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P48: Discovery

P60: Followup

P200: Classification

P48 Survey telescope (≈7 deg2 FOV, R≈20.6 mag in 60 s)

P60 Robotic, photometric follow-up

P200 Spectroscopy, classification→SED machine
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image credit: Palomar Observatory, Caltech; legend: E. Bellm
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Figure 1. Examples of bogus (top) and real (bottom) thumbnails.
Note that the shapes of the bogus sources can be quite varied,
which poses a challenge in developing features that can accurately
represent all of them. In contrast, the set of real detections is
more uniform in terms of the shapes and sizes of the subtraction
residual. Hence, we focus on finding a compact set of features that
accurately captures the relevant characteristics of real detections
as discussed in §2.2.

candidates. For every real or bogus candidate, we have at
our disposal the subtraction image of the candidate (which
is reduced to a 21-by-21 pixel—about 10 times the median
seeing full width at half maximum—postage stamp image
centered around the candidate), and metadata about the
reference and subtraction images. Figure 1 shows subtrac-
tion thumbnail images for several arbitrarily chosen bogus
and real candidates.

In this work, we supplement the set of features devel-
oped by Bloom et al. (2011) with image-processing features
extracted from the subtraction images and summary statis-
tics from the PTF reduction pipeline. These new features—
which are detailed below—are designed to mimic the way
humans can learn to distinguish real and bogus candidates
by visual inspection of the subtraction images. For conve-
nience, we describe the features from Bloom et al. (2011),
hereafter the RB1 features, in Table 1, along with the fea-
tures added in this work. In §3.1, we critically examine the
relative importance of all the features and select an optimal
subset for real–bogus classification.

Prior to computing features on each subtraction image
postage stamp, we normalize the stamps so that their pixel

values lie between �1 and 1. As the pixel values for real can-
didates can take on a wide range of values depending on the
astrophysical source and observing conditions, this normal-
ization ensures that our features are not overly sensitive to
the peak brightness of the residual nor the residual level of
background flux, and instead capture the sizes and shapes of
the subtraction residual. Starting with the raw subtraction
thumbnail, I, normalization is achieved by first subtract-
ing the median pixel value from the subtraction thumbnail
and then dividing by the maximum absolute value across all
median-subtracted pixels via

IN(x, y) =

⇢
I(x, y)�med[I(x, y)]
max{abs[I(x, y)]}

�
. (1)

Analysis of the features derived from these normalized real
and bogus subtraction images showed that the transfor-
mation in (1) is superior to other alternatives, such as
the Frobenius norm (

p
trace(IT I)) and truncation schemes

where extreme pixel values are removed.
Using Figure 1 as a guide, our first intuition about

real candidates is that their subtractions are typically az-
imuthally symmetric in nature, and well-represented by a
2-dimensional Gaussian function, whereas bogus candidates
are not well behaved. To this end, we define a spherical 2D
Gaussian, G(x, y), over pixels x, y as

G(x, y) = A · exp

⇢
�

1
2


(c

x

� x)2

�

+
(c

y

� y)2

�

��
, (2)

which we fit to the normalized PTF subtraction image, I
N

,
of each candidate by minimizing the sum-of-squared di↵er-
ence between the model Gaussian image and the candidate
postage stamp with respect to the central position (c

x

, c

y

),
amplitude A

1 and scale � of the Gaussian model. This fit
is obtained by employing an L-BFGS-B optimization algo-
rithm (Lu, Nocedal & Zhu 1995). The best fit scale and am-
plitude determine the scale and amp features, respectively,
while the gauss feature is defined as the sum-of-squared dif-
ference between the optimal model and image, and corr

is the Pearson correlation coe�cient between the best-fit
model and the subtraction image.

Next, we add the feature sym to measure the symmetry
of the subtraction image. The sym feature should be small
for real candidates, whose subtraction image tends to have a
spherically symmetric residual. sym is computed by first di-
viding the subtraction thumbnail into four equal-sized quad-
rants, then summing the flux over the pixels in each quad-
rant (in units of standard deviations above the background)
and lastly averaging the sum-of-squares of the di↵erences be-
tween each quadrant to the others. Thus, sym will be large
for di↵erence images that are not symmetric and will be
nearly zero for highly symmetric di↵erence images.

Next, we introduce features that aim to capture the
smoothness characteristics of the subtraction image thumb-
nails. A typical real candidate will have a smoothly varying
subtraction image with a single prominent peak while bogus

1 As subtraction images of real candidates can be negative when
the brightness of the source is decreasing, we allow the Gaussian
amplitude A to take on negative, as well as positive, values.

c
� 2012 RAS, MNRAS 000, 1–16

Machine learning: 
real or bogus?

Brink et al. 2012, arXiv:1209.3775

Add to Cart

  
13bxl 14:29:14.78 +15:46:26.4

217.311582 +15.774013
.

.
View another

  

OVERVIEW PHOTOMETRY SPECTROSCOPY FOLLOWUP OBSERVABILITY FINDING CHART  EXAMINE PAGE

NEW REF SUB SDSS

r = 17.6 (42.2 d) | Upload New Photometry 
 

z = 0.145 | Upload New Spectroscopy 
DM (approximate) = 39.19

ADDITIONAL INFO

NED SIMBAD VizieR HEASARC SkyView PyMP Extinction

IPAC DSS WISE Subaru VLT Variable Marshal (Search) ADS

FOLLOW UP

PROGRAMS

Date  Program  Priority  Type  

2013 Jul 02  P60 Transient Vetting  3  phot  

2013 Aug 02  Transients in the Local Universe  4  all  

2013 Aug 02  Transients in the Local Universe  4  all  

GROUPS

Name  Cadence  Maximum Age  

Bgriz 1 hr TILU  1 day  7 days  

group 1 day gri  1 day  150 days  

r snapshot  1 day  5 days  

ADD FOLLOWUP

Program: <-- Select Program -->

Observing Group: No Follow Up

Observation type: all  Priority: 1  (1=low, 5=high)      

ASSIGNMENTS

Date  Instrument  Priority  Comment  Status  

2013-
07-04  

P200+DBSP  5.0  Classification | Check if not already obtained with Lick. In
error circle of Fermi394416326. (leo)  

pending  

2013-
07-09  

P200+DBSP  5.0  Followup | LFC imaging (mansi)  pending  

2013-
07-11  

Keck2+DEIMOS  5.0  Followup | look for SN in spec (mansi)  pending  

2013-
07-15  

P200+DBSP  5.0  Followup | GRB-associated SN. Last chance before bright
time! (brad)  

pending  

2013-
08-03  

Keck1+LRIS  4.0  Followup | (sumin)  pending  

2013-
08-12  

APO+DIS  4.0  Followup | (mansi)  pending  

Add to: 2013-08-12 APO+DIS (Mansi Kasliwal)  Priority: 1  (1=low, 5=high)

Request Type: Classification

Comment:       

COMMENTS
2013 Aug 04 sumin [info]: observed with LRIS 
2013 Jul 15 iair [info]: Observed at P200+DBSP (PA 166.1) 
2013 Jul 14 jesper [info]: Latest Keck spectrum (July 11) looks
like 2006aj close to Max. The fit with 98bw is less good. 
2013 Jul 11 sumin [info]: observed with lick 3-m kast, g-band
and R-band images 
2013 Jul 11 sumin [info]: observed with Lick Kast g-band
image, 130711 
2013 Jul 09 brad [info]: Broad features identified in NOT
spectrum (GCN 14994) are clearly visible. But it doesn't look
like an exact match to 98bw to me (see attached). [view
attachment] 
2013 Jul 08 robert [info]: Light curve is still fading as a
powerlaw (see attached plot). Could have been a break in the
LC before 10^5 seconds. [view attachment] 
2013 Jul 06 jesper [info]: interesting features, and about
right timing. Although some structure also in earlier spectra.
SNID attached. /jesper [view attachment] 
2013 Jul 06 avishay [info]: SN signatures seem to be already
emerging, as light curve decline slows down. Comparison with
SN 1998bw and SN 2006aj attached. [view attachment] 
2013 Jul 05 ofer [comment]: Quick reduction (to be
compared with final one) 
2013 Jul 04 mansi [redshift]: 0.145 
2013 Jul 04 iair [info]: Observed with P200+DBSP 
2013 Jul 03 iair [redshift]: 0.145 
2013 Jul 03 iair [comment]: possible redshift based on
narrow H, O I, O III 
2013 Jul 03 eric [info]: Observed with P200-DBSP 130703 
2013 Jul 03 duncan [info]: There is a Fermi/LAT detection
(GRB130702A). The best LAT on-ground location is found to
be: RA, DEC = 216.4, 15.8 (J2000), with an error radius of 0.5
deg (90% containment, statistical error only) This position is 4
deg from the best GBM position (RA, Dec = 218.81, +12.25
with a 4 deg radius), and 0.8 deg from the position of the
optical afterglow. 
2013 Jul 02 eric [info]: Observed with P200-DBSP 130702 
2013 Jul 02 duncan [info]: Final Fermi GBM position: +14h
35m 14s, +12d 15' 00" (218.810d, +12.250d) (J2000) Error 3.99
[deg radius, statistical only]
http://gcn.gsfc.nasa.gov/other/394416326.fermi 
2013 Jul 02 mansi [info]: Triggered P60, P200, GROND and
Swift 
2013 Jul 02 duncan [info]: Observation triggered by
Fermi/GBM trigger Fermi394416326 
2013 Jul 02 ofer [info]: Very bright. No previous photometry.
Well separated from potential host. 
2013 Jul 02 ofer [type]: Transient 

Add a Comment:

Attach File: no file selectedChoose File

info  Save Comment

50 40 30 20 10

22

21

20

19

18

-17

-18

-19

-20

-21

4000 5000 6000 7000 8000 9000 10000

Visit same tiles again and again,
subtract deep co-adds from new images

Human + machine
follow-up target selection



image credit: Law et al. (2009, PASP 121, 1395)
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Fig. 1.— An overview of the PTF project data flow.

of the sky.
Followup of detected transients is a vital component of suc-

cessful transient surveys. The P60 photometric followup tele-
scope automatically generates colors and light curves for in-
teresting transients detected using P48. The PTF collabora-
tion also leverages a further 15 telescopes for photometric
and spectroscopic followup. An automated system will col-
late detections from the Berkeley classification engine, make
them available to the various follow up facilities, coordinate
the observations, and report on the results.
This paper is organized as follows: in Section 2 we describe

the new PTF survey camera and automated observing system,
and detail the on-sky performance of the system. Section 3
discusses the initial PTF observing strategy. Section 4 de-
scribes the automated data reduction pipeline and transient
classification system, and Section 5 details the PTF followup
systems. In Section 6 we conclude by describing PTF’s first
confirmed optical transient detections.

2. THE PTF SURVEY SYSTEM: P48 + THE PTF SURVEY CAMERA
The P48 telescope is a wide-field Schmidt with a 48-inch

aperture, a glass corrector plate and a 72-inch (f/2.5) mirror
(Harrington 1952). The telescope performed both Palomar
Sky Surveys (POSS I and POSS II; Reid et al. (1991)), and re-
cently completed the Palomar-Quest digital synoptic sky sur-
vey (Djorgovski et al. 2008), before the start of PTF modifi-
cations in autumn 2008.
The PTF survey camera (Figure 2) is based on the CFH12K

camera (Cuillandre et al. 2000). The camera was extensively
re-engineered by Caltech Optical Observatories for faster
readout, closed-cycle thermal control, and robust survey op-
eration. The CCD focal plane was untouched but the rest of
the camera was modified for reliable and low-cost operation
on the P48. Primary requirements for the design, in addition
to the mechanical and optical modifications required for oper-
ation on P48, were to reduce the operation cost of the camera,
to minimize the beam obstruction, and to increase the readout
speed for PTF operations.
The P48 telescope optics are significantly faster than the

CFHT, leading to stringent requirements on the camera’s
CCD array flatness and optical quality. The low-operation-
cost requirement led to swapping the camera cooling system
from a LN2 system to a CryoTiger closed-cycle cooler. The
camera was also upgraded with a new precision shutter and
filter-changer assembly. The telescope was refurbished for
operation with PTF and a new queue-scheduling automated
observatory control system was implemented.

TABLE 1
The specifications of the PTF survey system

P48 survey characteristics
Telescope Palomar 48-inch (1.2m) Samuel Oschin
Camera field dimensions 3.50 × 2.31 degrees
Camera field of view 8.07 square degrees
Light sensitive area 7.26 square degrees
Plate scale 1.01 arcsec / pixel
Efficiency 66% open-shutter (slew during readout)
Sensitivity (median) mR≈20.6 in 60 s, 5σ

mg′≈21.3 in 60 s, 5σ
Image quality 2.0 arcsec FWHM in median seeing
Filters g′ &Mould-R; other bands available

P48 survey camera CCD array
Component CCDs 12 CCDs; 1 non-functional
CCD specs 2K×4K MIT/LL 3-edge butted CCDs
Array Leveling Flat to within 20 microns
Pixels 15 microns/pixel; 100% filling factor
Chip gaps Median 35 pixels (35 arcsec)
Readout noise < 20 e−
Readout speed 30 seconds, entire 100 MPix array
Linearity better than 0.5% up to 60K ADUs
Optical distortion maximum 7′′at array corners

compared to flat grid

P60 followup camera specifications
Telescope Palomar Observatory 60-inch (1.5m)
CCD specs 2K×2K CCD
Plate scale 0.38 arcsec / pixel
Readout noise 5 e− (amp 1); 8 e− (amp 2)
Readout speed 25 seconds (full frame)
Linearity better than 1% up to 20K ADUs
Sensitivity (median) m′g≈21.6 in 120 s, 5σ

mr′≈21.3 in 120 s, 5σ
mi′≈21.1 in 120 s, 5σ
mz′≈20.0 in 120 s, 5σ

We summarize here the upgrades and provide on-sky per-
formance test results for the PTF survey camera on P48; more
detail on the camera engineering is provided in Rahmer et al.
(2008). Table 1 summarizes the survey and P60 followup sys-
tem specifications.

2.1. CCD Array
The core of the PTF survey camera is a 12K × 8K mosaic

made up of twelve 2K×4KMIT/LL CCID20 CCDs, arranged
in a 6x2 array (Figure 3). Three of the CCDs are high resistiv-
ity bulk silicon (HiRho); the rest are standard epitaxial silicon
(EPI). The EPI chips reach QEs of approximately 70% at 650
nm; the HiRho devices have somewhat higher QE, reaching
≈90% at 650 nm (Figure 4). The HiRho chips also have lower
fringing levels due to their increased thickness.
Depth of focus, and thus the flatness of the CCD array, is an

important issue for the P48’s f/2.5 beam. Approximately 92%
of the PTF survey camera’s CCD array is within 20 µm of the
reference focal plane position. Taking a detailed error budget
into account, including terms for telescope jitter, atmospheric
turbulence and the optical quality, we predicted that 89% of
the array would provide images meeting our 2.0′′FWHM im-
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The Astrophysical Journal Letters, 747:L5 (5pp), 2012 March 1 Corsi et al.

Figure 1. Discovery image of PTF 10vgv (marked with a red arrow) in the R
band; the host galaxy is also visible. Circles of 5′′ radius mark the positions of
the 10 reference stars used for calibration of the P48 photometry (see the text).
(A color version of this figure is available in the online journal.)

Table 1
P48 Observations of PTF 10vgv in R-band

Start Time Exposure Maga

JD-2455453.6446 (days) (s) (mag)

−6.776 600 <21.2b

−6.776 60 <20.8b

−6.732 60 <21.1b

−5.732 60 <20.9b

−5.688 60 <20.8b

−3.811 60 <20.6b

−3.811 360 <20.8b

−3.766 60 <20.6b

−2.814 60 <20.8b

−2.768 60 <21.4b

Notes.
a Magnitudes are not corrected for Galactic extinction and
are calibrated to the SDSS r (SDSS is estimated to be on the
AB system within ±0.01 mag in the r and i bands).
b 3σ upper limit computed by simulating stars at the position
of PTF 10vgv to account for the presence of the underlying
host galaxy.

(This table is available in its entirety in a machine-readable
form in the online journal. A portion is shown here for
guidance regarding its form and content.)

δ = +40◦52′03.′′3 (Corsi et al. 2010a), at an angular distance
of ∼ 5′′ from the galaxy SDSS15 J221601.54+405206.5. P48
observations were obtained with the Mould-R filter (Table 1 and
Figure 2). A high-quality image produced by stacking several
images of the same field was used as a reference and subtracted
from the individual images. Photometry was performed with
an aperture of 2′′ radius relative to the r-band magnitudes of
10 SDSS reference stars in the field (Figure 1), applying color
corrections (Corsi et al. 2011). Aperture corrections were ap-
plied to account for systematic errors as well as errors introduced
by the subtraction process (Corsi et al. 2011).

3. SPECTRAL CLASSIFICATION

After rapidly identifying PTF 10vgv, we triggered our follow-
up programs (Gal-Yam et al. 2011). On 2010 September 16 and

15 Sloan Digital Sky Survey (York et al. 2000).

Figure 2. Top: P48 R-band light curve of PTF 10vgv (black dots) corrected for
Galactic extinction. P48 pre-discovery upper limits derived using 60 s exposure
images are plotted as black triangles. Deeper upper limits obtained by co-adding
the pre-explosion images are plotted as green triangles, with the green horizontal
lines indicating the time range spanned by the co-added images. For comparison,
we also plot the light curve of SN 1994I (dashed line), rescaled to the redshift
of PTF 10vgv. Bottom: schematic representations of the bolometric light curves
of models Bmi18mf3p79z=1 (dashed line) and Bmi25mf5p09z1 (dash-dotted
line) of Dessart et al. (2011) are compared with the PTF 10vgv bolometric
light curve (solid line). The black triangle and solid horizontal line indicate our
deepest pre-explosion co-added upper limit (see upper panel) rescaled to account
for the bolometric correction (and for Galactic extinction). See Section 5 for
discussion.
(A color version of this figure is available in the online journal.)

October 1, we observed PTF 10vgv with the dual-arm Kast
spectrograph (Miller & Stone 1993) on the 3 m Shane telescope
at Lick Observatory (Figure 3). We used a 2′′ wide slit, a
600/4310 grism on the blue side, and a 300/7500 grating on the
red side, yielding full width at half-maximum intensity (FWHM)
resolutions of ∼4 Å and ∼10 Å, respectively. All observations
were aligned along the parallactic angle to reduce differential
light losses (Filippenko 1982). Respective exposure times and
air masses were 1800 s and 1.03 for the first epoch, and 2100 s
and 1.00 for the second epoch. The spectra were reduced using
standard techniques (e.g., Foley et al. 2003) based on IRAF and
IDL routines. Using the Kast spectra we derive a redshift of
z = 0.0142 ± 0.0002 (using Hβ, O iii, Hα, N ii, and S ii lines)
for PTF 10vgv.

On 2010 September 27, in between the two epochs of the
Kast observations, we observed PTF 10vgv with the Low
Resolution Spectrograph (LRS) mounted on the Hobby-Eberly
Telescope (HET), using the gr300 grating and GG385 filter. We
applied bias- and flat-field corrections using daytime calibration

2
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October 1, we observed PTF 10vgv with the dual-arm Kast
spectrograph (Miller & Stone 1993) on the 3 m Shane telescope
at Lick Observatory (Figure 3). We used a 2′′ wide slit, a
600/4310 grism on the blue side, and a 300/7500 grating on the
red side, yielding full width at half-maximum intensity (FWHM)
resolutions of ∼4 Å and ∼10 Å, respectively. All observations
were aligned along the parallactic angle to reduce differential
light losses (Filippenko 1982). Respective exposure times and
air masses were 1800 s and 1.03 for the first epoch, and 2100 s
and 1.00 for the second epoch. The spectra were reduced using
standard techniques (e.g., Foley et al. 2003) based on IRAF and
IDL routines. Using the Kast spectra we derive a redshift of
z = 0.0142 ± 0.0002 (using Hβ, O iii, Hα, N ii, and S ii lines)
for PTF 10vgv.

On 2010 September 27, in between the two epochs of the
Kast observations, we observed PTF 10vgv with the Low
Resolution Spectrograph (LRS) mounted on the Hobby-Eberly
Telescope (HET), using the gr300 grating and GG385 filter. We
applied bias- and flat-field corrections using daytime calibration
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Keck/LRIS g−band
2011 Sep 26.60
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Figure 1. Optical imaging of the field of PTF11agg. The P48 discovery (R-band) image is shown in the left panel. Follow-up Keck/LRIS g-band observations, obtained
on 2011 September 26, are displayed in the center (wider field) and right (zoomed in) panels. The location of PTF11agg, as determined from our P48 imaging, is
indicated with a solid circle (1′′ radius; note that this is significantly larger than the astrometric uncertainty in our alignment between the Keck/LRIS and P48 images,
which is ∼50 mas in each coordinate). A faint, unresolved source consistent with the location of PTF11agg is detected in both our g-band and R-band (not shown)
images. All images are oriented with north facing up and east to the left.

for example, the most mundane possibility is a lack of sky
coverage: the most sensitive high-energy GRB detectors cover
only a fraction of the sky at any given time. But other, more
interesting possibilities exist, including viewing-angle effects
(Rhoads 1997; Perna & Loeb 1998; Nakar et al. 2002) and
some physical process suppressing the high-energy emission
entirely (Dermer et al. 2000; Huang et al. 2002; Rhoads 2003).
The search at longer wavelengths for these “orphan” (i.e.,
off-axis) afterglows or “dirty fireballs” has remained one of
the most sought-after goals in the GRB field for more than a
decade.

In this work, we report the discovery by the Palomar Transient
Factory (PTF) of PTF11agg, a rapidly fading optical transient
associated with a year-long, scintillating radio counterpart. The
detection of a faint, blue, quiescent optical source at the transient
location suggests a cosmological origin for the transient (i.e.,
well beyond the Milky Way and any nearby galaxies). At such
distances, the observed radio emission requires the presence of
relativistic ejecta.

Throughout this work, we adopt a standard ΛCDM cosmol-
ogy with H0 = 71 km s−1 Mpc−1, Ωm = 0.27, and ΩΛ =
1 − Ωm = 0.73 (Spergel et al. 2007). All quoted uncertain-
ties are 1σ (68%) confidence intervals unless otherwise noted,
and UT times are used throughout. Reported optical magnitudes
are in the AB system (Oke & Gunn 1983). We have corrected the
reported optical and near-infrared (NIR) photometry for a fore-
ground Galactic extinction of E(B −V ) = 0.044 mag (Schlegel
et al. 1998), using the extinction law from Cardelli et al. (1989).

2. DISCOVERY AND BASIC ANALYSIS

2.1. Optical/Near-infrared

2.1.1. Observations

Regular monitoring observations of field 100033 (centered
at α = 08h23m32.s42, δ = +21◦33′34.′′5, with a total on-sky
area of 7.2 deg2) were obtained with the Palomar 48 inch
Oschin telescope (P48) equipped with the refurbished CFHT12k
camera (Rahmer et al. 2008) as part of a program to study
stellar variability in Praesepe (the Beehive Cluster; Agüeros
et al. 2011) by the PTF (Law et al. 2009; Rau et al. 2009). Over
500 individual P48 frames, each with an exposure time of 60 s,
were obtained over the period from 2009 November through
2012 March. All P48 images were obtained with a Mould
R-band filter, which is similar to the r ′ filter from the Sloan
Digital Sky Survey (SDSS; Aihara et al. 2011), but offset by
∼27 Å redward (Ofek et al. 2012).

In an image beginning at 5:17:11 on 2011 January 30, we
detected a bright but short-lived optical flare at the (J2000.0)
location α = 08h22m17.s195, δ = +21◦37′38.′′26, with a 1σ as-
trometric uncertainty of 70 mas in each coordinate (Figure 1).
This source was subsequently dubbed PTF11agg by our auto-
mated discovery and classification pipeline (Bloom et al. 2012).
Our P48 photometry of PTF11agg, calculated with respect to
nearby point sources from SDSS, is presented in Table 1.

The peak observed magnitude, obtained in our first image of
the field on 2011 January 30, was measured to be R = 18.26 ±
0.05 mag. In the next 10 P48 images of the field, all obtained
on 2011 January 30, the source is seen to decay by 1.2 mag in
the R band. A faint detection is also obtained by co-adding all
P48 images from 2011 February 1 (R = 22.15 ± 0.33 mag).
The resulting P48 R-band light curve is plotted in Figure 2. All
subsequent P48 images result in non-detections at this location.

Examining our pre-outburst (i.e., before 2011 January 30) P48
imaging, we find no evidence for emission at this location in any
individual frames (extending back in time to 2009 November).
The typical limiting magnitude for an individual P48 image is
R ! 20 mag. Stacking all frames from 2011 January 29 (i.e.,
the day preceding discovery), we limit the optical emission
at the location of PTF11agg to R > 21.9 mag. Similarly,
co-adding all pre-outburst P48 images results in a non-detection
with R > 23.7 mag.

Deep optical imaging of the location of PTF11agg was
obtained at late times (∆t > 1 month) with the Low Resolution
Imaging Spectrometer (LRIS; Oke et al. 1995) mounted on
the 10 m Keck I telescope (g′- and R-band filters), and the
Inamori-Magellan Areal Camera and Spectrograph (IMACS;
Dressler et al. 2011) mounted on the 6.5 m Magellan-Baade
telescope at Las Campanas Observatory (I-band filter).

In our deepest epoch of post-outburst optical imaging (2011
September 26 with Keck/LRIS, or ∆t = 240 days), we identify
a faint, unresolved (in 0.′′6 seeing) source in g′ and R at
(J2000.0) coordinates α = 08h22m17.s202, δ = +21◦37′38.′′26
(Figure 1). Given the uncertainty in the astrometric tie between
the Keck/LRIS and P48 imaging (50 mas in each coordinate),
the observed 90 mas radial offset is not statistically significant
(null probability of 0.17). Co-adding Keck/LRIS images of the
field of PTF11agg from several individual nights with less ideal
conditions (2011 March 4, March 12, and April 27), we can
recover an object at this location with similar brightness in both
g′ and R. No emission is detected at this location in the I-band
IMACS images to I > 25.2 mag.

We obtained NIR imaging of the location of PTF11agg
with the 1.3 m Peters Automated InfraRed Imaging TELescope
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Figure 2. Optical light curve of PTF11agg, compared with a representative sample of afterglows of long-duration GRBs discovered by the Swift satellite (Cenko
et al. 2009). The Swift GRBs are color-coded by redshift; small black points indicate GRBs with unknown distance. The observed power-law decline from PTF11agg
(α = 1.66) is consistent with GRB afterglow observations at ∆t ≈ 1 day after the burst. Though at the high end of the observed brightness distribution at ∆t ≈ 0.2 days,
a sizeable fraction (∼10%) of Swift events have a comparable R-band magnitude at ∆t ≈ 1 day. The inverted triangles mark 3σ upper limits.
(A color version of this figure is available in the online journal.)

Table 1
Optical/Near-infrared Observations of PTF11agg

Date Telescope/Instrument Filter Exposure Time Magnitude
(MJD) (s)

55590.30519 P48/CFHT12k R 540 >21.9
55591.22026 P48/CFHT12k R 60 18.26 ± 0.05
55591.22245 P48/CFHT12k R 60 18.25 ± 0.04
55591.23391 P48/CFHT12k R 60 18.36 ± 0.05
55591.25326 P48/CFHT12k R 60 18.51 ± 0.08
55591.26691 P48/CFHT12k R 60 18.51 ± 0.04
55591.26800 P48/CFHT12k R 60 18.61 ± 0.06
55591.33081 P48/CFHT12k R 60 18.53 ± 0.17
55591.36188 P48/CFHT12k R 60 18.96 ± 0.28
55591.40604 P48/CFHT12k R 60 19.36 ± 0.10
55591.42439 P48/CFHT12k R 60 19.46 ± 0.09
55591.43978 P48/CFHT12k R 60 19.51 ± 0.10
55593.40775 P48/CFHT12k R 420 22.15 ± 0.33
55594.23819 P48/CFHT12k R 300 >21.2
55621.19100 PAIRITEL H 2246 >20.4
55621.19100 PAIRITEL J 2246 >20.6
55621.19100 PAIRITEL Ks 2246 >19.7
55624.49–55678.28 Keck I/LRIS g′ 6680 26.63 ± 0.33
55624.49–55678.28 Keck I/LRIS R 5700 26.28 ± 0.28
55830.60259 Keck I/LRIS g′ 2100 26.34 ± 0.19
55830.59849 Keck I/LRIS R 2160 26.17 ± 0.22
55944.22461 Magellan/IMACS I 2400 >25.2
56014.27324 P200/WIRC Ks 1200 >22.6

(PAIRITEL; Bloom et al. 2006) on 2011 March 1 (∆t =
30 days). A total exposure time of 2246 s was obtained
simultaneously in the J, H, and Ks filters. Raw data files were
processed using standard NIR reduction methods via PAIRITEL
Pipeline III (C. Klein et al., in preparation), and resampled using
SWarp (Bertin et al. 2002) to create 1.′′0 pixel−1 images for final
photometry.

We also observed the location of PTF11agg with the Wide-
Field Infrared Camera (WIRC; Wilson et al. 2003) mounted
on the 5 m Hale telescope at Palomar Observatory. The images
were obtained in the Ks filter on 2012 March 28 (∆t = 423 days)
for a total exposure time of 1200 s. The individual frames were
reduced using a custom pipeline within the IRAF environment
(Tody 1986). Both the PAIRITEL and WIRC images were
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Figure 3. The 8 GHz radio light curve of PTF11agg, at an assumed redshift of 1.5 (in the middle of our allowed range: 0.5 ! z ! 3.0; Section 4.1). For comparison,
we have plotted the mean long-duration GRB radio light curve (solid gray line), as well as the 25%–75% distribution (gray shaded region; Chandra & Frail 2012). The
variability superposed on the secular decline is likely due to interstellar scattering by electrons in the Milky Way, and is not intrinsic to the source. For comparison, at
z = 0.5, the 8 GHz spectral luminosity would be a factor of 15 smaller, while at z = 3.0 a factor of 6 larger, than the values plotted here. The inverted triangle marks
a 3σ upper limit.

Figure 4. PTF11agg SED at radio frequencies. The observations at lower
frequencies have been interpolated to common epochs (∆t ≈ 43 and 67 days)
to match the times of our CARMA observations.
(A color version of this figure is available in the online journal.)

2.2.3. Angular Source Size

The presence of nonthermal radio emission provides two
powerful and independent means to constrain the angular size of
the emitting region. To begin, the brightness temperature (TB)
of an incoherent radio emitter cannot exceed its equipartition
value of TB,eq ≈ 1011 K (Readhead 1994; Kulkarni et al. 1998).
The brightness temperature is given by

TB = c2

2kBν2

fν

πΘ2
, (1)

where c is the speed of light, kB is Boltzmann’s constant, ν is the
observing frequency, fν is the observed flux density, and Θ is the

angular diameter of the emitting region. Adopting TB ! 1011 K
in Equation (1) thus implies a lower limit on the angular diameter
of the source:

Θ " 2.1
(

fν

µJy

)1/2 ( ν

GHz

)−1
µas. (2)

As can be seen from Equation (2), the strictest lower limits
on the size of the emitting region are derived from observations
at the lowest frequencies (assuming a power-law spectral index
β < 2). Using our 4.5 GHz observation on 2011 March 13, we
find Θ > 7 µas. Most of our early observations at 5 and 8 GHz
yield comparable (though slightly less strict) limits.

Separately, we can constrain the angular size of the source
from the detection of interstellar scattering and scintillation
(ISS; Rickett 1990). To quantify the degree of variation induced
by the scattering electrons, we calculate the modulation index,

mp(ν) =
√

V (fν) − 〈σ 2〉
〈fν〉

, (3)

where V (fν) is the variance of the flux density (with respect
to an assumed model), 〈σ 2〉 is the average of the square of the
individual measurement uncertainties, and 〈fν〉 is the average
of the flux density.

We calculated the modulation indices at 5 and 8 GHz, neglect-
ing higher frequencies due to the relative lack of observations.
We fit the light curves at both frequencies to a power-law model
of the form fν = f0(t − t0)−α , finding best-fit temporal indices
of α5 GHz = −0.09±0.13 (i.e., consistent with no temporal evo-
lution) and α8 GHz = 0.56 ± 0.06. This power-law model then
forms the reference which we use to calculate the variance at
each frequency. In this manner, we find mp(5 GHz) = 0.42 and
mp(8 GHz) = 0.26.

We use the Galactic electron density distribution model of
Cordes & Lazio (2002) to derive the relevant ISS parameters,
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Figure 5. Lower limits on the radio luminosity of PTF11agg (solid black line). For each spectral type, we calculate a minimum “detectability” distance using limits
from our NIR imaging (i.e., any source more nearby would have been detected). We then convert this distance to a lower limit on the radio luminosity based on the
observed peak flux from PTF11agg. Shown for comparison are radio observations of ultracool stars from the literature (Berger et al. 2001, 2005, 2008a, 2008b, 2009,
2010; Berger 2002, 2006; Antonova et al. 2007; Audard et al. 2007; Burgasser & Putman 2005; Hallinan et al. 2007; Route & Wolszczan 2012; McLean et al. 2012).
The inferred luminosity is several orders of magnitude larger than that of any previously observed low-mass star or brown dwarf, either in a quiescent or flaring state.
(A color version of this figure is available in the online journal.)

exists between the radio and X-ray luminosity in the low-
hard state (Corbel et al. 2003; Gallo et al. 2003), of the form
fν(radio) ∝ fν(X − ray)0.7. Using the derived formulation from
Gallo et al. (2003) and the observed radio flux, we would expect
an X-ray flux of fX ≈ 2 × 10−12 erg cm−2 s−1 (note that this
estimate is entirely independent of the distance to the source).
This is more than an order of magnitude above our derived X-ray
limits. We further note that while neutron star X-ray binaries do
not obey the same radio–X-ray correlation in the hard state, the
ratio of X-ray to radio luminosity is even larger in these sources
(Muno et al. 2005).

Alternatively, the most luminous radio flares from LMXBs
arise as the system transitions through the intermediate state
into a bright, quasi-thermal outburst (jet emission at the highest
X-ray fluxes appears to be largely suppressed; Fender et al.
2004). Unlike the steady radio jets in the low-hard phase, this
state transition in the accretion flow (from radiatively inefficient,
advection-dominated to geometrically thin, optically thick; Esin
et al. 1997) can sometimes cause the ejection of relativistic
material (Mirabel & Rodrı́guez 1999). While LMXBs in this
state do not always follow the same radio–X-ray correlation
(Gallo et al. 2003), the radio spectrum from this extended
emission becomes optically thin. The X-ray and optical fluxes
can rise by several orders of magnitude on a time scale of only
a few days during these “X-ray novae,” but typically both take
many months to return to quiescence (Tanaka & Shibazaki 1996;
Charles & Coe 2006).

PTF11agg differs from these X-ray novae in several major
respects. Most importantly, to reach the intermediate (and,

ultimately, high) state where the radio flare is launched, the
compact primary must be accreting material at a substantial
fraction of the Eddington limit (!1%–10%; Esin et al. 1997).
As a result, these outbursts have been discovered exclusively
by wide-field X-ray or γ -ray satellites. But, for any reasonable
Galactic distance scale (d " 10 kpc), our X-ray limits rule
out emission at the level of 10−5 LEdd (for a 1 M% black hole
or neutron star). While our X-ray observations were obtained
42 days after the initial optical outburst, this is comparable to
the e-folding time of these systems. As it requires ∼1 month for
the disk mass to accrete onto the neutron star or black hole (the
viscous time scale; King & Ritter 1998), this time delay alone
cannot account for the many orders of magnitude gap between
our limits and the required X-ray luminosity.

In addition to the lack of bright X-ray emission, we note
several more characteristics that distinguish PTF11agg from
known X-ray nova outbursts: (1) the radio emission at late
times remains unresolved, which is difficult to reconcile with
relativistic ejecta in our Galaxy; (2) the inverted radio spectrum
is inconsistent with the optically thin emission expected at this
time; (3) the time scale of the optical decay (∆t " 2 days) is
significantly shorter than what is observed in X-ray novae (τ ≈
20–40 days); and (4) the location, well off the Galactic plane
(l = 202◦, b = +29◦), is inconsistent with the known population
of LMXBs (van Paradijs & White 1995; White & van Paradijs
1996), which have a scale height of dz " 1 kpc (although
several prominent counterexamples are known; Tomsick et al.
1999; Zurita et al. 2000; Hynes et al. 2000; Uemura et al. 2000;
Mirabel et al. 2001; Wagner et al. 2001).
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Figure 6. The solid line shows the best-fit afterglow model (van Eerten et al. 2012) when the relativistic jet is oriented directly along the line of sight to the observer
(i.e., θobs = 0). The dashed curve displays the best-fit model when the viewing angle is allowed to vary freely. Given the relatively sparse data set (in particular the
lack of X-ray observations), a wide variety of models are able to reproduce the observed optical and radio emission. However, we find it impossible to reproduce
the observed emission when the viewing angle is outside the cone of the jet (i.e., θobs > θj). We therefore consider it unlikely that viewing angle alone can account
for the lack of high-energy emission from PTF11agg.
(A color version of this figure is available in the online journal.)

deliberate follow-up observations of a high-energy trigger) by
PTF. If the likelihood of chance detection of an untriggered
afterglow with PTF is significant, we will conclude that the rate
of PTF11agg-like events is consistent with the rate of normal
(i.e., on-axis) long-duration GRBs. If this probability is small,
then we can use these calculations to place lower limits on
the observed frequency of PTF11agg-like outbursts (in units
of the GRB rate). Given the relatively complex nature of PTF
scheduling (Law et al. 2009), we have conducted a series of
Monte Carlo simulations to this end.

PTF began full operations on about 2009 April 1. We have
retrieved a listing of all images obtained beginning at this time
through 2012 December 31, or over a period of 45 months.
We removed fields at Galactic latitude |b| < 20◦ (due to the
large foreground extinction).30 The resulting sample includes
129,206 pointings, each covering an area of 7.2 deg2. The
sample comprises 1940 unique fields, each imaged an average
of 67 times.

Since its launch, the Swift BAT31 detects GRBs at a rate
of ≈90 yr−1. The field-of-view of the BAT is ∼2 sr, and the
instrument has a duty cycle of ∼90%. Thus, the all-sky rate
for events at the BAT threshold is ∼630 yr−1. Over the 3.75 yr
period of interest, the total number of all-sky GRBs is ∼2360.
We note that this is an upper limit to the long-duration GRB
rate, as we have included short-duration GRBs in this sample as
well.

30 Given that the primary objective of PTF is the discovery of extragalactic
transients, this represents less than 10% of the total number of observations.
31 See http://swift.gsfc.nasa.gov/docs/swift/archive/grb_table.

For each trial, we create a mock catalog of 2360 GRBs.
Each GRB is randomly assigned a trigger time t0 (uniformly
distributed between 2009 April 1 and 2012 December 31) and
spatial coordinates α, δ (isotropically distributed on the sky). To
estimate the duration over which the optical afterglow would be
detectable by PTF, we utilize the sample of 29 long-duration
afterglows from the Palomar 60 inch (P60) Swift afterglow
catalog (Cenko et al. 2009). These events were selected solely on
the basis of visibility to the Palomar Observatory, so they should
represent an unbiased sample of the Swift afterglow brightness
distribution. For each event in the P60-Swift sample, we have
calculated the amount of time following the high-energy trigger
that the afterglow is brighter than R = 20 mag. These values
range from <204 s (GRB 050721) to 1.2 days (GRB 050820A).
Each mock GRB is randomly assigned one of the 29 actual
“visibility windows” from this sample.32

For each mock GRB, we then determine if the event occurred
within the 7.2 deg2 footprint of any individual PTF image,
and, if so, if the time of observation occurred within the
necessary window during which the afterglow was brighter
than 20 mag. The number of afterglows detected in each trial
(NGRB), together with the number of individual frames on which
each detected afterglow was brighter than the P48 sensitivity
limit (NDet), were then recorded. The results of 1000 individual
runs (i.e., different randomly selected groups of 2360 GRBs)
constitute a sufficiently large sample to evaluate the likelihood

32 For GRBs without any detected optical afterglow (e.g., “dark” bursts), we
use the earliest non-detection below our sensitivity threshold for the visibility
window. If anything, this would bias us to overestimate the expected number
of untriggered GRB afterglow detections by PTF.
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Figure 7. Normalized histogram of the number of serendipitous detections of normal on-axis GRB afterglows by PTF in our 1000 Monte Carlo trials. The distribution
is reasonably well described by a Poisson function with λ = 3.3 (solid black line).

(2006) derive a limit on the all-sky volumetric rate of GRB-
like explosions of Ṅ < 103 events Gpc−3 yr−1. Even assuming
an all-sky GRB rate as large (Guetta & Della Valle 2007) as
100 Gpc−3 yr−1 (more recent estimates suggest a significantly
smaller value; Butler et al. 2010), a population of PTF11agg-like
events occurring at a rate of ∼5 times that of normal GRBs is
consistent with these results. Our derived rate is therefore orders
of magnitude lower than the all-sky rate of Type Ibc supernovae
(Ṅ = 2.6 × 104 Gpc−3 yr−1; Li et al. 2011). It may approach
the rate of low-luminosity GRBs (Soderberg et al. 2006a; Cobb
et al. 2006; Guetta & Della Valle 2007), although this depends
both on the assumed beaming correction and the true GRB rate.

6. SUMMARY AND CONCLUSIONS

To summarize our results, we report here the discovery
of PTF11agg, a rapidly fading optical transient with a long-
lived, scintillating radio counterpart. Together with the observed
optical and radio light curves, the detection of a faint, blue
quiescent counterpart at the location of PTF11agg indicates that
the transient likely originated in the distant universe. Using
our measurements of the source size derived from the radio
observations, we infer that PTF11agg must be powered by
a relativistic outflow. These properties are all consistent with
the population of long-duration GRB afterglows, marking the
first time such an event has been discovered at cosmological
distances without a high-energy trigger.

Searching various high-energy satellites, we find no potential
γ -ray counterpart for PTF11agg. We therefore consider three
possible explanations that can simultaneously account for a
GRB-like explosion without any associated prompt high-energy
emission: an untriggered GRB, an orphan afterglow, and a dirty
fireball.

Using the all-sky rate of GRBs discovered by the Swift
satellite, together with a measurement of their observed optical
brightness distribution, we have calculated the likelihood of
serendipitous untriggered GRB afterglow detection by PTF
(2009 April–2012 December). Surprisingly, we found that the
a posteriori probability of untriggered GRB afterglow detection
in a high-cadence field like the one where PTF11agg was found
(11 observations on a single night) is only 2.6%. While we
cannot entirely rule out our null hypothesis that PTF11agg is
an untriggered GRB, this probability is sufficiently low that we
consider alternative interpretations as well.

The afterglow emission from an orphan GRB will rise in
flux at early times, as more and more of the jet becomes
visible due to relativistic beaming effects. Using both analytic
and numerical formulations, we are unable to reproduce the
observed PTF11agg light curves unless the observer viewing
angle is within the opening angle of the jet. While these models
assume a relatively simple jet structure, the requirement of rising
afterglow emission at early times is a robust prediction for all
off-axis models.

A more intriguing possibility is that PTF11agg may represent
a new class of relativistic outbursts with little or no correspond-
ing high-energy emission. In much the same way that SN 2009bb
(Soderberg et al. 2010) demonstrated that the more nearby, sub-
luminous class of GRBs may generate relativistic ejecta yet
lack high-energy emission, PTF11agg may play an analogous
role for the more energetic, cosmologically distant sample of
long-duration GRBs. Dirty fireballs (i.e., a baryon-loaded jet)
are one possible explanation (Chakraborti & Ray 2011), though
alternative possibilities surely exist as well.

In this picture, the inferred rate of PTF11agg-like events
must be four times higher (90% confidence) than the rate of
on-axis long-duration GRBs. When combined with traditional
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Table 3
PTF GRB Simulation Results

N NDet NObs

1 1311 11376
2 1583 40101
3 228 5889
4 118 825
5 30 693
6 31 305
7 6 189
8 4 113
9 3 54
>10 26 426

of serendipitous detection of long-duration GRB afterglows with
PTF.

In the 1000 trials conducted, at least one GRB afterglow was
detected (i.e., NGRB ! 1) in 970 instances. Thus, the probability
of detecting at least one on-axis afterglow over the course of
the first two years of PTF is quite high, P (NGRB ! 1) = 97%.
The expectation value for the number of afterglows detected is
λ = 3.3. The distribution of the number of afterglows detected
in our 1000 trials is reasonably well described by Poisson
statistics (Figure 7). In this respect, then, PTF11agg appears
to be consistent with a normal on-axis GRB.

However, the field in which PTF11agg was identified (the
Beehive cluster) is atypical amongst PTF pointings. Most fields
are only observed two or three times per night (multiple images
are used to identify solar system objects). But the Beehive cluster
is a “high-cadence” field, observed many times ("10) per night
during its observing season. Instead of calculating the rate of
afterglow detections over the entire survey (i.e., NGRB), a more
appropriate comparison would limit the scope to similar high-
cadence fields.

We therefore consider on how many individual images each
of the 3340 “detected” GRB afterglows (in our 1000 trials) were
above the P48 limiting magnitude (i.e., NDet). This is illustrated
in Table 3. The vast majority of the afterglows are detected on
only one or two images (87%). In fact, in our 1000 trials, an
optical afterglow was detected on at least 10 individual images
only 11 times (i.e., P (NDet ! 10) = 2.6%). PTF11agg was
detected 11 times on 2011 January 30 with R < 20 mag.

We can understand this result analytically in the following
manner. In the case where the integration time (δt) is much
smaller than the period over which a transient is visible (τ ), the
number of detectable events at any given time will be

q = ΩN τ

4π
, (8)

where Ω is the field of view (in steradian) and N is the
all-sky event rate. For long-duration GRB optical afterglows,
serendipitous detection by PTF will be dominated by the ∼10%
of events that remain brighter than R < 20 mag for τ ≈ 1 day
(certainly this is true for those afterglows with NDet > 3). Thus,
for the PTF project, Ω/4π = 1.7 × 10−4 sr (7.2 deg2), and
adopting N ≈ 0.1 × 630 yr−1 and τ ≈ 2.7 × 10−3 (1 day), we
find q ≈ 3.0 × 10−5 events per field.

The expected number of detected events, λ, will then be
qNObs, where NObs is the number of (independent) measurement
epochs. Over the two-year period of interest, the number of
individual P48 images obtained is NObs(all) = 1.3 × 105. Thus,
we predict λ ≈ 3.7, in good agreement with the results of our
Monte Carlo simulations.

Conversely, we can calculate the relative frequency of high-
cadence (NObs[>10]) observations in our two-year PTF sample
by measuring how often each field was observed on a nightly
basis. The results of this analysis are shown in the far-right
column of Table 3. As is evident, high-cadence observations
with NObs(>10) (i.e., more than 10 observations of a field
obtained in a single night) occur with a frequency of 1% when
compared with regular-cadence fields (NObs[1] + NObs[2]).

From this analysis, we conclude that the rate of PTF11agg-
like events is inconsistent with the rate of long-duration GRBs
with 97.4% confidence. Admittedly, a number of assumptions
went into this analysis, and one should always be careful
with results drawn from such an a posteriori analysis. But,
independent of the exact likelihood, we conclude that the
probability of untriggered afterglow detection in a high-cadence
PTF field is small. Either we have been quite lucky, or we may
have uncovered a new, more common class of distant, relativistic
outbursts lacking entirely in high-energy emission.

It is crucial to verify, however, that our inferred rate does
not violate any other limits on short-timescale transients, either
from PTF itself, or from previous optical and radio surveys. As
highlighted above, low-cadence fields are observed significantly
more frequently with PTF than high-cadence fields like the
Beehive. Thus, any short-timescale (∆t # 1 day) transient
should be detected in many more NObs(1) and NObs(2) fields
than high-cadence fields. In the case of PTF11agg, repeating the
above Monte Carlo simulations for a transient population with
five times the GRB event rate (but the same optical brightness
distribution), we find an expected number of detected sources of
λ = 16.7 in all fields. At first glance, the fact that we have not
discovered such a population of sources would seem to favor
the untriggered GRB scenario.

Here it is important to distinguish between transient detection,
by which we mean a source is above the P48 sensitivity limit
on a given image, and discovery, where a transient is flagged
as astrophysically interesting (by software or human beings;
Bloom et al. 2012). Because of the large number of uncataloged
asteroids near the PTF limit, our software requires at least two
detections at a given location to flag a source as a bona fide
transient (e.g., to “discover” the source). Thus, any PTF11agg-
like outburst with only a single detection (NDet = 1) will never
be discovered by our survey. Likewise, there may be subtle
biases limiting our capability to identify and/or conduct follow-
up observations of similar short-timescale transients with only
a few detections.

Whether these discovery biases are sufficient to account for
the lack of similar sources in our low-cadence fields with PTF
remains to be seen. We have attempted to search through all
PTF discoveries that were detected only on a single night
(independent of NDet),33 but have yet to uncover any additional
viable candidates. Ultimately, future wide-field, high-cadence
optical surveys may be required to resolve this issue.

Finally, we compare our derived rate of PTF11agg-like events
with previous searches for orphan optical (Vanden Berk et al.
2002; Becker et al. 2004; Rykoff et al. 2005; Rau et al. 2006,
2008; Malacrino et al. 2007) and radio (Levinson et al. 2002;
Berger et al. 2003; Gal-Yam et al. 2006; Soderberg et al.
2006b) afterglows, to verify that our results are consistent with
these limits. The tightest constraints on the rate of relativistic
outbursts come from radio surveys, where Gal-Yam et al.

33 We cannot avoid the requirement of at least two detections, however.
Otherwise we would be completely swamped with asteroids, which are
detected at a rate of thousands per night.
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Serendipitous on-axis afterglow?

Should occur a few 
times per year in normal 
PTF fields, but rarely in 
high-cadence fields like 
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Inconsistent with long GRB rate with 97.4% confidence 
⟹ new, more common kind of relativistic transient?
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      what do they have in common? what can we learn from afterglows of Fermi bursts?

B. Afterglows of Fermi GRBs:
     how do we hunt for them?

C. GRB 130702A and iPTF13bxl:
      a nearby wimpy monster? z=0.145,
      spectroscopic SN Ic-BL, 33 GCN circs, 2 ApJL papers,
      proof of principle for Advanced LIGO!



A. Palomar Transient Factory, Fermi GBM, and LIGO:
      what do they have in common? what can we learn from afterglows of Fermi bursts?



The Astrophysical Journal, 732:29 (27pp), 2011 May 1 Cenko et al.

0 1 2 3 4 5 6 7 8 9
10

50

10
51

10
52

10
53

10
54

10
55

Redshift

E
γ(is

o)
 [e

rg
]

 

 

Pre−Swift
Swift
Fermi−LAT

1 M
Sun

c2

Figure 1. Prompt isotropic gamma-ray energy release (Eγ ,iso) of GRBs.
With its soft, narrow bandpass (15–150 keV), Swift typically selects events
having smaller isotropic energy release but larger opening angles than previous
missions, which triggered predominantly in the MeV bandpass (Perna et al.
2003). GRBs detected at GeV energies with the Fermi-LAT all fall at the
brightest end of the isotropic energy distribution, and must therefore be
highly collimated to achieve a canonical beaming-corrected energy release of
∼1051 erg. References: pre-Swift: Amati 2006; Swift: Butler et al. 2007; Fermi-
LAT: Greiner et al. 2009, this work.
(A color version of this figure is available in the online journal.)

afterglow observations allow both a measurement of the degree
of collimation (and hence the true beaming-corrected energy
release in the prompt emission, Eγ ) and the kinetic energy
remaining in the shock that powers the broadband afterglow
emission (EKE). Such measurements, made nearly a decade ago,
pointed to a total relativistic energy yield (Erel ≈ Eγ + EKE)
of ∼1051 erg (Frail et al. 2001; Panaitescu & Kumar 2001a;
Freedman & Waxman 2001; Bloom et al. 2003; Berger et al.
2003a).

Since that time, there has been growing evidence for a con-
siderable range in the relativistic energy scale Erel, suggesting
either a diversity in central engines or their properties. Most
notably, a population of nearby (redshift z ! 0.1), subenergetic
GRBs has been identified (Bloom et al. 2003; Soderberg et al.
2004, 2006). They too are associated with SNe Ib/c, but their
relativistic energy release is a factor of 100 less than that of typi-
cal cosmological GRBs, and their outflows are significantly less
collimated (quasi-spherical). Since they can only be detected
at low redshifts where the comparative volume for discovery is
low, they are small in total known number. But their volumetric
rate is inferred to be 10–100 times larger than that of the more
distant long-duration GRBs (Soderberg et al. 2006; Cobb et al.
2006; Liang et al. 2007).

More recently, evidence has been growing for a class of GRBs
whose total relativistic energy release is at least an order of
magnitude above the canonical value of 1051 erg (e.g., Cenko
et al. 2010, and references therein). Unlike subluminous events,
the total energy budget of these hyper-energetic events poses a
significant challenge for some progenitor models. In particular,
models in which the GRB is powered by a magnetar or a
neutrino-driven collapsar are strongly disfavored. On the other
hand, collapsars driven by magnetohydrodynamical (MHD)
processes, such as the Blandford–Znajek mechanism (Blandford
& Znajek 1977), can naturally accommodate energy budgets as
large as 1053 erg.

Unfortunately, it has been rather difficult to constrain the
beaming-corrected energetics for the hundreds of GRBs de-
tected by the Swift satellite (Gehrels et al. 2004). The reasons

for this difficulty are now largely understood. First, the rela-
tively narrow energy bandpass (15–150 keV) can miss entirely
the peak of the gamma-ray spectrum, making estimates of Eγ ,iso
highly uncertain. Second, there has been a dearth of measure-
ments of jet opening angles (e.g., Panaitescu 2007; Kocevski &
Butler 2008; Liang et al. 2008; Racusin et al. 2009) and well-
sampled multi-wavelength GRB afterglows (used to derive the
afterglow kinetic energy EKE). Swift GRBs are on average more
than twice as distant (Jakobsson et al. 2006) and therefore sig-
nificantly fainter (∼1.5 mag in the optical; Berger et al. 2005;
Kann et al. 2010) than GRBs in previous samples. This is due
in large part to selection effects: a combination of soft bandpass
and high sensitivity from Swift has preferentially selected the
faint end of the luminosity function—GRBs with low isotropic
energy release but large opening angles (Perna et al. 2003).

With its nearly seven decades in energy coverage
(10 keV–100 GeV), Fermi can provide unparalleled constraints
on the spectral properties of the prompt emission. Furthermore,
in light of the empirical relation between the peak energy of
the gamma-ray spectrum and the isotropic gamma-ray energy
release (the Ep–Eγ ,iso, or “Amati” relation; Amati 2006), MeV/
GeV events detected by either the Gamma-Ray Burst Moni-
tor (GBM; 8 keV–40 MeV; Meegan et al. 2009) or the Large
Area Telescope (LAT; 20 MeV–300 GeV; Atwood et al. 2009)
on board Fermi preferentially select a sample of GRBs with
large isotropic energy release (Figure 1). High-Eγ ,iso events
also have brighter X-ray and optical afterglows on average (Ny-
sewander et al. 2009). Follow-up afterglow observations can
then determine whether these GRBs are highly beamed events
(θ ! 2◦) with a typical energy release or true hyper-energetic
GRBs.

The Fermi-LAT offers a further advantage over previous
GRB missions sensitive only at MeV and keV energies by
providing strict constraints on the initial Lorentz factor of
the relativistic outflow. To avoid e+−e− pair production (and
the accompanying thermal spectrum), the GRB jet must be
moving toward the observer with ultra-relativistic speeds (the
“compactness” problem; Cavallo & Rees 1978). The higher
the energy of the most energetic photon detected from a
GRB, the stricter the lower limit on the outflow Lorentz
factor will be. Combining the Lorentz factor limits for the
most relativistic GRBs with inferred jet opening angles from
broadband afterglow models can provide critical diagnostics of
the jet acceleration mechanism.

Here we report on broadband (radio, optical, and X-ray)
observations of four long-duration GRBs detected by the Fermi-
LAT at GeV energies: GRBs 090323, 090328, 090902B, and
090926A. For each event we construct afterglow models to
constrain the collimation and beaming-corrected energetics, and
we compare these LAT events with previous GRBs detected at
other energies (i.e., keV energies from Swift and MeV energies
from pre-Swift satellites). For three of these GRBs, we also
present the optical spectra used to determine the afterglow
redshift. A more thorough analysis of the host-galaxy properties
of these events will be presented in a forthcoming work.

Throughout this paper, we adopt a standard ΛCDM cosmol-
ogy with H0 = 71 km s−1 Mpc−1, Ωm = 0.27, and ΩΛ =
1 − Ωm = 0.73 (Spergel et al. 2007). We define the flux-
density power-law temporal and spectral decay indices α and β
as fν ∝ t−αν−β (e.g., Sari et al. 1998). Optical magnitudes have
been converted to flux densities using zero points from Fukugita
et al. (1995). All quoted uncertainties are 1σ (68%) confidence
intervals unless otherwise noted.
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Fermi GRBs are more 
energetic than Swift GRBs.
Tip of the Swift distribution, 
or qualitatively different? 7

     
0

5

10

15

20

N

Long1 day
X−ray

     
 

 

 

 

 
BAT

GBM
LAT

1 day
Optical

40 42 44 46 48
log L

x
 (erg s−1)

0

5

10

15

20

N

11 hour
X−ray

40 42 44 46 48
log L

o
 (erg s−1)

 

 

 

 

 
11 hour
Optical

     
0

1

2

3

4

5

N

Short1 day
X−ray

     
 

 

 

 

 

 
BAT

GBM
LAT

1 day
Optical

40 42 44 46 48
log L

x
 (erg s−1)

0

1

2

3

4

5

N

11 hour
X−ray

40 42 44 46 48
log L

o
 (erg s−1)

 

 

 

 

 

 
11 hour
Optical

Fig. 7.— Histograms of X-ray (0.3-10 keV, left column) and op-
tical (u band, right column) instantaneous luminosity at times of
11 hours (bottom row) and 1 day (top row) in the rest frame of
each GRB, with the long bursts (top panel) and short bursts (bot-
tom panel) separated. Notice that the LAT long burst population
luminosities are larger on average than that of the other samples,
but are not at the very bright end of the distribution.

GRB and the measured redshift, we integrate over a com-
mon rest frame energy range (Amati et al. 2002) of 10
keV to 10 MeV, as:

Eγ,iso =
4πD2

L

(1 + z)

∫ 10 MeV/(1+z)

10 keV/(1+z)
E F (E) dE. (3)

The functional forms and assumptions are described in
more detail in the appendix of Racusin et al. (2009).
Using this method, we infer a reasonable value of Eγ,iso
for each GRB in a systematic way.
Ghisellini et al. (2010) and Swenson et al. (2010) estab-

lished that LAT GRBs include some of the most energetic
GRBs ever detected. On average, the LAT GRBs have
isotropic equivalent γ-ray energy outputs (Eγ,iso) that
are 1-2 orders of magnitude larger than that of the Swift
bursts (Figure 8). Given the well known correlations be-
tween Epeak and Eγ,iso (Amati et al. 2002; Amati 2006),
and the hardness of LAT GRB spectra required for them
to be detected by LAT at all, their large Eγ,iso’s are not
surprising.
This suggests to us that the LAT is preferentially de-
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short (bottom panel) bursts in the BAT, GBM, and LAT samples.
The GBM and BAT distributions are statistically similar. How-
ever, the LAT GRBs are on average more energetic than the other
samples and extend above 1055 ergs.

tecting extremely energetic GRBs compared to previous
GRB experiments. The sensitivity, large field of view,
and large energy range of the LAT make it especially
sensitive to hard bursts. While the physical origin of the
Amati relation is not well understood, the energetic LAT
bursts seem to qualitatively follow the same relationship.
Applying our characterizations of the optical and X-ray

light curves and SEDs to the energetics, we can infer jet
half-opening angles and collimation-corrected γ-ray en-
ergy outputs (Eγ), or limits when all observations were
either pre- or post-jet break. Again, the methods used
in these calculations and jet break determination are de-
scribed in detail in Racusin et al. (2009).
Using the XRT and UVOT data alone, most of the

LAT GRB afterglow light curves (exceptions discussed
below) are best characterized by single power laws, with
relatively flat slopes (αo,x ! 1.8), with the exception
of the poorly sampled GRB 100414A which may have
had a break in the large gap between observations, and
the short GRB 090510 which shows an early break to a
steep decay - a behavior suggestive of a “naked” short
hard burst (Kumar & Panaitescu 2000) that indicates
the turnoff of the prompt emission in a low density en-
vironment with either an afterglow too faint to detect or
no afterglow at all. However, de Pasquale et al. (2010)
discussed the possibility that the break in the optical and
X-ray light curves of GRB 090510 at ∼ 2000 seconds is
an early jet break, rather than a naked afterglow (i.e.
steep fall off is either high latitude emission or post-jet
break). The following calculations use the jet break as-
sumption, but we recommend caution when examining
the energetics of this GRB.

Racusin et al. (2011, ApJ 738:138)
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Figure 6. T90 (top) and T50 (bottom) distributions from the BAT mask-weighted light curves in the 15–350 keV band.

Figure 7. From top to bottom, T90 distribution of BAT from the mask-weighted
light curves in the 15–350 keV band, BATSE from the light curves in the
50–350 keV band, BeppoSAX from the light curves of the GRBM instrument
in the 40–700 keV band, and HETE-2 from the light curves of the FREGATE
instrument in the 6–80 keV band.

fluence ratio of about 2. On the other hand, the averaged fluence
ratio of the L-GRBs is 1.3. The Kolmogorov–Smirnov (K-S) test
probability of the fluence ratio between L-GRBs and S-GRBs
is 8.3 × 10−20. Based on this comparison, we can conclude that
the S-GRBs are generally harder than the L-GRBs. However,

note that there is a large overlap in hardness between L-GRBs
and S-GRBs in the BAT sample. The S-GRBs with E.E. overlap
the L-GRB samples.

The comparisons in the fluence ratio–T90 plane for the BAT,
the BATSE, the BeppoSAX, and the HETE-2 GRBs are shown
in Figure 9. Both fluences and T90 values for the BATSE sample
are extracted from the 4B catalog. For the BeppoSAX sample,
we used the best-fit simple PL model in the catalog (Frontera
et al. 2009) to calculate the fluence ratios in the 50–100 keV
and the 25–50 keV band. For the HETE-2 sample, we calculated
the fluences in those energy bands using the spectral parameters
reported in Sakamoto et al. (2005) and Pélangeon et al. (2008).
We only calculated the fluences for sources listed with CPL or
Band parameters.17 The T90 values of the HETE-2 sample are
from Pélangeon et al. (2008). As seen in Figure 9, the GRB
samples of different missions are overlaid on each other.

4.4. Peak Fluxes and Fluences

Figure 10 shows the 1 s and the 20 ms peak photon fluxes
versus the fluence in the 15–150 keV band. As we showed in
the BAT1 catalog, there is a positive correlation between peak
photon flux and fluence. Based on the correlation between the
20 ms peak flux and the 15–150 keV fluence (lower panel of
Figure 10), it is now clear that most of the BAT S-GRBs populate
a low fluence but high peak flux region. For S-GRBs, the 1 s peak
flux is systematically lower than the 20 ms peak flux because the
1 s time window is usually predominantly larger than the actual
S-GRB duration used for calculating the flux. That the S-GRB
population has low fluence and high peak flux in the BAT sample
could be due to the selection effect of the imaging requirement
in the trigger algorithm (e.g., more detected photons are needed
to image the source).

The fluence in the 50–150 keV band versus that in the
15–50 keV band for the BAT GRBs is shown in the top panel
of Figure 11. In this figure we also indicate the distribution
expected for a Band function with a low-energy photon index

17 Because of this spectral model requirement, we are excluding a large
number of X-ray flashes in the HETE-2 sample where a PL is the usual
accepted model.
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Figure 2. Distribution of GRB durations in the 50–300 keV energy range. The
upper plot shows T50 and the lower plot shows T90.

FSW and ground locations use the count rates in all 12 NaI
detectors to point back to a preferred direction on the sky
by comparing observed rates to model rates and minimizing
χ2. The model rates are a combination of counts that come
directly from the source into the detector, counts from the source
scattered in the spacecraft into the detectors, and counts from
source photons that hit Earth’s atmosphere and are scattered
into the detectors. All three of these components are a function
of the source intensity, its spectrum, and the source-spacecraft
geometry, with the final component also depending on the
source-spacecraft-Earth geometry. For automated locations on
board and on the ground, the background count rate subtracted
from the observed counts is an average over a 16 s interval before
the burst trigger occurred. However, the ground automated
localizations differ from the flight locations in several ways.

1. Although the two decision making processes use the same
rate data type, they run independently with different criteria
and do not necessarily use rate data from the same time
intervals.

2. The ground process has access to location tables generated
with finer sky resolution (1◦, compared to 5◦ for the FSW).

3. The ground process includes a more accurate treatment
of atmospheric scattering (based on the actual orientation
of the spacecraft with respect to Earth, whereas the FSW
assumes zenith pointing for all model rates).

4. The ground process incorporates the spectrum of the source
into the calculation of the expected rates by choosing one
of three location tables based on the hardness of the burst
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Figure 3. Scatter plots of spectral hardness vs. duration are shown for the
two duration measures T50 (upper plot) and T90 (lower plot). The spectral
hardness was obtained from the duration analysis results by summing the
deconvolved counts in each detector and time bin in two energy bands (10–50
and 50–300 keV), and further summing each quantity in time over the T50 and
T90 intervals. The hardness was calculated separately for each detector as the
ratio of the flux density in 50–300 keV to that in 10–50 keV and finally averaged
over detectors. For clarity, the estimated errors are not shown but can be quite
large for the weak events. Nevertheless, the anti-correlation of spectral hardness
with burst duration is evident.

as determined by the ratio of counts > 50 keV to counts
< 50 keV.

The GBM team assigns a burst advocate (BA) to inspect
the real-time data promptly and perform additional analysis as
appropriate. Normally, the BA will generate additional localiza-
tions and optionally distribute these via the GCN (circulars were
used during the time period of this catalog but currently GCN
notices are used). These “human-in-the-loop” localizations use
source and background time intervals and model fits selected by
the user based on the entire quick-look data set, which extends
from 200 s pre-trigger to 450 s post-trigger. The BAs typically
run the location code several times, using different selections
of time interval and/or background models, and select a best
location using statistical error and goodness-of-fit criteria. This
is particularly useful in verifying that separate pulses are con-
sistent with the same sky location. The FSW classification is
reviewed by the BA, usually in consultation with other GBM
team members, and may be corrected based on inspection of
the GBM quick-look data and/or additional information such
as detection by another instrument.

4. CATALOG ANALYSIS

4.1. Burst Localization and Instrument Response

Determination of the approximate burst sky location is
important because the other results reported in this catalog and
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Swift BAT, 2004–2009, 476 GRBs

Fermi GBM, 2008–2010, 491 GRBs

Fermi detects 
more, shorter, 
and harder GRBs 
than Swift.



Fermi GBM

• Prolific detection rate (twice that of Swift)

• With LAT, access to MeV—GeV regime

• All-sky (~70% of sky)

• Strengths for detecting short-hard bursts

• But very coarse localization, >1°
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of the event (Phinney 2009; Mandel & O’Shaughnessy
2010), for example an association with specific stellar
populations (e.g., Fong et al. 2010).
Motivated by the importance of EM detections, in this

paper we address the critical question: What is the most
promising EM counterpart of a compact object binary
merger? The answer of course depends on the definition
of “most promising”. In our view, a promising coun-
terpart should exhibit four Cardinal Virtues, namely it
should:

1. Be detectable with present or upcoming telescope
facilities, provided a reasonable allocation of re-
sources.

2. Accompany a high fraction of GW events.

3. Be unambiguously identifiable (a “smoking gun”),
such that it can be distinguished from other astro-
physical transients.

4. Allow for a determination of ∼ arcsecond sky posi-
tions.

Virtue #1 is necessary to ensure that effective EM
searches indeed take place for a substantial number of
GW triggers. Virtue #2 is important because a large
number of events may be necessary to build up statis-
tical samples, particularly if GW detections are rare; in
this context, ALIGO/Virgo is predicted to detect NS-
NS mergers at a rate ranging from ∼ 0.4 to ∼ 400 yr−1,
with a “best-bet” rate of ∼ 40 yr−1 (Abadie et al. 2010b;
cf. Kopparapu et al. 2008), while the best-bet rate for
detection of NS-BH mergers is ∼ 10 yr−1. Virtue #3 is
necessary to make the association with high confidence
and hence to avoid contamination from more common
transient sources (e.g., supernovae). Finally, Virtue #4
is essential to identifying the host galaxy and hence the
redshift, as well as other relevant properties (e.g., asso-
ciation with specific stellar populations).
It is important to distinguish two general strategies

for connecting EM and GW events. One approach is to
search for a GW signal following an EM trigger, either in
real time or at a post-processing stage (e.g., Finn et al.
1999; Mohanty et al. 2004). This is particularly promis-
ing for counterparts predicted to occur in temporal co-
incidence with the GW chirp, such as short-duration
gamma-ray bursts (SGRBs). Unfortunately, most other
promising counterparts (none of which have yet been in-
dependently identified) occur hours to months after co-
alescence6. Thus, the predicted arrival time of the GW
signal will remain uncertain, in which case the additional
sensitivity gained from this information is significantly
reduced. For instance, if the time of merger is known
only to within an uncertainty of ∼ hours(weeks), as we
will show is the case for optical(radio) counterparts, then
the number of trial GW templates that must be searched
is larger by a factor ∼ 104 − 106 than if the merger time
is known to within seconds, as in the case of SGRBs.

6 Predicted EM counterparts that may instead precede the
GW signal include emission powered by the magnetosphere of the
NS (e.g. Hansen & Lyutikov 2001; McWilliams & Levin 2011), or
cracking of the NS crust due to tidal interactions (e.g. Troja et al.
2010), during the final inspiral. However, given the current uncer-
tainties in these models, we do not discuss them further.
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Fig. 1.— Summary of potential electromagnetic counterparts
of NS-NS/NS-BH mergers discussed in this paper, as a function
of the observer angle, θobs. Following the merger a centrifugally
supported disk (blue) remains around the central compact object
(usually a BH). Rapid accretion lasting ! 1 s powers a collimated
relativistic jet, which produces a short-duration gamma-ray burst
(§2). Due to relativistic beaming, the gamma-ray emission is re-
stricted to observers with θobs ! θj , the half-opening angle of the
jet. Non-thermal afterglow emission results from the interaction of
the jet with the surrounding circumburst medium (red). Optical af-
terglow emission is observable on timescales up to∼ days−weeks by
observers with viewing angles of θobs ! 2θj (§3.1). Radio afterglow
emission is observable from all viewing angles (isotropic) once the
jet decelerates to mildly relativistic speeds on a timescale of weeks-
months, and can also be produced on timescales of years from sub-
relativistic ejecta (§3.2). Short-lived isotropic optical emission last-
ing ∼ few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in
the ejecta (§4).

A second approach, which is the primary focus of
this paper, is EM follow-up of GW triggers. A poten-
tial advantage in this case is that counterpart searches
are restricted to the nearby universe, as determined by
the ALIGO/Virgo sensitivity range (redshift z ! 0.05−
0.1). On the other hand, a significant challenge are the
large error regions, which are estimated to be tens of
square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009;
Wen & Chen 2010; Nissanke et al. 2011). Although it
has been argued that this difficulty may be alleviated
if the search is restricted to galaxies within 200 Mpc
(Nuttall & Sutton 2010), we stress that the number of
galaxies with L " 0.1L∗ (typical of SGRB host galax-
ies; Berger 2009, 2011b) within an expected GW error
region is ∼ 400, large enough to negate this advantage
for most search strategies. In principle the number of
candidate galaxies could be reduced if the distance can
be constrained from the GW signal; however, distance
estimates for individual events are rather uncertain, es-
pecially at that low SNRs that will characterize most de-
tections (Nissanke et al. 2010). Moreover, current galaxy
catalogs are incomplete within the ALIGO/Virgo volume
(e.g. Kulkarni & Kasliwal 2009), especially at lower lu-
minosities. Finally, some mergers may also occur outside
of their host galaxies (Berger 2010a; Kelley et al. 2010).
At the present there are no optical or radio facilities

that can provide all-sky coverage at a cadence and depth
matched to the expected light curves of EM counter-

Possible electromagnetic 
counterparts

• 2 neutron stars merge, form 
compact object and accretion disk

• Accretion feeds pair of jets

• Shocks in jet produce prompt ɣ-
ray burst

• Shock between jet and ISM 
produces optical afterglow

• Radioactive decay of heavy 
elements synthesized in neutron-
rich ejecta power faint ‘kilonova’

Figure 1 of Meztger & Berger 2012, ApJ, 746, 48
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2. Gravitational waves

The essence of general relativity is that mass and energy
produce a curvature of four-dimensional space–time, and that
matter moves in response to this curvature. The Einstein
field equations prescribe the interaction between mass and
space–time curvature, much as Maxwell’s equations prescribe
the relationship between electric charge and electromagnetic
fields. Just as electromagnetic waves are time-dependent
vacuum solutions to Maxwell’s equations, GWs are time-
dependent vacuum solutions to the field equations. GWs are
oscillating perturbations to a flat, or Minkowski, space–time
metric, and can be thought of equivalently as an oscillating
strain in space–time or as an oscillating tidal force between
free test masses.

As with electromagnetic waves, GWs travel at the
speed of light and are transverse in character, i.e. the strain
oscillations occur in directions orthogonal to the direction
in which the wave is propagating. Whereas electromagnetic
waves are dipolar in nature, GWs are quadrupolar: the strain
pattern contracts space along one transverse dimension, while
expanding it along the orthogonal direction in the transverse
plane (see figure 1). Gravitational radiation is produced
by oscillating multipole moments of the mass distribution
of a system. The principle of mass conservation rules
out monopole radiation, and the principles of linear and
angular momentum conservation rule out gravitational dipole
radiation. Quadrupole radiation is the lowest allowed form
and is thus usually the dominant form. In this case, the GW
field strength is proportional to the second time derivative
of the quadrupole moment of the source, and it falls off in
amplitude inversely with distance from the source. The tensor
character of gravity—the hypothetical graviton is a spin-2
particle—means that the transverse strain field comes in two
orthogonal polarizations. These are commonly expressed in
a linear polarization basis as the ‘+’ polarization (depicted in
figure 1) and the ‘×’ polarization, reflecting the fact that they
are rotated 45◦ relative to one another. An astrophysical GW
will, in general, be a mixture of both polarizations.

GWs differ from electromagnetic waves in that they
propagate essentially unperturbed through space, as they
interact only very weakly with matter. Furthermore, GWs
are intrinsically non-linear, because the wave energy density
itself generates additional curvature of space–time. This
phenomenon is only significant, however, very close to strong
sources of waves, where the wave amplitude is relatively
large. More usually, GWs distinguish themselves from
electromagnetic waves by the fact that they are very weak.
One cannot hope to detect any waves of terrestrial origin,
whether naturally occurring or manmade; instead one must
look for very massive compact astrophysical objects, moving
at relativistic velocities. For example, strong sources of GWs
that may exist in our galaxy or nearby galaxies are expected to
produce wave strengths on Earth that do not exceed strain levels
of one part in 1021. Finally, it is important to appreciate that
GW detectors respond directly to GW amplitude rather than
GW power; therefore the volume of space that is probed for
potential sources increases as the cube of the strain sensitivity.

time

h

Figure 1. A GW traveling perpendicular to the plane of the diagram
is characterized by a strain amplitude h. The wave distorts a ring of
test particles into an ellipse, elongated in one direction in one
half-cycle of the wave, and elongated in the orthogonal direction in
the next half-cycle. This oscillating distortion can be measured with
a Michelson interferometer oriented as shown. The length
oscillations modulate the phase shifts accrued by the light in each
arm, which are in turn observed as light intensity modulations at the
photodetector (green semi-circle). This depicts one of the linear
polarization modes of the GW.

3. LIGO and the worldwide detector network

As illustrated in figure 1, the oscillating quadrupolar strain
pattern of a GW is well matched by a Michelson interferometer,
which makes a very sensitive comparison of the lengths of
its two orthogonal arms. LIGO utilizes three specialized
Michelson interferometers, located at two sites (see figure 2):
an observatory on the Hanford site in Washington houses
two interferometers, the 4 km-long H1 and 2 km-long H2
detectors; and an observatory in Livingston Parish, Louisiana,
houses the 4 km-long L1 detector. Other than the shorter
length of H2, the three interferometers are essentially identical.
Multiple detectors at separated sites are crucial for rejecting
instrumental and environmental artifacts in the data, by
requiring coincident detections in the analysis. Also, because
the antenna pattern of an interferometer is quite wide,
source localization requires triangulation using three separated
detectors.

The initial LIGO detectors were designed to be sensitive
to GWs in the frequency band 40–7000 Hz, and capable of
detecting a GW strain amplitude as small as 10−21 [2]. With
funding from the National Science Foundation, the LIGO sites
and detectors were designed by scientists and engineers from
the California Institute of Technology and the Massachusetts
Institute of Technology, constructed in the late 1990s, and
commissioned over the first 5 years of this decade. From
November 2005 to September 2007, they operated at their
design sensitivity in a continuous data-taking mode. The data
from this science run, known as S5, are being analyzed for
a variety of GW signals by a group of researchers known as
the LIGO Scientific Collaboration [4]. At the most sensitive
frequencies, the instrument root-mean-square (rms) strain
noise has reached an unprecedented level of 3 × 10−22 in a
100 Hz band.

Although in principle LIGO can detect and study GWs
by itself, the potential to do astrophysics can be quantitatively
and qualitatively enhanced by operation in a more extensive
network. For example, the direction of travel of the GWs and
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Fermi GRBs as a dress rehearsal for 
Advanced LIGO transient searches.
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Typical GW localizations:

Huge areas: ~102-3 deg2 (HL, 2015), ~101-2 deg2 (HLV, 2016)
Multiple islands of probability
No such thing as an “error circle”: banana-shaped arcs common

image from Singer et al. (2013, in prep.)



GRB 120716A: PTF discovery of a likely optical 
afterglow of an IPN GRB in 2 square degrees

Cenko (2012, GCN Circ. 13489)



A. Palomar Transient Factory, Fermi GBM, and LIGO:
      what do they have in common? what can we learn from afterglows of Fermi bursts?

B. Afterglows of Fermi GRBs:
     how do we hunt for them?
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ToO.



Limit query (boolean): 
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27,004 transient/variable candidates found by real-time iPTF analysis

26,960 not known minor planets

2740 sources without SDSS detections brighter than r’=21

43 sources detected in both P48 visits, presented to human scanners

7 sources saved by humans

3 afterglow-like candidates scheduled for follow-up
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A. Palomar Transient Factory, Fermi GBM, and LIGO:
      what do they have in common? what can we learn from afterglows of Fermi bursts?

B. Afterglows of Fermi GRBs:
     how do we hunt for them?

C. GRB 130702A and iPTF13bxl:
      a nearby wimpy monster? z=0.145,
      spectroscopic SN Ic-BL, 33 GCN circs, 2 ApJL papers,
      proof of principle for Advanced LIGO!
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(Almost exactly) one year after IPN GRB:
Discovery & redshift of a GBM GRB in 71 deg2

to appear in ApJL this week, http://arxiv.org/abs/1307.5851

Moon (for scale)

http://arxiv.org/abs/1307.5851
http://arxiv.org/abs/1307.5851
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Metallicity of host environment:
see Kelly et al. (2013,  ApJL 775, 5)

4

Fig. 2.— SDSS color composite (left panel) and colormap-inverted (right panel) images of the field surrounding GRB 130702A. The
position of the LGRB optical afterglow is marked with crosshairs. The center of a faint r = 23.01 mag source S1 is ∼ 0.6′′ (projected
∼ 1.5 kpc) from the GRB position, while a bright r = 18.14 mag galaxy S2 is 7.6′′ (projected ∼ 19.1 kpc) from the GRB. The bright blue
galaxy S3 (r = 19.02 mag) has an offset of 15.8′′ (37.8 kpc) and a photometric redshift 0.19± 0.11. The source S4 (r = 22.91 mag) west of
PTF13bxl with offset 7.5′′ (18.4 kpc in projection) is unresolved in SDSS images and has no available photometric redshift. The red source
S5 (r = 21.42 mag) west of PTF13bxl with offset 14.4′′ (35.6 kpc in projection) has a photometric redshift 0.17± 0.10, also consistent with
the S1 and S2 redshifts. The red galaxy S6 farther to the north and west offset 19.1′′ has photometric redshift 0.44 ± 0.15, well separated
from GRB 130702A.

TABLE 1
Stellar Masses and Metallicities of Galaxies

Name Separation from Transient Mass Metallicity

S1 0.6′′ (1.5 kpc projected on sky) 7.9± 0.7 !8.16
S2 7.6′′ (19.1 kpc projected on sky) 10.8 ± 0.1
S3 15.8′′ (37.8 kpc projected on sky) 9.5 ± 0.08a

Note. — Offsets of galaxies from the GRB coordinates, their stellar
masses fit from SDSS ugriz galaxy photometry corrected for Milky Way
extinction, and oxygen abundance upper limit for source S1.
aOnly photometric redshift available. We assume that source has red-

shift z = 0.145 for stellar mass estimate.

flux and star-formation rate (SFR), we estimate an SFR
of 0.05 M! yr−1 for S1 within the 1′′ slit aperture. For
comparison, the SFR of the Large Magellanic Cloud is
∼ 0.2 M! yr−1 (Harris & Zaritsky 2009), while the un-
derlying SFR of the Small Magellanic Cloud, excepting
intermittent episodes of stronger star formation, has been
∼ 0.1 M! yr−1 (Harris & Zaritsky 2004).

5. DISCUSSION AND CONCLUSIONS

We have found evidence that the host of GRB 130702A
is a dwarf galaxy that is a satellite of a nearby massive,
metal-rich galaxy. Modeling of the two galaxies’ photom-
etry suggests that the dwarf galaxy has a stellar mass of
∼ 1% of that of the red, bright galaxy. Projecting the
LGRB coordinates onto the plane of the disk of the mas-
sive red galaxy would place the transient at an offset
of ∼61±10 kpc, or ∼6 times the half-light radius. This
large central offset suggests that the faint source is a
dwarf galaxy and not a part of the massive galaxy’s disk.

Comparison between the spectroscopic redshifts of the
dwarf and the massive red galaxy shows that the velocity
offset between the two galaxies is less than ∼60 km s−1,
which is small in comparison to the ∼366 km s−1 velocity
dispersion measured among five bright galaxies within
∼ 2 Mpc (in projection) of the GRB position having
SDSS spectroscopic redshifts.
We find that the massive red primary galaxy likely

dominates the local gravitational potential. A blue
galaxy is the only bright source that is close in projection,
but it would have only ∼ 10% the stellar mass of the red
galaxy if it has z = 0.145. While these observations offer
strong evidence that the dwarf host galaxy is a orbit-
ing satellite of (or merging with) the massive red galaxy,
we cannot exclude the possibility of a random but im-
probable coincidence of both their spatial positions and
redshifts.
Inspection of images of the field shows a large num-
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GRB 130702A’s supernova: 
comparison with SN 2006aj (Ic)

comparison in Transient Marshal by A. Gal-Yam



Amati et al. (2013, GCN Circ. 15025)

130702A bridging the gap:
much wimpier than cosmological GRBs,
not nearly as wimpy as GRBs with spectroscopic SNe



What’s next for PTF?



What’s next?
SED Machine
ugri imager and fully 
robotic IFU spectrograph, 
now installed on Palomar 
60” telescope, first light in 
June 2013

images:
Kondaris (2013)



PTF ZTF
Active Area 7.26 deg2 45 deg2

Readout Time 36 sec 10 sec

Exposure 
Time

60 sec 30 sec

Relative Areal 
Survey Rate

1x 14.7x

Relative 
Volumetric 
Survey Rate

1x 12.3x

3800 deg2/hour ⇒ 3π survey in 8 hours

What’s next?
The Zwicky Transient Facility
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