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Gamma-ray bursts
Observation: a bright flash of gamma-rays, lasting for 
typically a few seconds, detected by space telescopes.

Energetics suggest that we are seeing the birth of an 
accreting, rapidly-rotating black hole.

(Stephan Rosswog, Stockholm)

(Bill Saxton, NRAO)



Gap transients
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Figure 2. Left: PTF 09dav is offset from its late-type host (circled) by 40 kpc. Note that the galaxy on the western edge is unrelated as it is at a different redshift.
Center: PTF 10iuv is offset from a galaxy group (circled) with early-type and late-type galaxies; the nearest potential host is 37 kpc away. Right: PTF 11bij is offset
from a group of early-type galaxies (circled); the nearest is 33 kpc away.

PTF10ops (140 kpc), has peculiar properties and is the subject
of another paper (Maguire et al. 2011).

The three peculiar transients are the topic of this paper.
PTF 09dav is offset from a spiral host by 40 kpc; PTF 10iuv
is in a galaxy cluster containing early- and late-type galaxies,
with the closest being an elliptical galaxy 37 kpc away; and
PTF 11bij is in a cluster of early-type galaxies, with the closest
being 33 kpc away (Figure 2). Note that in units of host-galaxy
Petrosian radii, these offsets correspond to 4.9, 5.9, and 3.8 radii,
respectively. We cannot rule out the possibility of an underlying
low-luminosity dwarf host; we can only constrain dwarfs to a
limiting R-band absolute magnitude of !9.8, !12.1, and !12.4
for PTF 09dav, PTF 10iuv, and PTF 11bij, respectively. Finding
dwarf satellites at a separation of 40 kpc would not be unusual
(cf. Andromeda’s !8.5 mag satellite at 350 kpc; Slater et al.
2011).

3. OBSERVATIONS: PTF 09DAV

We presented the discovery, light curve, and photospheric
spectra of PTF 09dav in a previous paper (Sullivan et al. 2011).
We found that PTF 09dav had a low peak absolute magnitude
of MR " !16.3 and a short rise time of 12 days relative to
SNe Ia (which peak at !19 mag with a rise-time of 17.5 days).
We also found that the photospheric spectra resembled those
of SN 1991bg-like subluminous SNe Ia but with very unusual
strong lines of Sc ii, Mg i, and possibly Sr ii. Photospheric
velocities were "6000 km s!1. Here, we present late-time
imaging and nebular spectroscopy of PTF09dav.

3.1. Late-time Imaging

We undertook deep imaging in the g-band and R-band filters
at the position of PTF 09dav with the Low Resolution Imaging
Spectrometer (LRIS; Oke et al. 1995) on the Keck I telescope on
2010 May 15.603 and July 9.584 (UT dates are used throughout
this paper), 9–11 months after explosion. We registered these
images with a Palomar 60 inch (P60) image of PTF 09dav. No
source is detected to a 3! limiting magnitude of R = 26.2 mag
(Table 1 and Figure 3). This constrains any satellite, dwarf host
to be fainter than MR = !9.8 mag.

We undertook imaging in the K # band with Laser Guide
Star Adaptive Optics (Wizinowich et al. 2006; van Dam et al.
2006) on the Keck II telescope with the Near Infrared Camera 2
(NIRC2). On 2010 June 17.568, we obtained 10 images of 10 s

Figure 3. Deep late-time g-band imaging with Keck I/LRIS showing no host
galaxy at the position of PTF 09dav brighter than 26 mag. The registration
accuracy is 0.##241. We denote the position of PTF 09dav with a 5! position
error circle.

Table 1
Late-time Observations PTF 09dav

Date Phase Facility Exposure Filter Magnitude
(UT 2010) (day) (s)

May 15.612 279.7 Keck I/LRIS 1230 g >26.0
May 15.614 279.7 Keck I/LRIS 1030 R >24.8
June 17.568 313.7 Keck II/NIRC2 100 K # >21.1
July 9.584 334.7 Keck I/LRIS 1450 g >25.4
July 9.584 334.7 Keck I/LRIS 1200 R >26.2

co-added integrations. The zero point was derived relative to the
Two Micron All Sky Survey catalog (Skrutskie et al. 2006). No
source was detected to a 3! limit of K # = 21.1 mag.

3.2. Nebular Spectroscopy

On 2009 November 11, only three months after maximum
light, a spectrum taken with LRIS on Keck I revealed that
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Luminosities between those of novae and supernovae.

Kasliwal et al. (2012) 
Offset from the host galaxies.

Spectra dominated by calcium (made by nuclear burning
in accretion disc).

Thought to be formed from mass transfer in WD-NS binaries.



Binaries are important

80-100% of massive stars are in binaries.
e.g. Kiminki & Kobulniki (2012)

About 70% of high-mass (O-
type) stars interact significantly 
with their companion.

Sana et al. (2013)

Long GRBs may also form in compact binaries where
companion spins up GRB progenitor.

e.g. Church, Kim, Levan & Davies (2012)



Neutron star–main sequence star binary

Common envelope evolution

Close neutron star–helium star binary

Common envelope evolution (round 2)

Final supernova, NS-NS binary produced

Evolutionary pathway to produce NS-NS binaries

Initial main sequence–main sequence binary

Stable mass transfer from primary

Helium star–main sequence star binary

First supernova



Locations of short bursts

Localisations from 
the Swift satellite

Church, Levan, Davies & Tanvir (2011)



Offsets larger than expected
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M87 globular clusters
060502B - burst occurred outside host galaxy.

It could be that the progenitor formed dynamically in a 
globular cluster.

Church, Levan, Davies & Tanvir (2011)



Predicted offsets for gap transients
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Figure 9. Locations of calcium-rich supernovae from the KAIT Lick Observatory Supernova Search sample. From top left to bottom right: SN 2000ds, SN 2003H,
SN 2003dg, SN 2003dr, SN 2005E, and SN 2007ke. Unfortunately, adequate photometric data are available only for SN 2005E and SN 2007ke to confirm their
similarity to PTF 09dav, PTF 10iuv, and PTF 11bij. Note that some of the locations are atypical: elliptical host, off the disk of an edge-on galaxy, large projected offset
from isolated host, and galaxy group environment.

gest that the following six supernovae resemble SN 2005E:
SN 2000ds (IAUC#7507), SN 2001co (IAUC#7643),
SN 2003dg (IAUC#8113), SN 2003dr (IAUC#8117), SN 2003H
(IAUC#8045), and SN 2007ke (CBET#1084). SN 2000ds was
discovered by T. Puckett. SN 2001co, SN 2003dg, SN 2003H,
and SN 2007ke were discovered by LOSS. SN 2003dr was dis-
covered independently by both T. Puckett and LOSS.

Here, we review the available data for these supernovae.
In Figure 9, we display the environments of these candidate
members of the calcium-rich class. Next, in Figure 10, we
plot their spectra (at the latest phase available) and compare

them to those of PTF 10iuv. The strength of [Ca ii] relative to
oxygen is a distinguishing spectroscopic feature of this class; it
is common to SN 2000ds, SN 2003dg, SN 2003dr, SN 2007ke,
and SN 2003H. The case for SN 2001co is less clear due to the
noisy spectrum and we exclude it from further analysis.

Unfortunately, the photometry is extremely sparse for this
sample—only one of the five supernovae has more than two
points on the light curve. SN 2007ke has a peak absolute
magnitude of !16.3, a rise time of 15 days, and a decline rate
of 0.1 mag day!1 (Figure 8 and Table 3). Therefore, SN 2007ke
satisfies all of the photometric and spectroscopic properties
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Church, Levan & Davies in preparation



Fast Radio Bursts

Hassall, Keane & Fender (2013)

(see also Lorimer et al 2007; Keane et al 2012; Thornton et al 2013) 

Short timescales (few ms implying ~1000km source)

High DM implies cosmological distances (though note
Loeb et al 2013)

Energetic events (~10  J)33



What are FRBs?

Merging NS-NS binaries

(Hansen & Lyutikov 2001; Totani 2013)

Rotating supramassive neutron stars

Falcke & Rezzolla (2013)

Linked to GRBs 
Zhang (2014)

(Ofek 2007; Hurley et al 2005)

Soft gamma-ray repeaters (SGRs) 

ccSN explosion + NS magnetic field

Egorov & Postnov (2009)



What are FRB rates?

Hassall, Keane & Fender (2013)

Detection rate with SKA Phase 1 could be one per hour. 

(Trott, Tingay & Wayth 2013; Hassall, Keane & Fender 2013)


