

(black), SNe Ibc are red, and upper limits (typically 0.1 mJy, solid line) are shown

as grey triangles. With the sensitivity of EVLA (dashed line) I will investigate the

properties of radio faint SNe Ibc which currently go undetected.

SNe to be recovered, identified by their early, bright X-ray emission (Figure 5.4).

By leveraging the early-time XRT data with deep late-time observations from

Chandra, the first detailed X-ray light-curves for SNe Ibc will be revealed. In

parallel to radio studies, a comparison of the X-ray properties of targeted and

blind SNe Ibc may uncover the role of metallicity in the production of relativistic

ejecta.
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Figure 5.4: GRB-SNe (black) are distinguished from ordinary SNe Ibc (grey) by

their luminous X-ray emission. Detections are shown as circles and limits as in-

verted triangles. Dashed lines show the typical detection threshold for Swift/XRT

and Chandra/ACIS-S at a distance of z = 0.01 (dashed lines). By leveraging

early-time XRT data with late-time Chandra data, GRB-SNe and SNe Ibc will be

both distinguished and well-sampled.

5.4 Conclusions

Through my PhD work, the connection between GRBs, XRFs, and SNe Ibc has

been established in broad terms. We now know that most (perhaps all) long-

duration GRBs and XRFs are accompanied by SNe Ibc, but less than 3% of SNe

Ibc produce relativistic ejecta. Next, while GRB/XRF-SNe and ordinary SNe Ibc

show similar optical luminosities, their photospheric velocities are typically faster

by a factor of 2 to 3. Finally, the recent discovery of a class of sub-luminous

bursts suggests a broad continuum between ordinary SNe, sub-energetic GRBs,

and typical GRBs/XRFs in terms of volumetric rate and energetics. At the same
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time, the essential physical process that enables a small fraction of SNe Ibc to

produce GRBs and XRFs remains largely unknown.

Progress requires a deeper understanding of the progenitors of ordinary SNe

Ibc. As discussed in this chapter, radio/X-ray follow-up and host-galaxy studies

of SNe Ibc discovered through unbiased surveys (SDSS, PanSTARRS, LSST) will

shed light on this specific issue and increase our overall understanding of the death

of massive stars.
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