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ABSTRACT

We report the results of a 944 epoch survey for transient sources with archival data from the Very Large Array
spanning 22 years with a typical epoch separation of 7 days. Observations were obtained at 5 or 8.4 GHz for a single
field of view and achieved a typical point-source detection threshold at the beam center of 300 pJy per epoch. Ten
transient sources were detected with a significance threshold such that only one false positive would be expected. Of
these transients, eight were detected in only a single epoch. Two transients were too faint to be detected in individual
epochs but were detected in 2 month averages. None of the 10 transients was detected in longer term averages or
associated with persistent emission in the deep image produced from the combination of all epochs. The cumulative
rate for the short-timescale radio transients above 370 ;Jy at 5 and 8.4 GHzis 0.07 deg™? yr—! S R <40 deg 2 yr !,
where the uncertainty is due to the unknown duration of the transients, 20 minutes < ., < 7 days. A two-epoch
survey for transients will detect 1.5 &= 0.4 transients per square degree above a flux density of 370 pJy. Two transients
are associated with galaxies at z = 0.040 and z = 0.249. These may be similar to the peculiar Type Ib/c radio super-
nova SN 1998bw associated with GRB 980428. We detect no counterparts for six transients in deep optical and in-

frared imaging. The hosts and progenitors of these transients are unknown.

Subject headings: gamma rays: bursts — radio continuum: general — radio continuum: stars —

supernovae: general — surveys

1. INTRODUCTION

Radio transient sources have primarily been studied through
follow-up observations after discovery at optical, X-ray, or gamma-
ray wavelengths (e.g., Hjellming et al. 1971; de Bruyn 1973; Frail
etal. 1997, 1999; Eck et al. 2002; Gaensler et al. 2005), or through
serendipitous discovery (e.g., Davies et al. 1976; Zhao et al. 1992;
Bower et al. 2003). This is principally due to the high cost of ob-
serving time to survey large areas of sky to significant depth at
radio wavelengths (Cordes et al. 2004). Moreover, existing blind
surveys have typically been performed at low frequencies, where
survey time is shorter but the effect of synchrotron self-absorption
may hide certain source classes. The available parameter space for
radio transient surveys is extensive: transients have been detected
at, and are predicted for all, radio wavelengths; timescales of tran-
sient and variable behavior range from nanoseconds (Hankins
etal. 2003) to the longest timescales probed (Hughes et al. 1992);
and transients may originate from nearly all astrophysical environ-
ments including the solar system (Katz et al. 2003), star-forming
regions (Bower et al. 2003), the Galactic center (Zhao et al. 1992;
Bower et al. 2005), and other galaxies (Frail et al. 1997).

Nevertheless, extensive surveys have been carried out, explor-
ing different volumes of the parameter space and, in some cases,
discovering new phenomena. Roughly, one can separate tran-
sients surveys into two classes: (1) burst searches that probe time-
scales of less than ~1 s, are often performed with low angular
resolution instruments, and are most often performed at low fre-
quencies; and (2) imaging surveys conducted with interferome-
ters that typically probe timescales of tens of seconds and longer.
Examples of burst searches include STARE, a 611 MHz all-sky
survey (Katz et al. 2003) sensitive to timescales of 0.1 s to a few
minutes; a 843 MHz survey with the Molonglo Observatory
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Synthesis Telescope (MOST) sensitive to timescales of 1 us to
800 ms (Amy et al. 1989); and the Parkes 1.4 GHz multibeam
pulsar survey. STARE used dipole antennas with a sensitivity
threshold of 27 kJy simultaneously over a significant fraction of
the sky and found no extrasolar transients on timescales of 0.125 s
to a few minutes in 18 months of observations. The MOST sur-
vey determined an upper limit to the transient rate of 5 events s—!
deg ™ for 10 ms events at a flux density limit of 1 Jy. The Parkes
multibeam survey has been used for extensive searches for pe-
riodic emission as well as for pulsed emission. The latter search
led to the discovery of rotating radio transients (RRATSs), which
appear to be pulsars with erratic emission (McLaughlin et al.
2006).

Imaging surveys for transients have focused on individual
fields and on large-scale surveys. Recently, a blind survey of the
Galactic center at 330 MHz has discovered an unusual radio
transient that displays quasi-periodic emission on a timescale of
70 minutes (Hyman et al. 2005). Carilli et al. (2003) used ~30 hr
of observation of the Lockman Hole to characterize variability
on a timescale of 19 days and 17 months at 1.4 GHz. They found
no transients above 100 pJy and conclude that the transient den-
sity on these timescales is fewer than 18 deg~2. Similarly, Frail
et al. (2003) identified four highly variable sources but no tran-
sient sources at 5 and 8.4 GHz using Very Large Array (VLA)
observations of fields in which gamma-ray bursts (GRBs) are
present. They set an upper limit to the variable source population
of 6 deg~? at sub-mJy sensitivity, comparable to the limit set
by Carilli et al. (2003). Recently, drift scan interferometric
observations have identified several transients of unknown
origin, including a 3 Jy transient with a duration of 72 hr and
three >1 Jy transients of <1 day in duration (Niinuma et al.
2007; Kuniyoshi et al. 2007; Matsumura et al. 2007).

The most extensive imaging search for transients derives
from a comparison of the FIRST and NVSS 1.4 GHz catalogs
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Fic. 1.—Image from epochs 19840613 (left) and 19840620 (right) at 5 GHz. The two westernmost sources are steady sources J150112+781520 and J150123+
781806. The northernmost source is a transient, J150138+781841, detectable only in epoch 19840613. Contours are 5, 6, and 7 times the image rms of 57 and 63 pJy.

(Levinson et al. 2002; Gal-Yam et al. 2006). The search covered
2400 deg? at a flux density threshold of 6 mJy. This search gen-
erated a number of transient candidates. Of these, one source was
identified as a radio supernova in a nearby galaxy and another
was seen only once in the radio and could not be associated with
any known optical source. Transient identification in this survey
suffers from the methodological problem of the extremely mis-
matched resolutions (FIRST: 5"/, NVSS: 45’") of the two surveys.

In addition to radio supernovae (RSNe), a number of highly
variable and transient sources are expected to be detectable in
significant numbers at radio wavelengths. One example is GRB
afterglows associated with GRBs that are beamed in a direction
away from Earth and therefore not observable at high-energy
wavelengths (Rhoads 1997). These so-called orphan gamma-ray
burst afterglows (OGRBAs) are expected to outnumber GRBs
by a factor of 10—1000, the specific value depending on the char-
acteristics of the relativistic outflow of the GRB and the surround-
ing medium. There may be related phenomena such as those
associated with X-ray flashes (Sakamoto et al. 2005), supernovae
(SNe) (Berger et al. 2003), and short-duration GRBs (Gehrels
etal. 2005). Activity from stars and compact objects in the Galaxy
may also be detected as transients (e.g., Berger et al. 2001; Bower
et al. 2005; Osten et al. 2006).

A range of active galactic nucleus (AGN ) phenomena is also
anticipated, including intraday variability and other short-term
variability driven by the effect of interstellar scintillation on com-
pact components of extragalactic radio sources (e.g., Lovell et al.
2003). Intrinsic AGN variability is also expected. Sudden in-
creases in the mass accretion rate following the tidal disruption of
an orbiting star, for instance, will produce a transient soft X-ray
flare and possibly radio emission (Rees 1988; Gezari et al. 2006).

Significant numbers of RSNe, OGRBAs, and tidal flares are
predicted for surveys that achieve a sensitivity ~0.1 mJy and
cover an area of ~10 deg?. These phenomena all produce self-
absorbed synchrotron radiation and, therefore, are more likely
to be observed at high radio frequencies.

We describe here the results of a search for extragalactic radio
transients using 5 and 8.4 GHz observations from the VLA data
archives. The survey includes 944 epochs over 22 years consist-

ing of observations of the same field. At a sensitivity threshold of
370 ply, the survey has an effective survey area comparable to
that of a survey consisting of two epochs of 10 deg? each, mak-
ing this thus far the largest area sub-mlJy imaging survey of radio
transient phenomena.

2. OBSERVATIONS AND ANALYSIS
2.1. The Archival Survey

Between 1983 and 2005, the VLA performed calibration and
system check observations of the same blank field with a typi-
cal interval of ~7 days. Each epoch typically was 20 minutes in
duration and consisted of 10 s integrations. The field is centered
at o = 15"02™20.53%, 6 = +78°16/14.905" (J2000.0) and is out of
the plane of the Galaxy (I = 115°, b = 36°). At a frequency of
5 GHz, 626 epochs of observations were obtained between 1983
and 1999, and at a frequency of 8.4 GHz, 599 epochs were ob-
tained between 1989 and 2005. VLA observations of this field
ceased in 2005. Between 1989 and 1999, there was overlap be-
tween some of the 5 and 8.4 GHz observations; 281 of the 8.4 GHz
epochs were simultaneously observed at 5 GHz, giving a total of
944 independent epochs at either frequency.

Data were all obtained in standard continuum mode with
50 MHz of bandwidth in each of two intermediate-frequency
bands (with centers separated by 100 MHz) and two circular
polarizations. We used a pipeline procedure for flagging, calibrat-
ing, and imaging. Phase calibration was made based on brief
observations of the compact source J1803+784. Since no stan-
dard flux density calibrator was used in these observations, we
set the amplitude scale of the observations by assuming the mean
flux density for J1803+784 as measured in the University of
Michigan Radio Astronomy Observatory database over the same
period (2.2 and 2.8 Jy at 5 and 8.4 GHz, respectively; Aller et al.
1999). The assumption of constant flux density introduces less
than 15% uncertainty in the flux-density scale for individual ep-
ochs. Images of the target field typically had a root mean square
(rms) error in the flux density of 40—50 wpJy. Images from two
successive epochs (19840613 and 19840620) are shown in Fig-
ure 1. Throughout the paper, we use the notation of YYYYMMDD
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to denote epoch date and refer to specific transients as
RT YYYYMMDD, based on the epoch of detection.

Images were obtained in all configurations of the VLA. For the
extended configurations, bandwidth smearing within the primary
beam can become significant. We compensated for this effect
by applying a Gaussian taper with a full width at half-maximum
(FWHM) of 150 k4 to the (u,v) data before imaging, which
reduces sensitivity and angular resolution but provides imaging
to large radii without bandwidth distortions. Images were made
using natural weighting to achieve maximal sensitivity and were
deconvolved using the CLEAN algorithm (Clark 1980). We im-
aged a region slightly larger than the region containing a circle of
radius equal to twice the half-power radius, which is 9.0’ at 5 GHz
and 5.4’ at 8.4 GHz.

A deep image of the region at 5 and 8.4 GHz was also con-
structed through merging of all visibilities and imaging with a
(u, v) taper of 150 k/ using the MIRIAD software package. The
resulting images had resolutions of ~5” and ~3”, and an rms of
2.6 and 2.8 pJy at 5 and 8.4 GHz, respectively. The location of
steady and transient radio sources on the deep image is shown in
Figure 2. Fluxes in the deep image are typically lower than the
average of detections since our high detection threshold and the
low flux densities of the sources bias the mean. Further details of
the deep images will be published separately.

2.1.1. Transient Identification

Sources were identified using AIPS task SAD (search and de-
stroy), which identifies peaks in the image above a flux-density
threshold and fits point sources. For the relatively uncluttered
images that we have, SAD is efficient and accurate. We identified
sources within twice the half-power radius and corrected their
flux densities for primary beam losses.

The detection threshold for each image was chosen such that
the probability of a false detection (PFD) in the full imaged re-
gion was 1073, or a single false source for 1000 identical epochs,
assuming Gaussian statistics for noise in the image. Since the syn-
thesized beam changes with array configuration while the primary
beam remains the same, the number of independent pixels in the
field of view varied substantially. Detection thresholds were in
the range ~5—6 o, dependent on array configuration. The typical
flux density threshold at the center of the image was ~300 pJy.
For the number of epochs observed and the circular area of the
region searched for sources, we have an expectation of ~1 false
source in the entire survey. Inverting the sign of the intensity in
each image and searching for sources with the same thresholds
and methods revealed one significant source, consistent with our
expectations of one or fewer false detections in the entire survey.

Wider field images (~40" at 5 GHz, ~27' at 8.4 GHz) were
made for all epochs in which a transient was detected. A number
of transients that were detected on the western and northern edges
of the individual epoch image were determined to be aliased
power from two bright radio sources (~50 mJy) at radii greater
than 2 primary beam widths (NVSS J1457+7817, J1500+7827).
One source above the detection threshold was rejected on the
basis of a non-pointlike image and deep negative stripes in the
image.

Detected sources and their measured properties are listed in
Tables 1 and 2. Table 1 identifies persistent sources above or near
the detection threshold and not multiple-epoch transients. Six per-
sistent sources at 5 GHz and two persistent sources at 8.4 GHz
were detected in multiple epochs. The epochs of detection were
distributed over the entire survey. Of these persistent sources,
three radio sources with flux densities >500 pJy were detected
hundreds of times. One radio source (J150123+781806) was
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FiG. 2.—Deep image obtained at 5 GHz. We show the positions of single-
epoch transient sources at 5 GHz (squares), a single-epoch transient source at
8.4 GHz (triangle), 2 month epoch transient sources (diamonds), and steady
sources detected at least once in an individual epoch (circles). The two large cir-
cles indicate the half-power radius and twice the half-power radius of the 5 GHz
field. The gray scale stretches from —2.5 to 30 Jy. The image has not been cor-
rected for primary beam attenuation.

detected with our pipeline software at S GHz in 452 of 626 epochs,
and at 8.4 GHz in 159 of 599 epochs (Fig. 3); with a reduced
source detection threshold of 3 o, we find that this source was
present in 602 epochs at 5 GHz and in 445 epochs at 8.4 GHz.
The results for this source indicate the overall quality of the data.
Variations in the flux density of this source are caused by the
changing sensitivity of the VLA in different configurations, var-
iability in the amplitude calibrator J1803+784, and possibly in-
trinsic variability in the source.

Seven sources at 5 GHz and one source at 8.4 GHz were de-
tected in individual epochs (Table 2). These sources were de-
tected only once and are classified as transients. We plot the light
curves of each transient for the year surrounding their detection
(Fig. 4).

We searched for time variability for each transient by splitting
the data into 4 minute segments and comparing the flux densities.
The reduced x? for the hypothesis of no variability is less than
1.4 for all the transients, implying no strong evidence for vari-
ability. We also imaged each transient in Stokes /" and found no
evidence for circular polarization above ~30%. Finally, we dif-
ferenced images between the intermediate frequency bands and
found no evidence for a large spectral index.

The radial distribution of sources is consistent with a real
source population rather than imaging defects. Imaging defects
would be uniformly distributed throughout the image, without
regard for the decline in sensitivity due to the primary beam. Four
of the eight transients are contained within the half-power radius.
This number is inconsistent with the expectation of a uniform
distribution within the same region, 2.0 £ 1.4. On the other hand,
asource population with a power-law distribution of flux densities
N(S) < §~*2 in a flux-density limited sample has an expecta-
tion of 3.6 £ 1.3 within the half-power radius, in better agreement
with the observed number.

Images were also constructed in a search for faint radiation from
the transients and for new transients using all data from 2 month,
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STEADY SOURCES DETECTED IN AT LEAST ONE EPOCH

TABLE 1

RADIO TRANSIENTS

RA. Decl. (S) Sdeep
(12000.0) (12000.0) Neee  (dy) (pdy)
1 2 3) ) (5)
5 GHz
1500 11.48 + 0.10 78 12 42.26 £ 00.13 26 2380 + 73 502 +£ 17
1500 44.87 £ 0.10 78 18 39.04 + 00.32 4 874 + 36 180 + 7
1501 11.70 & 0.10 78 15 20.23 4+ 00.10 141 504 + 6 307 + 4
1501 16.19 + 0.10 78 12 45.88 4+ 00.10 363 1146 + 14 741 £ 5
1501 22.67 +£ 0.10 78 18 05.66 &+ 00.10 452 880 £ 9 634 £3
1502 51.40 £ 0.10 78 18 12.46 + 00.10 23 351 £ 19 155 +3
1503 24.83 + 0.14 78 17 37.62 £+ 00.46 1 318 £ 54 166 + 4
1503 28.07 + 0.30 78 09 21.50 £+ 01.04 1 2045 +£ 301 2650 £ 8
8.4 GHz
1501 11.13 £ 0.12 78 15 22.45 + 00.32 1 1081 + 154 291 +9
1501 22.58 £ 0.10 78 18 05.80 #+ 00.10 159 1099 + 36 794 + 8
1502 51.38 £0.10 78 18 13.14 + 00.18 3 518 + 31 225 + 4
1503 2341 £ 041 78 17 35.74 £ 00.64 1 840 + 157 212 £ 8

Nortes.—Col. (1): Right ascension. Col. (2): Declination. Units of right as-
cension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds. Col. (3): Number of epochs in which the source is
detected. Col. (4): Mean flux density of detections. Col. (5): Flux density in the
deep image.

1 yr, and 1 decade time spans. We found two new transients in the
2 month averages (Table 3) and no transients in the year and
decade images. Light curves for these sources are shown in Fig-
ure 4. Given the smaller number of epochs, the expected number
of false sources in the 2 month average data is ~0.1. Further
searches on different timescales or with filters matched to light
curve shapes are possible with the same data but are beyond the
scope of this paper.

Dual frequency observations were made only after 1989 and
not at every epoch. Of the remaining 5 GHz transients, only
one (RT 19920826) is located within the imaged region of the
8.4 GHz survey. Unfortunately, there were no 8.4 GHz observa-
tions for this epoch. Similarly, for RT 19970205, which was de-
tected at 8.4 GHz, there was not a simultaneous 5 GHz observation.
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Fic. 3.—Light curve of J150123+781806 at 5 GHz (fop) and 8.4 GHz (bot-
tom) from the entire data set.

2.2. Keck Imaging

On 2006 July 25 (UT dates are used throughout this paper),
we observed the central portion of the radio field with the Low
Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) on the
Keck I 10 m telescope. Eight of the radio transient positions (see
Fig. 6) were observed in two separate pointing centers (each cov-
ered by the LRIS field of view of 6’ x 7.8"). At each pointing cen-
ter we obtained six dithered 10 minute exposures. The instrument
is outfitted with a beam splitter, allowing us to observe simulta-
neously in the g and R bands. The data were reduced following
standard optical imaging reduction procedures. After fitting a
world coordinate system (tied to the USNO B1.0) to each re-
duced frame, we made a mosaic for a given filter using SWARP
(Bertin et al. 2002). The final astrometric uncertainty relative to
the International Celestial Reference System (ICRS) is 250 mas
in each axis.

On the night of the Keck LRIS imaging, we observed the
Landolt standard star field PG 1633+099 (Landolt 1992) in both
filters at an air mass of secz = 1.04. The catalog magnitudes

TABLE 2
TRANSIENT SOURCES FROM A SINGLE EpocH

RA. Decl. N Sdeep Lnext Shext
Epoch (J2000.0) (J2000.0) (1Jy) (udy) (days) (udy) —log,(PFD Host
(O] @ 3 “ 6] 6) (M ®) ()]
5 GHz
19840502... 1502 24.61 £ 0.21 78 16 10.08 £ 00.46 448 + 74 <8 7 —10 £+ 68 4.5 X
19840613... 1501 38.07 £ 0.21 78 18 40.75 £+ 00.39 566 + 81 <28 7 86 + 89 7.5 G
19860115.............. 15 02 26.40 £ 0.44 78 17 32.39 £ 01.59 370 £ 67 <8 7 199 £ 121 3.6 X
19860122.............. 15 00 50.15 £+ 0.34 78 15 39.37 £+ 01.38 1586 + 248 <15 7 —59 + 164 6.4 X
19920826.............. 15 02 59.89 £ 0.35 78 16 10.82 + 02.44 642 + 101 <9 56 37 £83 6.3 ?
19970528.............. 15 00 23.55 £ 0.10 78 13 01.37 £+ 00.17 1731 £ 232 <36 7 90 + 206 7.9 ?
19990504.............. 14 59 46.42 + 0.56 78 20 29.03 £ 00.74 7042 £ 963 <117 21 —313 £+ 1020 9.1 X
8.4 GHz
19970205.............. 1501 29.35 £ 0.10 78 19 49.20 £ 00.10 2234 + 288 <646 5 857 + 323 8.0 X

Notes.—Col. (1): RT epoch. Col. (2): Right ascension. Col. (3): Declination. Units of right ascension are hours, minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds. Col. (4): Mean flux density of detection. Col. (5): Flux density in the deep image. Col. (6): Separation in days between next epoch
and epoch of transient. Col. (7): Flux density in the next epoch. Col. (8): Negative logarithm of the probability of false detection in the single epoch. Col. (9): Optical /IR
host identification, where “G” indicates galaxy, “?”” indicates possible galaxy association, and “X” indicates no host.
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TABLE 3
TRANSIENT SOURCES WITH Tchar = 2 MONTHS

RA. Decl. N Sdeep Inext Snext
Epoch (J2000.0) (J2000.0) (pdy) (py) (days) (ply) —log;(PFD Host
5 GHz:
19870422........ccone.. 15 00 50.01 £ 0.35 78 09 45.49 + 0.97 505 + 83 <36 96 —154 £ 65 3.0 G
8.4 GHz:
2001033 1...ccccueneneee. 15 03 46.18 £ 0.10 78 15 41.68 £ 00.11 697 £ 94 <37 59 85 £ 85 34 X

Notes.—Col. (1): RT epoch. Col. (2): Right ascension. Col. (3): Declination. Units of right ascension are hours, minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds. Col. (4): Mean flux density of detection. Col. (5): Flux density in the deep image. Col. (6): Separation in days between next epoch
and epoch of transient. Col. (7): Flux density in the next epoch. Col. (8): Negative logarithm of the probability of false detection in the single epoch. Col. (9): Optical /IR
host identification, where “G” indicates galaxy, ““?” indicates possible galaxy association, and “X” indicates no host.

were converted to the g band from the /-band magnitude and the
B — ¥ color using the prescription in Bilir et al. (2005). From the
observed photometry of four PG 1633+099 stars, the zero-point
conversion from flux in both filters was determined in an 0.6”
aperture. The flux of 3 o—detected sources in both the R and ¢
stacked images of the radio field were determined in the same-
sized aperture. Accounting for the average extinction per unit air
mass at Mauna Kea, we determine that the nondetections of some
of the counterparts correspond to upper limits of g(lim) =~ 27.6
and R(lim) ~ 26.55 mag. These limits assume an unresolved
source and a color similar to those of the Landolt field stars.

2.3. Keck Spectroscopy

An optical spectrum of the counterpart of RT 19840613 was
taken on 2005 December 4 with the DEIMOS spectrograph
(Faber et al. 2003) mounted on the Keck II telescope, using a
600 line mm~" grating and the GG400 order-blocking filter. Spec-
tra of the counterparts and nearby companions of RTs 19860115,
19870422, 19920826, and 19970528 were taken on 2006 June 26
with LRIS using the 600/4000 grism, the 400/8500 grating, and
the D560 dichroic.

All spectral data were reduced using standard techniques (e.g.,
Foley et al. 2003). Standard CCD processing and spectrum ex-
traction were completed with IRAF.? The data were extracted
with the optimal algorithm of Horne (1986). We obtained the
wavelength scale from low-order polynomial fits to calibration-
lamp spectra. Small wavelength shifts were applied after cross-
correlating night-sky lines extracted with the object to a template
sky. Using our own IDL routines, we fit spectrophotometric stan-
dard star spectra to flux calibrate our data and remove telluric
lines (Wade & Horne 1988; Matheson et al. 2000).

2 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

We give redshifts for the counterparts and nearby companions
in Table 4. In the cases of RTs 19840613, 19870422, 19920826,
and 19970528, the redshift is for the galaxy that the RT is situated
in or closest to. RT 19860115 has two possible hosts in the Keck
image; objects 1 and 2 are located to the northeast and southwest
of the RT, respectively.

2.4. PAIRITEL Observations

Data were obtained with PAIRITEL (Bloom et al. 2006) on
2006 February 16. Images were taken simultaneously in the J, H,
and K bands in four different pointings with a total integration
time of about 1120 s per pointing. In addition, to get a deep infra-
red (IR) image in one portion of the radio field, several hours of
imaging in 2006 June and July were obtained centered at J2000.0
position v = 15"02™36.0%, § =+78°16/39”. The approximate 3 o
upper limits in the shallow, wide-angle map are J = 19.2 mag,
H = 18.5 mag, and K; = 18.0 mag (the limits are significantly
worse toward the edges of the mosaic). The pointings were stitched
together using SWARP after finding preliminary WCS solutions
in all bands. The result is a 1050 x 1050 pixel? set of mosaic im-
ages with 1" x 1" resolution that overlaps most of the radio im-
age. An astrometric solution for the mosaic images was found
through a cross-correlation with 43 stars in common with the
USNO B1.0 catalog. Typical rms uncertainty of the astrometric
tie to the ICRS is 250 mas.

3. RESULTS

We have detected a total of eight transient radio sources in
single epochs of this survey (Fig. 4). In addition, we have de-
tected two transients in 2 month averages of the data. Our source
identification methods described previously argue that no more
than one of these sources is a false detection. All of these sources
are adequately fit as point sources. None of the transients is de-
tected in epochs other than the detection epoch, or in longer term

TABLE 4
MAaGNITUDES, COLORS, AND REDSHIFTS OF TRANSIENT HosT GALAXIES

Host Offset R B —-R
RT Epoch MAPS Counterpart (arcsec) (mag) (mag) z
19840613......oovevcirnaene P023-0189928 2.7 NW 16.5 1.8 0.040
19860115-1 P023-0190130 15 NE 19.2 1.3 0.130
19860115-2 20 SW 0.242
19870422.... P023-0189613 1.5 SE 20.2 2.5 0.249
19920826.... e 5 NW .. . Unknown
19970528....cocveieeieenne P023-0189499 5 SE 19.6 2.4 0.245

Notes.— Host offset is position relative to the transient. Magnitudes and colors are from MAPS catalog.
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averages with the possible exception of RT 19840613, in which
the host galaxy is detected in the full 20 yr image.

In Figures 5 and 6 we show images of the transients overlaid
on the deep radio image, on multicolor images from the Keck
imaging, and, where Keck data are missing for two objects, on
K;-band images from PAIRITEL.

We identify several hosts or potential hosts to the RTs using
the Minnesota Palomar Plate Survey (MAPS; Pennington et al.
1993).* MAPS is a catalog of sources found with and character-
ized by plate-measuring equipment surveying the Palomar Sky
Survey [ (POSSI). MAPS coordinates are consistent with the ra-
dio reference frame with an accuracy of 0.3”". We confirmed this
by comparison of the position of two bright reference stars in the
MAPS catalog with positions in the Tycho catalog. Referring
the Tycho positions to epoch B1950.0 (appropriate for POSS),
we find agreement of ~0.1” for GSC 04562—00668 and ~1” for
GSC 04562—00458.

3.1. A Transient Associated with a Spiral Galaxy:
RT 19840613

One transient is of particular interest because it is coincident with
a spiral galaxy at a redshift z = 0.040 (a distance of ~170 Mpc
using Hy = 72 km~' Mpc™"). The galaxy, identified as MAPS-
P023-0189928, has R = 16.5 mag, B — R = 1.8 mag, and a ma-
jor axis of ~20". The transient is clearly nonnuclear; it is offset to
the southwest of the optical nucleus by 2.7” 4 0.4", correspond-
ing to a projected distance of 2.3 &+ 0.3 kpc. The optical nucleus
is coincident with the infrared nucleus as identified in the 2MASS
catalog at an accuracy of 0.2”. The probability of a single chance
association with an optical source in the POSS at a few arcsecond
precision is <1%. We calculate an isotropic radio luminosity
of2x 1028 ergs™' Hz™!, or2 x 1038 erg s~! for a bandwidth of
10 GHz.

The transient is not detected in any other individual epoch,
even with reduced detection thresholds. The transient is also not
detected in any 2 month average in the year surrounding its
detection, nor is it detected in any annual average from the entire
data set. It is also not detected in the year prior to detection, nor
in the 6 years following detection. The absence of a detection in
other light curves at 5 GHz is consistent with a rapid rise and a
decline in the flux density with a power law of =, a > 0.5.

The deep image of the region surrounding the transient shows
extended radio continuum emission associated with the spiral
galaxy and a companion galaxy (Fig. 7). The location of the tran-
sient coincides with a region of peak emission, but it is not pos-
sible to conclude whether that emission is the result of the transient
or a peak in the galactic emission. The peak of emission near the
position of the transient is ~28 uJy, which corresponds to a star-
formation rate of <0.1 M, yr~! (e.g., Yun & Carilli 2002).

The association of the transient with the nonnuclear region
of a spiral galaxy, together with its luminosity, suggests that the
transient may be a RSN. The transient is very unlikely to be a
Type II RSN, as these sources exhibit rise and decay timescales
of' months to years, implying that a Type Il RSN would be detected
multiple times in our survey (Eck et al. 2002). Type la RSNe have
never been detected at radio wavelengths (Weiler et al. 2004).
Type Ib/c RSNe, on the other hand, evolve on timescales of
days to months. The anomalous Type Ib/c RSN associated with
SN 1998bw and GRB 980425 doubled its flux density during its
rise and halved its flux density following the peak in <10 days
(Kulkarni et al. 1998). The light curve declined as ¢~! with the

3 Available at http://aps.umn.edu.

exception of a brief period of increase attributed to clumpiness
in the circumstellar medium. The luminosity of RT 19840613
places it among the brightest SNe Ib/c, although a factor of a
few fainter than SN 1998bw (Berger et al. 2003). The luminos-
ity of SN 2002ap, also a SN Ib/c, is 4 orders of magnitude less
than that of SN 1998bw (Berger et al. 2003). The luminosity of
RT 19840613 is 3 orders of magnitude less than the typical ra-
dio luminosity of a GRB afterglow.

3.2. A Transient Associated with a Blue Galaxy: RT 19870422

RT 19870422 is located within ~1.5"” of the centroid of
MAPS-P023-0189613. The Keck image shows that this RT is
clearly associated with a blue galaxy and is significantly offset
from the nucleus. The integrated R magnitude of the galaxy is
20.2, with B — R = 2.5 mag, and the redshift is determined to
be z = 0.249 (or a distance of 1050 Mpc). Galaxy-template match-
ing to the Keck spectrum shows it to most likely be an Sc gal-
axy with strong [O 1] and [O 11| emission, indicating current star
formation.

The inferred isotropic radio luminosity is L, ~ 7 x 10?° erg s~!
Hz !, or L ~7x10%* erg s~ for a bandwidth of 10 GHz.
RT 19870422 was detected in a 2 month integration, implying a
total energy release E ~ 4 x 10*® erg. We see no evidence for de-
tection in other epochs, implying a source that fades with a time-
scale of 2 months or less following its peak. In the deep integration,
we see that the galaxy is detected with an irregular morphology
(Fig. 8). The faint radio emission, however, is offset from the po-
sition of RT 19870422.

RT 19870422 shares many characteristics with RT 19840613.
The RT position is clearly separated from the peak of the optical
emission, ruling out the possibility of an AGN event. Its longer
duration and higher luminosity, however, differentiate it. The lu-
minosity is nearly an order of magnitude greater than that of
SN 1998bw, and 2 orders of magnitude more luminous than the
bright Type I SN 1979C (Eck et al. 2002). Thus, the luminosity
falls in between the maximum observed luminosity of a RSN and
the typical luminosity of a GRB afterglow. The 2 month duration
of RT 19870422 is more consistent with known RSNe of both
Type Ib/c or Type I, as well as GRB afterglows.

3.3. Transients Possibly Associated with Galaxies
or Galaxy Groups: RT 19920826 and 19970528

RT 19920826 is located ~5” to the southeast of a red galaxy
identified in the Keck image, which is not identified in the MAPS
catalog. The host is a red object with no clear emission or ab-
sorption lines.

RT 19970528 is located ~5” to the northwest of MAPS-P023-
0189499, which has R = 19.6 mag and B — R = 2.4 mag. Two
other galaxies are identified within a radius of 30”. The nearest
one is a red, early-type galaxy at z = 0.245. Galaxy-template
matching shows it is most likely an elliptical galaxy, but it is
also well fit by an SO spectrum.

We computed the probability of false association of these gal-
axies with transients through Monte Carlo simulations. We ran-
domly distributed 100,000 radio sources over the field and then
measured the distance to the nearest galaxy as identified in the
MAPS catalog. The probability of a false association at a distance
of less than 5" is only 2%. The probability of a false association
at a distance of 15" is ~20%. The probability for any one of the
10 RTs being randomly associated with a galaxy at a distance of
5" is ~20%, and at a distance of 15" the probability is nearly
unity. The probability of multiple sources located within 5" is <5%.
Thus, the association of either RT 19970528 or RT 19920826 or
both RTs with a galaxy is probable but not certain.



Fic. 5.— Contour plots of transients overlaid on color images from the deep radio image. Each image is 1’ in scale. Contours are 3, 4, 5, 6, and 7 times the image rms.
The synthesized beam for each image is displayed in blue in the lower left-hand corner. The color scale of the deep radio image has a range of 0—100 plJy.
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Fic. 6.—Optical and infrared images at the positions of transient sources. The white circle indicates the uncertainty in the position of the RT. Images are from Keck
except for RTs 19990504 and 2001033 1, which are from PAIRITEL. The color composite for the Keck images was made by using the g-band image for the blue channel,
R band for the red channel, and the geometric mean of the two images for the green channel. Keck images are 38" on a side. The PAIRITEL image is in the K band and is
73" on a side. The orientation and location of the spectroscopic slit is indicated with blue bars. North is up and east is to the left. The bright streak in the image of
RT 19860122 is a diffraction spike from a nearby bright star.
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Fic. 7.—Deep image of the region centered on the transient 19840613. The
small cross marks the position and 3 ¢ uncertainty in its position. The position is
clearly offset from the centroid of the radio emission and from the centroid of the
optical emission, marked with the large cross. The extent of the large cross de-
lineates the major and minor axes of the galaxy as measured in 2MASS. Con-
tours are 3, 4, 5, 6, 7, 8,9, and 10 times the image rms of 2.6 uJy.

3.4. Sources without Radio or Optical Counterparts:
RT 19840502, 19860115, 19860122, 19970205,
19990504, and 20010331

There is no evidence for faint radio, optical, or infrared coun-
terparts for six of our sources: RTs 19840502, 19860115, 19860122,
19970205, 19990504, and 2001033 1. There are no sources appar-
ent in the image obtained by averaging the succeeding 2 months
of data, as well as in the year-long and decade-long averages.
These results require a rapidly decreasing light curve, propor-
tional to #~! or steeper.

RT 19860115 has two possible hosts. The first possible host,
object 1, is located ~15" to the northeast of the RT and is a star-
burst galaxy at z = 0.1297 with strong emission lines and a blue
continuum. Object 1 is identified as MAPS-P023-0190130, a
galaxy with R = 19.2 mag and B — R = 1.3 mag, and is also de-
tected as a faint, extended radio source. The other possible host,
object 2, is located ~20” to the southwest of the RT and is an
early-type galaxy atz = 0.242. Galaxy-template matching shows
the spectrum is best fit by either an elliptical or SO galaxy spec-
trum. Several other objects, likely to be galaxies, are in the field.
The physical separation of RT 19860115 from the two objects is
~50-100 kpc, which is still within a radius at which the galaxy
may contain stars. Nevertheless, given the Monte Carlo simula-
tions discussed above, we conclude that this transient is likely
associated only by chance with these galaxies.

For the remainder of sources, there are no obvious associa-
tions with galaxies or stars. The absence of optical or infrared
counterparts only eliminates host candidates; the nonsimul-
taneity of radio and optical observations implies that we place
no limits on optical transients.

4. RADIO TRANSIENT RATES

We can compute rates of transients in several different ways.
We are limited in the accuracy of estimating transient rates by our
lack of knowledge of the characteristic timescale 7., of the tran-
sient sources. This characteristic time falls between the duration
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Fic. 8.—Deep image of the region centered on the transient 19870422. We
mark the position and 3 ¢ uncertainty of the RT (plus sign) and the position of
the optical centroid (star). The RT position is offset from any peak of the radio
emission but is consistent with the peak of the optical emission. Contours are
—2,2, 3, and 4 times the image rms of 14 pJy at the location of the transient.

of the observations (~20 minutes) and the typical separation
between epochs (7 days).

The two-epoch survey sensitivity is independent of #.,,,. The
effective area for a two-epoch survey for a given flux-density
limit is just the sum of the areas in each epoch in which a source
above the flux-density limit is detectable. For a set of NV, images
with uniform sensitivity over a solid angle €2 in which N, tran-
sients are detected, the two-epoch source density is N,(N, —
1)"'Q~!. For a sample with varying image properties, we can
compute the two-epoch source density given the image noise sta-
tistics, the synthesized beam size, and the primary beam shape.
The ratio of the primary beam solid angle to the synthesized
beam solid angle gives the number of independent pixels in the
image. The source detection threshold per image is then set based
on the number of independent pixels and the rms noise. We
combine the 5 GHz and 8.4 GHz survey limits and transient de-
tections together. The accumulated results as a function of flux-
density threshold are listed in Tables 5—7.

We use a nonparametric Kaplan-Meier method (Feigelson &
Nelson 1985) for estimating the cumulative source-count distri-
bution and then compute transient rates (Fig. 9). Seven transients
are detected above a flux density of 370 pJy, giving a two-epoch
source density of 1.5 + 0.4 deg 2. The transient rates are rea-
sonably fit by a distribution with S~7 and v = 1.5, which corre-
sponds to a nonevolving, volume-limited sample. However, the
constraints on y are not very strong. A larger -y appears to be re-
quired to achieve agreement between the rate determined from
this survey and the NVSS-FIRST survey (Gal-Yam et al. 2006).
Different event rates at 1.4 and 5 GHz due to synchrotron self-
absorption or other spectral index effects may also influence this
comparison. In addition, the FIRST-NVSS survey may be in-
complete due to confusion from the mismatched resolution of
these surveys.

We detected no transients in the 17 annual average images.
The typical flux detection threshold at the half-power radius is
90 uJy. The total two-epoch area surveyed at this sensitivity is
0.3 deg?, implying a 2 o upper limit to the two-epoch density for
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TABLE 5
EFFECTIVE AREA SEARCHED FOR A COMPARABLE Two-EPocH SURVEY

5 GHz 8.4 GHz ToraL
Frux DensiTY Area Area Area
(udy) Number of Epochs (deg?) Number of Epochs (deg?) Number of Epochs (deg?)
9 0.16 0 0.0 9 0.16
10 0.24 0 0.0 10 0.24
12 0.34 0 0.0 12 0.34
. 35 0.50 0 0.0 35 0.50
280, 201 1.42 442 1.45 435 2.19
400, 464 4.57 560 3.08 761 6.20
561 9.14 584 4.79 873 11.68
596 14.56 591 6.64 910 18.09
606 19.85 591 8.40 924 2431
607 25.51 598 10.28 925 30.97

year-long transients at 90 pJy of ~6 deg™2. In 96 images com-
posed of 2 month averages, we found two transients. At a flux-
density threshold of 200 ]y, the effective area surveyed is 1.9 deg?,
giving a 2 o upper limit to the 2 month transient rate of ~2 deg 2.

We can also determine a rate as a function of area and time.
The precision of this rate is limited by our lack of measurement
of the characteristic time of the transient events. The rate for
sources brighter than 370 pJy is then 0.07 deg™ yr ™' < R <
40 deg? yr .

If we assume that RTs 19840613 and 19870422 belong to a
distinct transient class based on their association with blue gal-
axies, we can estimate a rate for such transients as a function of
volume and time. We could detect this transient to a distance of
~240 Mpc, which gives a total volume of ~300 Mpc>. Assum-
ing tenar = 7 days, we find arate of 3 x 10° Gpe =3 yr~!. Similarly
for RT 19870422, we find a maximum volume of ~5000 Mpc?
and use fher = 60 days to find a rate of 4 x 103 Gpc = yr—!.
Jointly for RT 19840613 and RT 19870422, the rate is ~2 +
2% 10° Gpe 3 yr~!. These rates are consistent within an order
of magnitude of the SN Ib/c rate determined optically, 4.8 x
10% Gpe=3 yr~! (Berger et al. 2003).

There is some evidence that our VLA field contains an over-
density of galaxies at z ~ 0.25 (Table 4). In addition, the cluster
Abell 2047 is located within 9’ of the center of the VLA field
(Abell et al. 1989). A2047 is a low-density cluster (richness class 0)
with a radius ~5" and a distance class of 6. The distance class is
an estimate of distance based on visual inspection of photographic
plates. The distance class of 6 is consistent with a redshift of 0.25

for the cluster (Struble & Rood 1987). If all the RTs are extra-
galactic, then the RT rates may be overestimated relative to the
rate for the field by no more than a factor of a few.

5. DISCUSSION

Two of the transients are reasonably identified as RSNe, pos-
sibly Type Ib/c or II and similar to known RSNe associated with
GRBs. We consider now whether the eight transients not clearly
identified with nearby galaxies are examples of known or ex-
pected classes of radio transients. These transients are unlikely to
be RSNe unless they are associated with faint and/or low surface
brightness galaxies. As we demonstrate below, the observed tran-
sient parameters do not easily fit into any expected class.

The known and anticipated sources of radio transients are very
broad. Since we have no evidence for variability on a timescale
of less than 20 minutes, we exclude from further discussion tran-
sient sources that have characteristic timescales of less than 1 s.
These include pulsars and related phenomena such as RRATSs
and giant pulses (McLaughlin et al. 2006; Hankins et al. 2003;
Cordes & McLaughlin 2003), as well as flares from extrasolar
planets (Bastian et al. 2000; Lazio et al. 2004).

5.1. X-Ray Sources

Information on the X-ray properties of the transients and tran-
sient hosts is very limited. The ROSAT catalog of bright sources
does not identify any sources in the field of our survey (Voges
etal. 1999). There are also no sources in the RXTE All Sky Monitor
catalog in the field, indicating an upper limit to the X-ray flux of

TABLE 6
EFFECTIVE AREA SEARCHED FOR A COMPARABLE Two-EPocH SURVEY FOR Tchar = 2 MONTHS

5 GHz 8.4 GHz TotaL
Frux DEensITY Area Area Area
(udy) Number of Epochs (deg?) Number of Epochs (deg?) Number of Epochs (deg?)
24 0.10 9 0.02 26 0.1
41 0.49 38 0.22 54 0.56
55 0.91 61 0.67 73 1.11
75 1.51 74 1.31 99 1.91
90 2.24 78 1.97 115 2.84
95 3.11 78 2.69 120 3.94
95 3.93 78 3.37 120 4.97
95 4.81 78 4.09 120 6.07
95 5.64 78 4.77 120 7.11
95 6.52 78 5.48 120 8.22
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TABLE 7
EFFECTIVE AREA SEARCHED FOR A COMPARABLE Two-EpPocH SURVEY FOR Tcpar = 1 YEAR

5 GHz 8.4 GHz ToraL

Frux DensiTY Area Area Area
(udy) Number of Epochs (deg?) Number of Epochs (deg?) Number of Epochs (deg?)
5 0.02 10 0.02 15 0.04

13 0.09 14 0.05 15 0.10

17 0.24 15 0.08 20 0.26

17 0.38 15 0.14 20 0.42

17 0.53 16 0.18 21 0.57

17 0.67 16 0.23 21 0.73

17 0.82 16 0.27 21 0.89

17 0.96 16 0.32 21 1.14

17 1.09 16 0.35 21 1.19

17 1.15 16 0.36 21 1.24

17 1.16 16 0.36 21 1.25

events between 1997 and 2001 of ~10 mcrab (Swank 1999). No
observations of the field have been made with the Chandra or
XMM-Newton X-ray observatories.

5.2. Gamma-Ray Burst Afterglows

Higher energy counterparts to these transients have not been
clearly detected. There are no known optically discovered SNe in
the field of view of our survey, nor have there been any optical
variability campaigns in this field. There are no GRBs that are
uniquely localized to this field, although there are bursts with large
positional uncertainties that could have originated in the field of
view of our survey. We identify seven BATSE events that oc-
curred within 1 o of our field center between 1991 and 1999. Un-
certainties in the BATSE positions, however, are ~10°, indicating
a probability of <0.1% for even one of these GRBs to have oc-
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Fig. 9.—Cumulative two-epoch source density for radio transients as a
function of flux density. The solid black line shows the rate while the dotted
lines show the 2 o upper and lower bounds. The red dashed lines show S~!-° and
S22 curves. Both are reasonable fits to these data, while the latter shows greater
consistency with lower frequency results. The arrows show 2 ¢ upper limits for
transients from this survey with a 1 yr timescale and a 2 month timescale, and for
transients from the comparison of the 1.4 GHz NVSS and FIRST surveys (Gal-
Yam et al. 2006), from the Carilli et al. (2003) survey (labeled C2003), and from
the Frail et al. (2003) survey (labeled F2003). See the main text for details of
these surveys.

curred within our field of view. Of the GRBs, one event
(GRB 990508) occurred 4 days after RT 19990504. Given the
low probability of concurrence and the lack (in other GRBs) of
radio emission before gamma-ray emission, we conclude that
this is almost certainly a coincidence. There is no systematic rela-
tionship between the remainder of the events and the radio
transients.

5.3. Orphan Gamma-Ray Burst Afterglows

In the standard paradigm of GRBs and GRB afterglows, the
gamma-ray emission is highly anisotropic while the afterglow
emission is less anisotropic or even isotropic. Thus, the observed
GRBs and their afterglows from Earth are a subset of the total
number of GRBs. Afterglows detected without gamma-ray emis-
sion are known as orphan gamma-ray burst afterglows. The ra-
tio of OGRBAs to GRBs is the inverse of the beaming fraction,
£, ! (e.g., Dalal et al. 2002). The phenomenon of a GRB after-
glow without a corresponding GRB has not been conclusively
detected.

Detailed models of OGRBAs predict ~1 deg~? at sensitivity
thresholds of 0.1 mJy, which is consistent with our number of
transient detections (Levinson et al. 2002; Totani & Panaitescu
2002). Whereas the canonical radio afterglow for the forward
shock rises on a timescale of days and decays slowly, the ma-
jority of the radio transients found in the present survey occur on
timescales less than 1 week. One possible explanation in the con-
text of GRB orphans is that the emission is due to the reverse
shock, which is known, in the few cases where follow-up ob-
servations occurred soon after the GRB, to produce a bright and
rapid (<3 days) radio signature (e.g., Kulkarni et al. 1999; Frail
2003). Strong scintillation (Frail et al. 1997) of a standard, faint
afterglow could also be responsible for producing short-term
amplification that leads to an apparent fast transient, but then
we might see marginal evidence for the forward shock in the
epochs following the transient—yet this is not seen in individual
sources.

The single long-timescale transient (RT 20010331) could be
consistent with having arisen from the long-lived forward shock
(as it transitions from mildly relativistic to nonrelativistic).
Levinson et al. (2002) calculate the expected number of forward-
shock-dominated OGRBAs for radio surveys. Taking the canoni-
cal interstellar medium density of ny = 1 cm ™3, it is reasonable
to expect that we only find one viable forward-shock candidate
with the nominal beaming of f,~! = 500. Nevertheless, since for
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the parameters of our survey we probe only to z = 0.6, the non-
detection of an apparent host galaxy in deep Keck imaging of RT
20010331 would seem to suggest that our basic model assump-
tions for the radio afterglow are suspect.

Thus, the transients that we have detected can be considered
consistent with the expectations of OGRBAs. There is, however,
a large diversity of high-energy phenomena with poorly explored
electromagnetic signatures beyond the classical GRB afterglow
picture, including X-ray flashes, X-ray-rich GRBs (Sakamoto
etal. 2005), GRBs associated with SNe Ib/c (Berger et al. 2003),
and short-duration GRBs (Gehrels et al. 2005). The richness
of this phenomenology suggests that the radio transients we
have discovered could reflect the continuum of stellar collapse
events.

5.4. Active Galactic Nuclei

AGNs are highly variable and common. With the appropriate
selection technique, AGNs can be found with a number density
of >100 deg=2 (Stern et al. 2005). If our transients are AGNs,
then the absence of deep, static detections indicates they are
associated with radio-quiet objects, which constitute the ma-
jority of AGNs. Short-timescale variability of AGNs is often
associated with interstellar scintillation and extreme scattering
events, and typically has amplitudes of ~10% (Lovell et al.
2003). Variations of a factor of a few on timescales of hours
have been seen in the most extreme cases such as PKS 0405—
385 and J1819+3845, which is not sufficient to account for the
observed transients given the very large amplitude of variation
observed (Rickett et al. 2002; Dennett-Thorpe & de Bruyn
2000).

Intrinsic variations among luminous AGNs are observed to
have a timescale of months to years at radio frequencies (Hughes
et al. 1992). Variations are rarely larger than a factor of a few in
radio-loud objects. A survey of variable background sources in
the direction of M31 found a small number of objects with vari-
ability of a factor of a few to 10 on timescales of years (Gelfand
et al. 2005). An interesting example is the nucleus of the nearby
spiral galaxy III Zw 2, which has exhibited factor of 20 fluctu-
ations in its radio luminosity on timescales of months to years
(Brunthaler et al. 2005). The TeV blazar Mrk 421 shows 50%
variations on a timescale of ~10 days (Btazejowski et al. 2005).
Sudden increases in the accretion rate, or shocks in the jet, could
lead to a dramatic flare at radio wavelengths; however, these
flares are expected to have timescales on the order of months to
a year, inconsistent with our observations.

Recently discovered evidence for tidal disruption events in
AGNs observed in the ultraviolet indicate the possibility of large-
amplitude AGN transients (Gezari et al. 2006). However, the
timescale for the observed UV transients is months to a year rather
than days. Without a mechanism for a short timescale in the radio,
tidal disruption events are unlikely to account for the observed
radio transients.

5.5. Stellar Sources

We cannot exclude a Galactic origin for these transients. A
wide range of stars and stellar systems are known to flare on
timescales of minutes to hours to days. However, no known stel-
lar types closely fit the properties of these transients. Our field
(b = 36°,1 =115°) is out of the plane of the Galaxy, away from
the Galactic center and bulge, and is not near any known star
cluster or star-forming region. It is likely, therefore, that any
stellar origin for these transients would be even more numerous
in one of these more favored directions.
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5.5.1. Known Luminous Transients

The luminosity of the observed transients is L, ~
10'8(d/1 kpc)? erg s~' Hz~!. This is near the upper limit of the
known stellar radio luminosity distribution (Giidel 2002). RS
CVn binaries, FK Com class stars, Algol-class stars, and T Tauri
stars have been observed to radiate at this luminosity (e.g., Bower
et al. 2003). The total number of known RS CVn binaries,
FK Com stars, and Algol stars discovered at X-ray wavelengths
is <1000, indicating that we are unlikely to detect any such ob-
jects by chance, even if the distance cutoff'in our survey is 10 kpc
(Dempsey et al. 1993). T Tauri stars are more common but are
unlikely to be found outside regions of active star formation.

5.5.2. Late-Type Stars

M-type dwarfs at distances as large as 1 kpc have been iden-
tified as an important contribution to optical transient rates
(Becker et al. 2004; Kulkarni & Rau 2006). Due to the typical
low radio luminosity (L, ~ 10'2—10'* erg s~! Hz™!) of known
dMe stars and brown dwarfs, they are likely to be detected at
distances of 30 pc or less. In an extreme case, the dMe star
EV Lac was observed to undergo a flare of a factor of ~150to a
maximum luminosity L, ~ 1015 erg s~! Hz~!, with a rise time
of minutes and a decay time of hours (Osten et al. 2006). Such a
flare would be observed in our survey to a distance of 100 pc.
The local space density of stars with M < 0.3 M, is 0.035 pc 3,
implying only a small chance of a low-mass star or brown dwarf
within the volume to which we are sensitive (Reid et al. 1999).
Any stellar origin for these transients must come from a faint
source, since we have no detection of stellar counterparts in
Keck, 2MASS, or PAIRITEL images. The 2MASS magnitude
limit of Ky = 15 implies that any L dwarf (Mg ~ 10 mag) or
earlier-type star must be at a distance >100 pc to remain un-
detected. PAIRITEL limits require such stars to be at a distance
>500 pc. The limiting Keck magnitude requires late-type M
stars to be at a distance >1000 pc.

The probability distribution of radio activity in low-mass stars
is not well quantified. Few stars have been observed at radio
wavelengths for more than a few hours or a few days. Despite
the lack of long-term monitoring of dMe stars, one can estimate
the probability distribution of flares by comparison with the
properties of the Sun. The probability of a solar flare at centi-
meter wavelengths of a given flux density S scales as S~ (Nita
etal. 2004). From observations of a large sample of late-type stars
(Berger 2006), we estimate a probability of ~0.01 for a late-type
star to exhibit a luminosity L, =~ 10'> erg s~! Hz"!. If the prob-
ability of stellar flares scales with the same relation as solar flares,
aflare of L, ~ 10" erg s~! Hz~! from a late-type star at a dis-
tance of 1 kpc would be visible in our radio survey but missing in
the Keck image, and it would occur with a probability of <1077,
Assuming a constant density of stars set to the local value, the
total number of M dwarfs out to 1 kpc within our field of view is
<5 % 103. Given our ~1000 observations, the expected number
of flares of this magnitude detected is <1. This is an upper limit
since the statistics for the observed stars are biased by selection
for activity at other wavelengths. Within an order of magnitude,
however, this matches the number of transients that we detect,
suggesting that low-mass stars at 1 kpc or greater distance may
contribute to, but are unlikely to dominate, the observed radio-
transient rate.

Very large radio flares might be accompanied by luminous
X-ray flares. If the transients follow the radio/ X-ray correlation
(Giidel 2002), then a radio flare of 10'® erg s=! Hz~! ata distance
of 1 kpc would have an X-ray luminosity of 10~°*! erg s~!, which



No. 1, 2007

exceeds the RXTE ASM detection threshold of ~1071% erg s~!.
However, many sources do not closely follow this relationship,
including many low-mass stars (e.g., Berger et al. 2001).

5.5.3. Soft Gamma-Ray Repeaters

The transients share some properties with soft gamma-ray re-
peaters (SGRs). SGRs are magnetars that exhibit dramatic flares
at gamma-ray and radio wavelengths (e.g., Frail et al. 1999;
Gaensler etal. 2005). SGR 1806—20 produced a flare that reached
a luminosity of 5 x 10%% erg s~' Hz~!, had a characteristic time-
scale of days, and declined as t~2”7. Such a flare would be de-
tectable in our data set at a distance of ~200 kpc, would appear in
only a single epoch, would fade away rapidly so that it is not seen
in long-term averages, and would have no lasting optical counter-
part. If all of our transients are Milky Way SGRs to a distance of
<200 kpc, the implied rate is 20.01 kpc—3 yr~! at high Galactic
latitude. Without making any correction for Galactic population
distribution, we estimate a total rate of 3 yr~! in the disk of the
Galaxy, which is at least an order of magnitude too high relative
to the number of discovered SGRs.

5.5.4. X-Ray Binaries

X-ray binaries (XRBs) can be seen throughout the Galaxy
(e.g., Bower et al. 2005) but are rare (Muno et al. 2005). For the
extremely overdense Galactic center, the XRB detection rate in
the radio is <0.01 kpc=3 yr~!. The comparable observed tran-
sient rate would imply a similar overdensity at high Galactic
latitude, which is implausible.

5.5.5. Pulsars

Most pulsar variability occurs on timescales much shorter
than our observations and is therefore unlikely to account for our
observed transients. There have been some examples, however,
of longer timescale variability. PSR B1931+424, for instance, has
periods of activity and inactivity with characteristic times of days
to tens of days (Kramer et al. 2006). This variability is quasi-
periodic, however, indicating that we would detect it and similar
pulsars in multiple epochs throughout our survey.

5.6. Propagation Effects

We have already referred to the phenomenon of intraday
variability (IDV), which in the most extreme cases leads to vari-
ations of a factors of a few on a timescale of hours. IDV of this
scale has been demonstrated to originate from interstellar scin-
tillation of compact structure in the source. Galama et al. (1997)
identified a factor of 43 fluctuation in the flux density of PSR
B0655+64 at 325 MHz, which they argue originates from strong
focusing in the interstellar medium—that is, a caustic. It is dif-
ficult to estimate the frequency with which such a phenomenon
can occur, but observational evidence is scarce.

Microlensing could also produce a transient amplification of a
background source. A simple calculation estimates that to ex-
plain all 10 RTs as the result of microlensing requires the product
nT <1072, where #n is the number of sources that can be lensed
and 7 is the lensing opacity (Paczynski 1996). Since 7 has been
measured to be ~10~7 by MACHO and OGLE experiments,
then 7 2 10°, which is absurdly large for any known population
of Galactic or extragalactic radio sources.

Finally, reflected solar flares off objects in the solar system
could produce detectable radio flares. A 1 MJy solar flare reflect-
ing off a 1000 km object at a distance of 1 AU from the Earth
would produce a 0.1 mJy flare at Earth. Our observed field is far
out of the ecliptic plane, however, and there are few known solar
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system objects of this size outside of the ecliptic. Nearer objects
could be smaller but would move significantly during the course
of the observation.

6. CONCLUSIONS

We have conducted a 944 epoch, 20 yr long survey for radio
transients with archival 5 and 8.4 GHz Very Large Array data.
Ten radio transients are apparent in this data set. Eight transients
appear in only a single epoch and disappear completely there-
after. Two transients appear in 2 month integrations and also
never reappear. We estimate the rate of radio transients below
1 mJy with a large uncertainty due to the wide range of charac-
teristic times possible for these sources.

Two of the transients may be peculiar Type Ib/c and/or Type 11
radio SNe in nearby galaxies. All of these transients share some
characteristics with those expected of orphan gamma-ray burst
afterglows, but they cannot be conclusively identified as such.
The diversity of high-energy stellar-death phenomena makes
it difficult to place specific limits on the nature of GRBs based
on these results. The absence of persistent counterparts to these
sources indicate that they are unlikely to be AGNs. Galactic
sources appear unlikely to be an explanation, but they certainly
cannot be ruled out. In particular, late-type stars could contribute
to the number of radio transients if their luminosity distribution
can be extrapolated by several orders of magnitude beyond the
most luminous observed M dwarfflare. Deeper multiwavelength
imaging is critical for identifying the hosts of these events.

In the near future, the Allen Telescope Array (DeBoer et al.
2004) will be efficient at discovering transients of this sort. The
wide field of view of this telescope makes it a powerful instru-
ment for large-solid-angle radio surveys. Given the apparently
short timescale of these phenomena, rapid response to transient
discovery at radio and other wavelengths will be critical for de-
termining the nature of these transients.
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