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ABSTRACT
We present a search for fast optical transients (τ ∼ 0.5hr− 1d) using repeated observations of the Pan-

STARRS1 Medium-Deep Survey (PS1/MDS) fields. Our search takes advantage of the consecutivegP1rP1
observations (16.5 min in each filter), by requiring detections in both bands, with non-detections on preceding
and subsequent nights. We identify 19 transients brighter than 22.5 AB mag (S/N & 10). Of these, 11 events
exhibit quiescent counterparts in the deep PS1/MDS templates that we identify as M4–M9 dwarfs atd ≈
0.2− 1.2 kpc. The remaining 8 transients lack quiescent counterparts, exhibit mild but significant astrometric
shifts between thegP1 andrP1 images, colors of (g−r)P1≈ 0.5−0.8 mag, non-varying light curves, and locations
near the ecliptic plane with solar elongations of about 130 deg, which are all indicative of main-belt asteroids
near the stationary point of their orbits. With identifications for all 19 transients, we place an upper limit
of RFOT(τ ∼ 0.5hr). 0.12 deg−2 d−1 (95% confidence level) on the sky-projected rate of extragalactic fast
transients at. 22.5 mag, a factor of 30− 50 times lower than previous limits; the limit for a timescale of
∼ day isRFOT . 2.4×10−3 deg−2 d−1. To convert these sky-projected rates to volumetric rates,we explore
the expected peak luminosities of fast optical transients powered by various mechanisms, and find that non-
relativistic events are limited toM ≈ −10 mag (M ≈ −14 mag) for a timescale of∼ 0.5 hr (∼ day), while
relativistic sources (e.g., gamma-ray bursts, magnetar-powered transients) can reach much larger luminosities.
The resulting volumetric rates are. 13 Mpc−3 yr−1 (M ≈ −10 mag),. 0.05 Mpc−3 yr−1 (M ≈ −14 mag) and
. 10−6 Mpc−3 yr−1 (M ≈ −24 mag), significantly above the nova, supernova, and GRB rates, respectively,
indicating that much larger surveys are required to providemeaningful constraints. Motivated by the results of
our search we discuss strategies for identifying fast optical transients in the LSST main survey, and reach the
optimistic conclusion that the veil of foreground contaminants can be lifted with the survey data, without the
need for expensive follow-up observations.
Subject headings: stars: flare, asteroids: general, supernovae: general, novae, surveys

1. INTRODUCTION

For nearly a century, optical observations aimed at the dis-
covery and study of astrophysical transients have largely fo-
cused on events with durations of days to months. This is
mainly due to a fortuitous match with the timescales of the
most common extragalactic events (novae and supernovae),
whose typical luminosities and intrinsic rates require cover-
age of large numbers of galaxies and/or blank sky areas, lead-
ing to a natural search cadence of several days. Thus, novae
have a much higher intrinsic rate than supernovae (∼ 2.2 yr−1

per 1010 LK,⊙ versus∼ 2×10−3 yr−1 per 1010 LK,⊙, respec-
tively; e.g., Williams & Shafter 2004; Li et al. 2011), but su-
pernovae are significantly more luminous than novae (∼ −18
mag versus∼ −8 mag, respectively; Gallagher & Starrfield
1978; Filippenko 1997). As a result, for a given survey lim-
iting magnitude tens of novae can be discovered per year by
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targeting a few nearby galaxies with a cadence of few days,
while discovering a similar number of supernovae requires
monitoring of∼ 104 galaxies (or hundreds of deg2), thereby
necessitating a similar cadence of several days; for the pur-
pose of sheer discovery rate, a faster cadence is not prof-
itable for nova and supernova searches. Over the past few
decades such surveys have been highly successful at discov-
ering about one hundred novae and supernovae per year (e.g.,
Williams & Shafter 2004; Leaman et al. 2011).

The advent of large format cameras on dedicated wide-field
telescopes, coupled with serendipitous discoveries of tran-
sients outside of the traditional nova and supernova luminos-
ity and timescale ranges, has opened up a new discovery space
for astrophysical transients. By repeatedly targeting thesame
fields, such surveys are in principle capable of exploring a
wide range of timescales, from the duration of single expo-
sures (i.e., minutes) to years. In practice, most surveys are
still primarily focused on supernovae (driven to a large ex-
tent by Type Ia supernova cosmology at increasingly larger
redshifts), and therefore cover wider fields to greater depth at
the expense of a faster temporal cadence to maximize the su-
pernova discovery rate while preserving adequate light curve
coverage. Still, some surveys have been utilized to perform
initial searches for fast optical transients (FOTs) on timescales
as short as∼ 0.5 hr. Clearly, the effective areal exposure of
such searches (i.e., the product of survey area and exposure
time) becomes progressively smaller at faster cadence as sky
coverage has to be sacrificed for repeated short-cadence ob-
servations.

http://arxiv.org/abs/1307.5324v1
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In this context, the Deep Lens Survey (DLS) was utilized
to search for FOTs on a timescale of about 1300 s to a depth
of B ≈ 23.8 mag (with a total exposure of 1.1 deg2 d) and
led to an upper limit on the extragalactic sky-projected rate
of RFOT . 6.5 deg−2 d−1 (95% confidence level; Becker et al.
2004). The DLS search uncovered three fast transients,
which were shown to be flares from Galactic M dwarf stars
(Becker et al. 2004; Kulkarni & Rau 2006). A search for tran-
sients with a timescale of& 0.5 hr to a depth of about 17.5
mag (with a total exposure of 635 deg2 d) using the Robotic
Optical Transient Search Experiment-III (ROTSE-III) yielded
a limit on the extragalactic rate ofRFOT . 5×10−3 deg−2 d−1,
and uncovered a single M dwarf flare (Rykoff et al. 2005);
a similar search with the MASTER telescope system yielded
comparable limits (Lipunov et al. 2007), and two uncharacter-
ized candidate fast transients (Gorbovskoy et al. 2013). Sim-
ilarly, a targeted search for transients on a timescale of about
0.5 hr and to a depth ofB ≈ 21.3 mag in the Fornax galaxy
cluster (with a total exposure of 1.9 deg2 d) placed a limit
on the extragalactic rate ofRFOT . 3.3 deg−2 d−1 (Rau et al.
2008). Two fast transients were detected in this search, both
shown to be M dwarf flares (Rau et al. 2008). At the bright
end, the “Pi of the Sky” project placed a limit on transients
brighter than 11 mag with a duration of& 10 s of RFOT .
5×10−5 deg−2 d−1 (Sokołowski et al. 2010).

Fast optical transients have also been found serendipitously
by other surveys, but they have generally been shown to
be Galactic in origin8. A notable exception is the transient
PTF11agg (Cenko et al. 2013), which faded by about 1.2 mag
in 5.3 hours, and 3.9 mag in 2.2 d, and was accompanied by
radio emission that may be indicative of relativistic expansion
(although the distance of this transient is not known, thereby
complicating its interpretation). We note that such an event,
while fast compared to the general nova and supernova popu-
lation, is still of longer duration than the timescales probed by
the DLS and Fornax searches, as well as the Pan-STARRS1
search we describe here. Thus, the existing searches for ex-
tragalactic FOTs have mainly raised the awareness that the
foreground of M dwarf flares is large, with an estimated all-
sky rate of∼ 108 yr−1 at a limiting magnitude of∼ 24 mag
(Becker et al. 2004; Kulkarni & Rau 2006).

Here, we present a search for fast optical transients with an
effective timescale of about 0.5 hr to 1 d and to a depth of
about 22.5 mag in the first 1.5 years of data from the Pan-
STARRS1 Medium-Deep Survey (PS1/MDS). This search
uncovered a substantial sample of 19 fast transients, both with
and without quiescent counterparts. We describe the survey
strategy and selection criteria in §2. In §3 we summarize the
properties of the 19 detected transients and classify them us-
ing a combination of color information, astrometry, sky lo-
cation, and the properties of quiescent counterparts (whende-
tected). With a unique identification of all 19 transients asSo-
lar system or Galactic in origin, we place a limit on the rate of
extragalactic fast transients that is 30−50 times better than the
limits from previous searches (§4). We further investigatefor
the first time the limits on thevolumetric rates of FOTs from
our survey and previous searches using the survey limiting
magnitudes and fiducial transients luminosities. In §5 we ex-
pand on this point and discuss the expected peak luminosities

8 A recent example is a large amplitude transient from the Catalina Real-
Time Transient Survey, which was initially claimed to be extragalactic in ori-
gin (Mahabal et al. 2012), but was subsequently shown to be anM dwarf
flare (Berger et al. 2012). Additional cautionary tales are summarized by
Kulkarni & Rau (2006).

of FOTs for a range of physically motivated models. Finally,
since our search is the first one to utilize observations thatare
similar to the Large Synoptic Survey Telescope (LSST) main
survey strategy, we conclude by drawing implications for fast
optical transient searches in the LSST data §6.

2. OBSERVATIONS

2.1. PS1 Survey Summary

The PS1 telescope, located on Mount Haleakala, is a high-
etendue wide-field survey instrument with a 1.8-m diameter
primary mirror and a 3.3◦ diameter field-of-view imaged by
an array of sixty 4800× 4800 pixel detectors, with a pixel
scale of 0.258′′ (Kaiser et al. 2010; Tonry & Onaka 2009).
The observations are obtained through five broad-band filters
(gP1rP1iP1zP1yP1), with some differences relative to the Sloan
Digital Sky Survey (SDSS); thegP1 filter extends 200 Å red-
ward ofgSDSSto achieve greater sensitivity and lower system-
atics for photometric redshifts, while thezP1 filter terminates
at 9300 Å, unlikezSDSS which is defined by the detector re-
sponse (Tonry et al. 2012). PS1 photometry is in the “nat-
ural” system,m = −2.5log(Fν) + m′, with a single zero-point
adjustment (m′) in each band to conform to the AB magni-
tude scale. Magnitudes are interpreted as being at the top of
the atmosphere, with 1.2 airmasses of atmospheric attenuation
included in the system response function (Tonry et al. 2012).

The PS1 Medium-Deep Survey (MDS) consists of 10 fields
(each with a single PS1 imager footprint) observed on a nearly
nightly basis by cycling through the five filters in 3− 4 nights
to a typical 5σ depth of∼ 23.3 mag in gP1rP1iP1zP1, and
∼ 21.7 mag inyP1. The MDS images are processed through
the Image Processing Pipeline (IPP; Magnier 2006), which
includes flat-fielding (“de-trending”), a flux-conserving warp-
ing to a sky-based image plane, masking and artifact removal,
and object detection and photometry. For the fast transient
search described here we produced difference images from
the stacked nightly images using thephotpipe pipeline
(Rest et al. 2005) running on the Odyssey computer cluster
at Harvard University.

2.2. A Search for Fast Optical Transients

For the purpose of detecting fast optical transients we take
advantage of the consecutive MDSgP1rP1 observations, with
eight 113 s exposures in each filter providing a total time-
span of about 33 min for a full sequence. We carry out the
search using the stackedgP1 andrP1 images from each visit
through image subtraction relative to deep multi-epoch tem-
plates, and subsequently utilize the individual exposuresto
construct light curves; representative discovery and template
images are shown in Figure 1 and light curves are shown in
Figure 2. We limit the timescale of the transients to. 1 d by
further requiring no additional detections in thegP1rP1iP1zP1
filters on preceding and subsequent nights (extending to±5
nights). To ensure that this constraint is met we only perform
our search on the subset of MDS data for which consecutive
nights of observations are available. In the first 1.5 years of
data we searched a total of 277 nights ofgP1rP1 observations
across the 10 MDS fields, leading to a total areal exposure of
40.4 deg2 d for a timescale of 0.5 hr and 1940 deg2 d for a
timescale of 1 d.

To select transients in thegP1rP1 difference images we uti-
lize a signal-to-noise ratio threshold9 of S/N = 10, with re-
sulting limiting magnitudes ofgP1≈ 22.7 mag andrP1≈ 22.4

9 We empirically correct the correlated noise in the difference image de-



3

FIG. 1.— PS1/MDS images of a representative M dwarf flare (left; PSO J164.3814+58.3011) and an asteroid (right; PSO J352.5968−0.4471) found in our fast
transients search. In each case we show the template images (gP1rP1iP1zP1) in the left column, the fast transient discovery images in the middle column, and the
difference images in the right column. Each panel is 20′′

×20′′ oriented with north up and east to the left. The red optical colors of the M dwarf counterpart are
evident, as is the lack of a counterpart in the case of the asteroid. The light curves resulting from these detections are shown in Figure 2.

mag. We additionally require sources in thegP1rP1 difference
images to astrometrically match within 0.35′′, corresponding
to a 1.2 pixel radius around each detection (this is about 6
times the typical astrometric error; see §3.1). Using these
cuts we find a total of 227 candidates, which were visually in-
spected by one of us (C.L.) leading to a final list of 19 sources
that were further validated by two of us (E.B. and R.C.); the
remaining 208 events were predominantly spurious detections
near saturated stars.

3. THE PROPERTIES OF PAN-STARRS1 FAST OPTICAL
TRANSIENTS

Using the procedure described in the previous section we
found 19 genuine fast transients, spanning a brightness range
of gP1 ≈ 18.5− 22.7 mag andrP1 ≈ 18.8− 22.4 mag. In Fig-
ure 3 we show thegP1 versus (g − r)P1 color-magnitude di-
agram for all 19 sources; the photometry is summarized in
Tables 1 and 2. The faint end of the distribution is determined
by our requirement of S/N & 10 in the subtractions of the in-
dividual gP1rP1 nightly stacks (16.5 min in each filter) from
the deep templates. On the other hand, the bright end of the
observed distribution is about 2 mag fainter than the satura-
tion limit of our images, indicating a genuine dearth of appar-
ently bright fast transients in our search area. The (g − r)P1

tections by measuring the flux and uncertainty at random positions in the
difference images in the same manner as the transient flux, and then deter-
mining a correction factor which leads to a distribution with a reducedχ2 of
unity.
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FIG. 2.— Light curves in thegP1 (blue) andrP1 (red) filters for a represen-
tative M dwarf flare (squares) and an asteroid (circles) detected in our search
for fast optical transients (see Figure 1). In each case the lines mark the best
linear fit. The M dwarf flare exhibits a 3.5 mag decline during the time-span
of our observation, while the asteroid exhibits constant brightness. Missing
light curve points are due to individual exposures in which the source was
located in a chip gap.

colors span a wide range of about−2.0 to +0.9 mag, but we
stress that for transients that rapidly vary in brightness within
the time-span of each observation (e.g., Figure 2), the non-
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FIG. 3.— Color-magnitude diagram for the fast transients discovered in
our PS1/MDS search. The sources are divided into those with detected qui-
escent counterparts in the deep template images (blue squares), and those
lacking counterparts to limits ofgP1rP1iP1zP1& 24.5 − 25 mag (red circles).
The dashed line marks therP1 limit of our search (the region below the line is
inaccessible to the survey). The hatched region marks the expected (g − r)P1
color range for asteroids. All of the fast transients lacking quiescent counter-
parts reside in this color range.

simultaneousgP1 andrP1 measurements do not reflect the true
instantaneous colors.

3.1. Fast Transients Lacking Quiescent Counterparts

Of the 19 fast transients discovered in our search, 8 events
lack quiescent counterparts in any of the deep template im-
ages (gP1rP1iP1zP1) to typical limits of& 24.5−25 mag. These
sources are in principle a promising population of distant ex-
tragalactic transients with undetected host galaxies. We uti-
lize a combination of color information, the 33 min time-span
of thegP1rP1 observations, and the sky locations to investigate
the nature of these sources. We first note that all 8 sources
span a narrow color range with (g − r)P1 ≈ 0.55− 0.8 mag
(Figure 3 and Table 2), which is typical of main-belt asteroids
(e.g., Ivezíc et al. 2001). This interpretation naturally explains
the lack of quiescent counterparts in the template images. We
further test this scenario by comparing the astrometric posi-
tions of each transient in thegP1 andrP1 images. In Figure 4
we show the distribution of positional shifts for the 8 sources
compared to unresolved field sources in the same images. The
median offset for field sources is about 53 mas (with a stan-
dard deviation of about 31 mas), indicative of the astrometric
alignment precision of the MDS images. On the other hand,
the 8 transients exhibit shifts of 11− 340 mas (bounded by
our initial cut of. 0.35′′ shift; §2.2), with a median value of
about 230 mas. This is well in excess of the point source pop-
ulation, and a Kolmogorov-Smirnov (K-S) test gives ap-value
of only 1.1× 10−4 for the null hypothesis that the positional
offsets of the 8 transients and the field sources are drawn from
the same underlying distribution. This clearly indicates that
the 8 transients lacking quiescent counterparts exhibit larger
than average astrometric shifts, supporting their identification
as asteroids. We further inspect thegP1 andrP1 light curves
of the 8 transients and find that none exhibit variability larger
than the photometric uncertainties (e.g., Figure 2).

Finally, we note that all 8 sources are located in the three
MDS fields (MD04, MD09, and MD10) that are positioned
within ±10◦ of the ecliptic plane (Table 2). In particular, the
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FIG. 4.— Astrometric shift between thegP1 andrP1 centroids for the fast
transients lacking quiescent counterparts (red arrows) incomparison to the
shifts for field stars from the same images (gray hatched histogram). The me-
dian positional shift for the field stars, which indicates the typical astrometric
uncertainty of the MDS images, is about 53 mas. The fast transients lacking
quiescent counterparts exhibit generally larger shifts ofup to≈ 340 mas (the
limit allowed by our search), with a median of 230 mas. A K-S test indicates
a p-value of only 1.1×10−4 for the null hypothesis that the two populations
are drawn from the same underlying distribution.

asteroids were discovered in these fields on dates concentrated
at solar elongation values of about 130 deg, at which main-
belt asteroids go through a stationary point with negligible
apparent motion. We therefore conclude based on their col-
ors, astrometric motions, light curve behavior, and ecliptic co-
ordinates that the 8 fast transients lacking quiescent counter-
parts are simply main-belt asteroids near the stationary point
of their orbit.

3.2. Fast Transients with Detected Quiescent Counterparts

We now turn to the 11 fast transients that exhibit quiescent
counterparts in some or all of the deep MDS template im-
ages. In all cases we find that the counterparts are unresolved
(with a typical seeing of about 1′′) and have red colors that
are indicative of M dwarf stars. Photometry of the quiescent
counterparts from the PS1/MDS templates, and from SDSS
when available, is summarized in Table 1. Using these mag-
nitudes we determine the spectral type of each counterpart
by comparing to the SDSS colors of M dwarfs (West et al.
2011); from sources with both PS1 and SDSS photometry we
infer color transformations of (g−r)P1≈ 0.94× (g−r)SDSSand
(i − z)P1 ≈ 0.93× (i − z)SDSS to account for the difference be-
tween thegP1andzP1 filters compared to thegSDSS andzSDSS
filters (§2.1). The results are shown in Figure 5 indicating that
7 counterparts have spectral types of about M4–M5, while the
remaining 4 counterparts have spectral types of M7–M9 (see
Table 1 for the inferred spectral types). We further infer the
distances to these M dwarfs using their associated absolute
magnitudes (Bochanski et al. 2011) and findd ≈ 0.2−1.2 kpc
(Table 1).

Thus, as in previous fast transient searches, all 11 fast tran-
sients with quiescent counterparts in our survey are M dwarf
flares. Using the flare magnitudes and inferred spectral types,
we compare the resulting flare and bolometric luminosities in
Figure 6. We find that the flares span a luminosity10 range

10 We determine the luminosity by integrating the spectral luminosity
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FIG. 5.— Color-color phase-space for the quiescent counterparts of all 11
fast transients with a detected counterpart (stars; arrowsindicate limits). Also
shown are the color ranges for M0–M9 dwarf stars (West et al. 2011). All of
the detected counterparts track the M dwarf sequence, with 7sources exhibit-
ing the colors of M4–M5 dwarfs and 4 sources exhibiting colors typical of
M7–M9 dwarfs.

of L f ,g ≈ (6− 150)× 1028 erg s−1 andL f ,r ≈ (4− 80)× 1028

erg s−1, with no apparent dependence on spectral type. How-
ever, since the bolometric luminosity declines from about
3.3×1031 erg s−1 at spectral type M4 to about 1.3×1030 erg
s−1 at spectral type M9, the relative flare luminosities increase
with later spectral type. We find relative flare luminositiesof
≈ 0.006− 0.07 Lbol at∼ M5, and larger values of≈ 0.03− 1
Lbol at M8–M9.

It is instructive to compare the properties of the flares and
M dwarfs uncovered in our blind fast transients search to
those from targeted M dwarf variability studies. In partic-
ular, Kowalski et al. (2009) searched for flares from 50,130
pre-selected M0–M6 dwarfs in the SDSS Stripe 82 and found
271 flares, with an apparent increase in the flare rate with
later spectral type. This may explain the lack of M0–M4
dwarfs in our relatively small sample. For the M4–M6 dwarfs
Kowalski et al. (2009) find a mean flare amplitude of∆u ≈
1.5 mag, comparable to our mean value of∆g ≈ 1.1 mag,
when taking into account that M dwarfs flares are generally
brighter inu-band than ing-band due a typical temperature
of ∼ 104 K. The flare luminosities for the Stripe 82 M4–M6
dwarfs areL f ,u ≈ (2− 100)×1028 erg s−1, again comparable
to thegP1-band luminosities of the∼ M5 dwarfs in our sam-
ple. We note that there are no M7–M9 dwarfs in the Stripe 82
sample.

Kowalski et al. (2009) also found that for M4–M6 dwarfs
there is a strong dependence of the flare rate on vertical dis-
tance from the Galactic plane; namely, the fraction of time
in which a star flares decreases by about an order of magni-
tude over a vertical distance range of about 50− 150 pc. The
M4–M6 dwarfs in our sample are all located at larger verti-
cal distances of≈ 190− 560 pc, with a mean of about 390
pc, suggesting that the decline in flaring activity with vertical
distance from the Galactic plane may not be as steep as pre-
viously inferred. Moreover, the Stripe 82 data exhibit a trend
of steeper decline in the flare rate as a function of vertical
distance with increasing spectral type (Kowalski et al. 2009),

over the widths of thegP1 and rP1 filters, with δν ≈ 1.287× 1014 Hz and
≈ 7.721×1013 Hz, respectively.
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FIG. 6.— Luminosities of the fast transients (flares) associated with M
dwarfs counterparts (vertical bars) as a function of sourcespectral type. The
luminosity range for each source is defined by thegP1 andrP1 detections. The
solid red line marks the bolometric luminosity as a functionof spectral type,
while dashed lines mark fractions of the bolometric luminosity as indicated
in the figure. We find that the flares from the∼ M5 sources have a range of
≈ 0.006− 0.07 Lbol, while the flares from the M7–M9 dwarfs are relatively
larger, with≈ 0.03− 1 Lbol.

while here we find that the M7–M9 dwarfs have a similar
mean vertical distance from the Galactic plane to the∼ M5
dwarfs. Clearly, a more systematic search for M dwarf flares
in the PS1/MDS is required to study these trends. In particu-
lar, it is likely that we have missed some flares due to the re-
quirement of no additional variability within a±5 night win-
dow around each detection (§2.2).

4. LIMITS ON THE RATE OF EXTRAGALACTIC FAST
OPTICAL TRANSIENTS

The 19 fast transients uncovered by our search cleanly di-
vide into two categories: (i) main-belt asteroids near the sta-
tionary point of their orbits (§3.1); and (ii) flares from M
dwarf stars (§3.2). Neither category is unexpected given that
our search is based on consecutivegP1rP1 detections with a
time-span of about 0.5 hr. M dwarf flares typically exhibit
blue colors indicative ofT ∼ 104 K, with timescales of min-
utes to hours, and are thus ubiquitous in searches that utilize
rapid observations in the ultraviolet (Welsh et al. 2005, 2006)
or blue optical bands (Becker et al. 2004; Kulkarni & Rau
2006; Rau et al. 2008). Similarly, our requirement of two
consecutive detections within∼ 0.5 hr, with non-detections
on preceding or subsequent nights is effective at capturingas-
teroids near the stationary point of their orbits (i.e., at solar
elongations of about 130 deg for main-belt asteroids).

Since we account for all 19 fast transients as Solar system
or Galactic in origin, we can place a robust upper limit on the
rate of extragalactic fast optical transients. While we could in
principle detect a sufficiently bright transient with a timescale
as short as about 4 min, corresponding to a detection in only
the final exposure in one filter and the first exposure in the sec-
ond filter, a more reasonable timescale probed by our search is
about 0.5 hr, the time-span of a fullgP1rP1 exposure sequence
(e.g., Figure 2). Similarly, our selection criteria could in prin-
ciple accommodate transients with durations as long as∼ 2 d,
but for the bulk of the search the maximum timescale is. 1
d. Thus, we consider our search to place limits on fast tran-
sients spanning about 0.5 hr to 1 d. In the discussion below
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FIG. 7.— Limits on the sky-projected rate of extragalactic fastoptical transients as a function of timescale and survey limiting magnitude. Shown are the limits
from our survey (black) and from the literature (red; Beckeret al. 2004; Rykoff et al. 2005; Lipunov et al. 2007; Rau et al.2008). The much larger effective
areal exposure of our survey provides constraints that are about 30− 50 times deeper than previous surveys with similar limitingmagnitudes. Also shown are the
expected limits from the LSST main survey (blue) for 1 night (top limit) and 1 year (bottom limit) of observations.

we provide upper limits for the upper and lower bounds of the
timescale distribution.

The total areal exposure of our survey for a timescale of
0.5 hr isEA ≈ 40.4 deg2 d, while for a timescale of∼ day
it is correspondingly longer,EA ≈ 1940 deg2 d. Thus, we
can place a 95% confidence limit (. 3 events) on the sky-
projected rate of:

RFOT = N/ǫ2EA, (1)

where we estimate the detection efficiency per filter atǫ≈ 0.8
based on the overall search for transients in the MDS fields.
Thus, for a timescale of 0.5 hr we place a limit ofRFOT. 0.12
deg−2 d−1, while for a timescale of∼ day it is RFOT . 2.4×
10−3 deg−2 d−1 (see Table 3).

Our limit on fast transients with a 0.5 hr timescale improves
on existing searches with similar limiting magnitudes by a
factor of 30− 50 (Figure 7) thanks to the much larger effec-
tive areal exposure. DLS (EA ≈ 1.1 deg d) placed an up-
per limit of RFOT . 6.5 events deg−2 d−1 for transients with a
timescale of about 0.36 hr (Becker et al. 2004), while the For-
nax galaxy cluster search (EA ≈ 1.9 deg d) placed a limit of
RFOT . 3.3 deg−2 d−1 for transients with a timescale of about
0.55 hr (Rau et al. 2008). The ROTSE-III search (EA ≈ 635
deg d) placed a limit ofRFOT . 5×10−3 deg−2 d−1 for tran-
sients with a timescale of about 0.5 hr, but was significantly
shallower (Rykoff et al. 2005).

The sky-projected rates do not take into account the differ-

ence in limiting magnitudes between various searches. Our
survey limiting magnitude is about 1.3 mag shallower than
the DLS search, but about 1.2 mag deeper than the Fornax
cluster search, and about 5 mag deeper than the ROTSE-III
search. This information is summarized in Table 3, and shown
in the relevant three-dimensional phase-space of survey limit-
ing magnitude, timescale, and sky-projected rate limit in Fig-
ure 7.

The survey depth impacts the inferred limits onvolumet-
ric rates. For example, for a population of fast transients
with a fiducial absolute magnitude of−10 (comparable to
the most luminous known novae; see §5), the limits on the
volumetric rates11 on a timescale of 0.5 hr are. 13 Mpc−3

yr−1 for our survey,. 1.3× 102 Mpc−3 yr−1 for DLS, and
. 2.0×103 Mpc−3 yr−1 for Fornax. The small volume probed
by the ROTSE-III search for transients with−10 mag (d ≈ 3
Mpc) provides no real insight on the extragalactic population.
For a fiducial absolute magnitude of−14 (comparable to the
least luminous supernovae), the limits are. 0.05 (PS1/MDS),
. 0.5 (DLS), and. 7.8 (Fornax) Mpc−3 yr−1; at this peak

11 We assume a uniform underlying distribution of galaxies within the vol-
ume probed by each search, which is not strictly the case for the maximum
distances associated with a peak magnitude of−10: 32 Mpc for our search,
56 Mpc for DLS, and 18 Mpc for Fornax. With the exception of theFornax
search, which was centered on the Fornax galaxy cluster atd ≈ 16 Mpc, this
indicates that the actual limits from our survey and from DLSare subject to
the underlying non-uniform galaxy distribution.
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magnitude the maximal detection distances are large enough
to uniformly sample the galaxy distribution (about 200 Mpc
for our search; 360 Mpc for DLS, and 115 Mpc for Fornax).
Finally, for a fiducial absolute magnitude of−24 (intermediate
between long and short gamma-ray burst afterglows; see §5),
the volumetric rate limits are. 10−6 (PS1/MDS),. 6×10−5

(DLS), and. 3×10−5 (Fornax) Mpc−3 yr−1. The various lim-
its are summarized in Table 3.

We note that the inferred limits at−10 and−14 mag are
substantially higher than the volumetric rate of supernovae,
≈ 10−4 Mpc−3 yr−1 (Li et al. 2011), and novae12, ≈ 0.1 Mpc−3

yr−1; similarly, the limits at−24 mag are at least two orders
of magnitude larger than the on-axis GRB rate. This indicates
that any source population of extragalactic fast optical tran-
sients with a timescale of 0.5 hr would have to be much more
abundant than nova, supernova, or GRB progenitors, or pro-
duce multiple (∼ 102 − 103) events per progenitor system to
be detected with current surveys.

Utilizing the B-band luminosity density in the local uni-
verse (≈ 1.4× 108 LB,⊙ Mpc−3) the upper limits on the
volumetric rates at−10 mag can be recast as. 9.2× 102

(PS1/MDS) and. 9.3× 103 (DLS) yr−1 per 1010 LB,⊙; for
the Fornax survey, which targeted a galaxy cluster environ-
ment, the limit is. 350 yr−1 per 1010 LB,⊙ (Rau et al. 2008).
For a fiducial brightness of−14 mag, the limits are. 3.6
(PS1/MDS),. 36 (DLS), and. 75 yr−1 per 1010 LB,⊙; the
latter value is from Rau et al. (2008).

For the fiducial timescale of about 1 d (the upper bound of
our survey), the volumetric rate limits are. 0.3 (−10 mag),
. 10−3 (−14 mag), and. 4×10−8 (−24 mag) Mpc−3 yr−1. The
rates at−14 and−24 mag are of interest since they are only an
order of magnitude larger than the supernova and GRB rates,
indicating that an expansion of our search might yield inter-
esting limits on the rate of fast transients with∼ 1 d timescale.

5. THEORETICAL EXPECTATIONS FOR THE
LUMINOSITY OF FAST OPTICAL TRANSIENTS

In the discussion above we used fiducial peak absolute mag-
nitudes of−10,−14, and−24 mag to infer limits on the volu-
metric rates of extragalactic fast optical transients. These par-
ticular values were chosen to match the most luminous clas-
sical novae, the least luminous supernovae, and typical long
and short GRB afterglows, respectively. However, it is in-
structive to explore what peak luminosities are expected for
sources with a fiducial timescale of∼ 0.5 hr to∼ day for a
range of potential mechanisms. We defer an exhaustive inves-
tigation of this question to future work and focus on the basic
arguments here. At the most basic level, we note that explo-
sive sources with a characteristic velocity of∼ 104 km s−1 that
emit thermally with a peak in the optical (T ∼ 104 K) will be
limited to an absolute magnitude of& −14; only sources un-
dergoing relativistic expansion (e.g., GRBs) may significantly
exceed this limits. We expand on this general theme below.

We first investigate the possibility of unusually fast and lu-
minous classical novae. In general, novae follow the max-
imum magnitude versus rate of decline (MMRD) relation
(e.g., della Valle & Livio 1995), which indicates that faster
novae are also more luminous. However, the MMRD relation
flattens to a maximal observed value of about−10 mag for
timescales shorter than a few days (della Valle & Livio 1995).

12 We use a nova rate of 2.2 yr−1 per 1010 LK,⊙ (Williams & Shafter 2004),
combined with theK-band luminosity density in the local universe of 4.4×
108 LK,⊙ Mpc−3 (Cole et al. 2001; Bell et al. 2003).

Indeed, the shortest observed timescales (quantified ast2 or t3,
the timescales to decline by 2 or 3 magnitudes, respectively)
are≈ 3− 5 d (Czekala et al. 2013). Theoretical models point
to maximal magnitudes of about−10 and timescales as short
ast2 ≈ 1 d (Yaron et al. 2005). Moreover, the fraction of no-
vae that achieve such high peak luminosity and rapid fading
is. 1% (e.g., Shafter et al. 2009), leading to a rate of. 10−3

Mpc−3 yr−1, orders of magnitude below the upper bounds for
−10 mag derived from the various searches (e.g., 0.3 Mpc−3

yr−1 for our search; Table 3). Thus, novae are not expected
to contribute a population of luminous and fast extragalactic
transients for current surveys.

We next explore the generic case of an explosive event with
ejecta that cool adiabatically due to free expansion (R = vejt);
i.e., a supernova-like explosion, but lacking internal heating.
In this case, with the expansion driven by radiation pressure
and using the standard diffusion approximation (Arnett 1982),
the luminosity is given by:

L(t) = L0 exp

[

−
t

τd,0
−

t2

√
2τd,0τh

]

, (2)

whereτh = R0/vej is the initial hydrodynamic timescale,τd,0 =
BκMej/cR0 is the initial diffusion timescale,κ is the opac-
ity (for simplicity we useκ = κes = 0.4 cm2 g−1), Mej is the
ejecta mass,B ≈ 0.07 is a geometric factor, andL0 = E0/τd,0
is the initial luminosity. A fiducial timescale of 0.5 hr requires
R0 . 0.5hr×vej ≈ 2×1012(vej/104kms−1) cm; i.e., more ex-
tended sources are unlikely to produce transients with a du-
ration as short as∼ 0.5 hr. Using the appropriate size limit
we find that for a source withL(0.5hr)/L0 ∼ 0.1 the resulting
peak bolometric magnitude ranges from about -8 mag (for a
white dwarf withR0 ≈ 109 cm) to about−15 mag (for a star
with R0 ≈ 10 R⊙). The resulting characteristic effective tem-
perature ranges fromTeff = (L0/4πR2σ)1/4 ≈ 2.2×104 K (for
R0 ≈ 109 cm) to≈ 1.1×105 K (for R0 ≈ 10 R⊙), or a peak in
the ultraviolet. This means that the peak absolute magnitude
in gr will be a few magnitudes fainter, corresponding to the
faint end of the magnitude range considered in the previous
section (i.e.,& −14 mag).

The luminosity can be enhanced by appealing to an inter-
nal energy source, for example radioactive heating as in the
case of Type I supernovae. In this scenario the luminos-
ity is maximized if the radioactive decay timescale is well-
matched to the diffusion timescale,τr ≈ τd ≈ BκMej/cR≈ 0.5
hr. The fast timescale investigated here requires different ra-
dioactive material than56Ni, which powers the optical light
curves of Type I supernovae, since the latter hasτr ≈ 8.8
d. Instead, a better match may be provided by the radioac-
tive decay ofr-process elements, for which there is a broad
range of timescales (e.g., Li & Paczyński 1998; Metzger et al.
2010). Using a timescale of 0.5 hr we find that the re-
quired ejecta mass is low,Mej ≈ 2×10−6 (vej/104km/s)2 M⊙.
For radioactive heating the total energy generation rate is
ǫ(t) = ( f Mejc2/τr)e−t/τr , where f ≪ 1 is an efficiency factor,
likely in the range of 10−6−10−5 (Metzger et al. 2010). For the
ejecta mass inferred above we findǫ(t) ≈ 1045 f erg s−1, and
henceL ∼ 1040 erg s−1 (for f ∼ 10−5), or an absolute magni-
tude of about−12 mag. As in the discussion above, the spec-
trum will peak in the ultraviolet, and the optical emission (g-
band) will be dimmer by about 2 mag (i.e., to a peak of about
−10 mag). For a fiducial timescale of∼ day, the peak abso-
lute magnitude is larger, reaching≈ −14 mag in the optical.
This is essentially the “kilonova” model invoked for compact
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FIG. 8.— Limits on the volumetric rate of extragalactic fast optical transients as a function of timescale from our PS1/MDS survey and from the literature
(Becker et al. 2004; Rykoff et al. 2005; Lipunov et al. 2007; Rau et al. 2008). For each survey we provide limits for a range of fiducial absolute magnitudes (top to
bottom) of−10 (most luminous novae),−14 (least luminous SNe),−20 (on-axis short GRB), and−27 (on-axis long GRB). Also marked are the actual volumetric
rates of luminous novae, supernovae, binary neutron star mergers, and on-axis GRBs. The inferred limits from all existing surveys are orders of magnitude larger
than the known volumetric rates, indicating that large new populations of currently-unknown astrophysical fast transients are required for detectability, or that
much larger surveys are essential to produce meaningful limits. The single night and full year limits for the LSST main survey indicate that this survey should
detect some fast optical transients (the LSST estimates have been shifted along the time axis for clarity).

object binary mergers (Li & Paczyński 1998; Metzger et al.
2010; Berger et al. 2013), with a predicted volumetric rate
of ∼ 10−8 − 10−5 Mpc−3 yr−1 (e.g., Abadie et al. 2010). We
note, however, that recent opacity calculations forr-process
material indicate that the actual peak brightness in the op-
tical bands will be an order of magnitude fainter than sug-
gested by the above calculation (Barnes & Kasen 2013). A
similar scenario is the thermonuclear .Ia supernova model
with heating by radioactiveα-chain elements (Ca, Ti), lead-
ing to a peak optical brightness of∼ −15 mag, but with a
longer timescale of∼ week even for low helium shell masses
(Shen et al. 2010). Thus, models with radioactive heating are
limited to∼ −10 mag (∼ 0.5 hr) or∼ −14 mag (∼ day).

An alternative internal energy source is the spin-down of
a newly-born millisecond magnetar (Kasen & Bildsten 2010;
Woosley 2010). In this scenario the maximal luminosity
is achieved when the magnetar spin-down timescale,τsd ≈
4× 103 (B/1014G)−2 (P/1ms)2 s, is comparable to the dif-
fusion timescale,τd ≈ 0.5 hr; hereB is the magnetic field
strength andP is the initial rotation period. The available ro-
tational energy is large,Erot ≈ 2× 1052(P/1ms)−2 erg, and
therefore a magnetar engine can in principle produce ex-
tremely luminous fast transients, with a peak brightness of

L ≈ Erot tsd/t2
d ≈ 5× 1048 erg s−1. However, sinceτd ≈ 0.5

hr requires a low ejecta mass of∼ 10−6 M⊙, this scenario
necessitates magnetar birth with negligible ejected mass,and
results in a relativistic outflow; this is essentially the scenario
invoked in magnetar models of gamma-ray bursts. It is not
obvious in this scenario whether the large energy reservoir
will be emitted in the optical band, or primarily at X-ray/γ-
ray energies. Thus, the optical signature may still be rather
weak, and perhaps dominated instead by interaction with the
ambient medium (i.e., an afterglow). Overall, the estimated
magnetar birth rate is∼ 10% of the core-collapse supernova
rate (Kouveliotou et al. 1998), while the GRB rate is. 1% of
the supernova rate (Wanderman & Piran 2010). This indicates
that any magnetar-powered fast optical transients will have a
rate orders of magnitude below the upper limits inferred by
the existing searches.

Finally, luminous rapid optical transients can be produced
by circumstellar interaction of a relativistic outflow, such as
an on-axis13 GRB afterglow. The typical absolute magnitude

13 For significant off-axis angles the optical afterglow emission is expected
to increase for days and then decline as a∼ t−1 power law thereafter, leading
to a characteristic timescale much longer than 0.5 hr.
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of a short-duration GRB afterglow atδt ≈ 0.5 hr is about−20
mag (based on a typical apparent brightness of about 22 mag
and a typical redshift ofz≈ 0.5; Berger 2010). At this fiducial
luminosity the inferred volumetric upper limits from the fast
optical transient searches are. 3×10−5 (PS1/MDS),. 3×
10−4 (DLS),. 2×10−3 (Fornax), and. 7×10−4 (ROTSE-III)
Mpc−3 yr−1. The actual volumetric rate of on-axis short GRBs
is about 10−8 Mpc−3 yr−1 (Nakar et al. 2006), at least 3×103

times lower than the limits reached by the surveys. For long-
duration GRBs the typical absolute magnitude atδt ≈ 0.5 hr
is much larger, about−27 mag (based on a typical apparent
brightness of about 17 mag and a typical redshift ofz ≈ 2;
Kann et al. 2010). At this luminosity the volumetric upper
limits for the various searches are14.10−6 (PS1/MDS),. 2×
10−5 (DLS),. 1×10−5 (Fornax), and. 3×10−7 (ROTSE-III)
Mpc−3 yr−1. The inferred on-axis volumetric rate (atz ∼ 2) is
∼ 10−8 Mpc−3 yr−1 (Wanderman & Piran 2010). Thus, unless
there is a substantial population of relativistic explosions that
do not produceγ-ray emission, the existing limits are much
too shallow in the context of on-axis GRB rates.

We therefore conclude based on the comparison to various
potential models and populations that:

• non-relativistic fast optical transients with a timescale
of ∼ 0.5 hr (∼ day) are generically limited to a peak
optical brightness of∼ −10 (∼ −14) mag even if they
are powered by radioactive heating; revised opacities
for r-process matter may reduce these values by about
an order of magnitude. Similarly, unusually fast classi-
cal novae are not likely to reach peak magnitudes larger
than about−10 mag. Overall, the limits achieved by
existing searches at these luminosities (Table 3) are or-
ders of magnitude higher than the known and expected
event rates for such transients (e.g.,. 10−3 Mpc−3 yr−1

for luminous novae).

• relativistic sources such as on-axis GRBs or transients
powered by the spin-down of millisecond magnetars
can produce much larger luminosities on a timescale
of ∼ 0.5 hr, but the volumetric rate limits from the ex-
isting searches are still orders of magnitude larger than
the very low known or anticipated rates of relativistic
explosions. A possible exception is a fast transient re-
cently discovered by Cenko et al. (2013), although with
a timescale of∼ few d.

In Figure 8 we summarize this information by comparing
the volumetric rate limits from the various surveys at fiducial
peak absolute magnitudes of−10,−14,−20 (short GRB), and
−27 (long GRB) to the rates of known transients (e.g., no-
vae, supernovae, neutron star binary mergers, on-axis short
and long GRBs). The results demonstrate that the existing
survey limits are orders of magnitude above the anticipated
event rates based on the known classes. This indicates that
much larger surveys are essential to robustly explore the tran-
sient sky on the∼ hour− day timescale. In addition, we stress
that given the low expected luminosity for non-relativistic fast
transients (& −14), a profitable strategy is to systematically
target nearby galaxies (as was done for example in the Fornax
Cluster search; Rau et al. 2008) rather than image wide blank

14 We note that the volume accessible to our survey, as well as the DLS and
the Fornax search is actually limited by their use of theB-band filter, which
provides sensitivity only toz ≈ 4 due to strong suppression by the Lyman
alpha forest.

fields. On the other hand, searches for the rare but highly lu-
minous relativistic fast transients are best focused on covering
wide fields (preferably∼ all − sky) at the expense of survey
depth since the projected rate is at most∼ few per sky per
day, while the limiting factor for distance coverage is the use
of optical filters (limited toz ∼ 6) rather than depth.

6. IMPLICATIONS FOR LSST

Our search for fast optical transients proved highly effective
at identifying foreground eventswithout the need for expen-
sive follow-up observations. This is unlike previous searches
such as DLS and Fornax. This has been accomplished thanks
to the use of dual-filter observations spanning a timescale of
about 0.5 hr, with each observation composed of multiple ex-
posures that help to eliminate individual spurious detections.
In addition, the availability of color information (g − r in this
case), coupled with the time baseline allowed us to effectively
identify main-belt asteroids near the stationary point. Simi-
larly, deep multi-band templates allowed us to unambiguously
identify M dwarf counterparts for all detected flares to a dis-
tance of at least∼ 1.2 kpc and with spectral types extending to
about M9. With this information we were able to account for
all the fast optical transients found in the survey, and to place
the deepest limit to date on the rate of extragalactic fast tran-
sients. Our results are reassuring given that follow-up spec-
troscopy in the era of on-going and future large surveys is in
limited supply.

With this in mind, it is instructive to consider our re-
sults in the context of the anticipated LSST survey strategy
(Ivezic et al. 2008). The LSST main survey is intended to
cover a total of≈ 18,000 deg2, accounting for about 90%
of the observing time. Each pointing will consist of two
visits per field with a separation of about 15− 60 min, with
each visit consisting of a pair of 15 s exposures with a 3σ
depth of∼ 24.5 mag (or about 23.5 mag at 10σ). It is an-
ticipated that a total of about 3000 deg2 will be imaged on
any given night, potentially with more than one filter, leading
to an areal exposure of about 62 deg2 d in a single night, or
about15 1.6×104 deg2 d per year, for the fiducial timescale
of 0.5 hr. This survey will therefore achieve a sky projected
rate limit (95% confidence level) of 0.07 deg−2 d−1 in a sin-
gle night and 3× 10−4 deg−2 d−1 in a year. The latter value
represents a factor of 400 times improvement relative to our
PS1/MDS search. In terms of a volumetric rate, the greater
depth achieved by LSST will probe rates of≈ 9×10−3 Mpc−3

yr−1 for −10 mag and≈ 3×10−5 Mpc−3 yr−1 for −14 mag for
1 year of operations. At a typical brightness of short and long
GRBs, the rate will be about 2×10−9 Mpc−3 yr−1 (limited to
z . 6 by thezy filters), a few times deeper than the actual on-
axis GRB rate, indicating that LSST is likely to detect such
events.

The LSST data set can form the basis for a search similar
to the one described here, with the main difference that con-
temporaneous color information may not be available. How-
ever, with a S/N ≈ 10 cut as imposed here, the observations
will reach about 1 mag deeper than our search, indicating that
they will uncover M dwarf flares to distances that are only
about 50% larger than those found here (i.e., generally. 2
kpc). At the same time, the LSST templates will reach a com-
parable depth to the PS1/MDS templates after only∼ 10 vis-
its per field per filter, i.e., within a year of when the survey

15 Assuming 90% of the total observing time and a 20% loss due to weather
and maintenance.
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commences. Thus, we conclude that it will be simple to iden-
tify M dwarf counterparts in the template images for essen-
tially all M dwarf flares, negating the need for follow-up spec-
troscopy. This approach will effectively eliminate the largest
known contaminating foreground for∼ hour timescales.

Similarly, the time baseline of 15− 60 min per field will al-
low for astrometric rejection of most asteroids even near the
stationary point, although as we found in our PS1/MDS search
some asteroids have negligible motions that are indistinguish-
able from the astrometric scatter of field sources (2/8 in our
search). Such asteroids can in principle be recognized using
color information, but this is not likely to be available with
LSST. On the other hand, a constant brightness level between
visits 15− 60 min apart, combined with a location near the
ecliptic plane and in particular with solar elongation of∼ 130
deg, will be indicative of an asteroid origin. Such fields can
simply be avoided in searches for fast transients.

Thus, the two primary contaminants for extragalactic fast
optical transient searches (M dwarf flares and asteroids near
the stationary point) will be identifiable with the LSST base-
line survey strategy. Furthermore, we anticipate based on the
comparison to known transient classes that with a year of op-
erations LSST is unlikely to reveal large numbers of extra-
galactic fast transients unless they result from a source popu-
lation that far exceeds classical novae, supernova progenitors,
or compact object binaries (Figure 8).

7. CONCLUSIONS

We present a search for fast optical transients on a timescale
of about 0.5 hr to 1 d in consecutivegP1rP1 observations of the
PS1/MDS fields, by requiring a detection in both filters with
no additional detections on preceding or subsequent nights.
The search yielded 19 astrophysical transients, of which 8
events that lack quiescent counterparts are identified as main-
belt asteroids near the stationary point of their orbits, while
the remaining 11 transients are identified as flares from M5–
M9 dwarf stars at distances of about 0.2− 1.2 kpc. The flare
properties are generally similar to those from M dwarfs stud-
ied in the SDSS Stripe 82, although our sample extends to
later spectral types and to much greater vertical distancesfrom
the Galactic plane.

A key result of our search is a limit on the sky-projected
rate of extragalactic fast transients ofRFOT . 0.12 deg−2 d−1

(∼ 0.5 hr) that is about 30−50 time deeper than previous lim-
its; the limit for a timescale of∼ day is. 2.4× 10−3 deg−2

d−1. The upper bounds on the volumetric rates at fiducial ab-
solute magnitudes of−10, −14, and−24 mag are likewise an
order of magnitude deeper than from previous searches (Ta-
ble 3). With an additional 3 years of PS1/MDS data in hand
we can improve these estimates by a factor of a few. We also
anticipate additional M dwarf flare detections that will allow
us to better characterize the distribution of flare properties, as
well as the properties of flaring M dwarfs in general.

To guide the conversion from our sky-projected rate to vol-
umetric rates, and to motivate future searches for fast tran-
sients, we also explore the expected luminosities of such tran-
sients for a range of physically motivated models. We find
that non-relativistic fast transients are generally limited to
about−10 mag for a timescale of∼ 0.5 hr and−14 mag for
a timescale of∼ day even if powered by radioactive decay.

This is simply a reflection of the low ejecta mass required to
achieve a rapid diffusion timescale of. day. Such low lumi-
nosity events are best explored through targeted searches of
galaxies in the local universe, with anticipated event rates of
. 10−4 Mpc−3 yr−1 (Figure 8). A separate class of relativistic
fast transients (on-axis GRBs, magnetar engines) can exceed
−25 mag on a timescale of∼ 0.5 hr, but they are exceedingly
rare, with anticipated volumetric rates of∼ 10−8 Mpc−3 yr−1

(or sky-projected rates of a few per sky per day). Such event
rates are orders of magnitude below the level probed in cur-
rent searches, but will be reached by the LSST main survey
in a full year. Another strategy to find such events is a shal-
lower search of a wider sky area than is planned for LSST. We
note that a broad exploration of the various mechanisms that
can power optical transients is essential to guide and motivate
future searches for fast extragalactic transients. The initial in-
vestigation performed here already places clear bounds on the
luminosities and rates for a wide range of mechanisms.

Finally, since the PS1/MDS survey is currently the only
close analogue to the main LSST survey in terms of depth,
cadence, and choice of filters, we use the results of our search
to investigate the efficacy of fast transient searches with LSST.
We demonstrate that the main contaminants recognized here
should be identifiable with the LSST survey strategy, without
the need for expensive follow-up spectroscopy. Namely, as-
teroids near the stationary point can be recognized througha
larger than average astrometric shift, a constant brightness in
visits separated by 15− 60 min, and an expected location near
the ecliptic plane with solar elongation of 130 deg. LSST
may not provide near-simultaneous color information, which
can serve as an additional discriminant for asteroids. For M
dwarf flares we show that LSST’s increased sensitivity will
probe a larger volume of the Galaxy, but the correspondingly
deeper templates will still allow for the identification of quies-
cent counterparts in essentially all cases. The PS1/MDS sur-
vey demonstrates that with multi-band photometry it is possi-
ble to identify M dwarf flares without the need for follow-up
spectroscopy (as in previous searches; e.g., Kulkarni & Rau
2006). This result indicates that extragalactic fast optical tran-
sients should be able to pierce the veil of foreground flares.
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TABLE 1
FAST OPTICAL TRANSIENTS WITH QUIESCENTCOUNTERPARTS

OBJID R.A. Decl. UT Date mflare,P1 mq,P1 mq,SDSS Sp. T. d
(h m s) (◦ ′ ′′) (AB mag) (AB mag) (AB mag) (pc)

PSO J52.0080−27.0515 03h28m01.929s −27◦03′05.51′′ 2010-09-07 g = 22.14±0.10 g = 21.55±0.05 · · · M5 315
r = 21.23±0.10 r = 20.01±0.03 · · ·

i = 18.35±0.03 · · ·

z = 17.46±0.04 · · ·

PSO J130.6460+45.2130 08h42m35.063s +45◦12′47.07′′ 2009-12-14 g = 22.07±0.05 g & 25.28 · · · M9 290
r = 22.05±0.05 r & 25.31 · · ·

i = 22.56±0.04 · · ·

z = 21.00±0.02 · · ·

PSO J162.3497+56.6609 10h49m23.934s +56◦39′39.57′′ 2011-04-29 g = 18.48±0.02 g = 23.62±0.07 g = 23.45±0.23 M7.5 220
r = 18.93±0.05 r = 22.19±0.04 r = 22.35±0.16

i = 19.96±0.01 i = 19.97±0.03
z = 18.78±0.04 z = 18.69±0.04

PSO J164.3814+58.3011 10h57m31.557s +58◦18′04.12′′ 2011-04-14 g = 19.08±0.01 g & 25.25 · · · M8.5 330
r = 21.08±0.04 r = 24.07±0.10 r = 23.51±0.31

i = 21.72±0.02 i = 21.45±0.08
z = 20.20±0.01 z = 19.79±0.07

PSO J184.0215+47.4267 12h16m05.180s +47◦25′36.24′′ 2010-06-06 g = 20.61±0.03 g = 21.88±0.05 g = 21.83±0.06 M4.5 600
r = 21.10±0.10 r = 20.47±0.03 r = 20.40±0.03

i = 18.96±0.04 i = 18.87±0.01
z = 18.14±0.05 z = 18.05±0.02

PSO J184.6519+48.1834 12h18m36.472s +48◦11′00.41′′ 2010-02-09 g = 18.96±0.01 g = 20.12±0.02 g = 20.18±0.02 M4.5 280
r = 19.60±0.02 r = 18.80±0.02 r = 18.75±0.01

i = 17.32±0.04 i = 17.34±0.01
z = 16.66±0.04 z = 16.57±0.01

PSO J185.4857+47.2586 12h21m56.583s +47◦15′31.14′′ 2011-06-07 g = 22.21±0.10 g & 25.10 · · · M8 1160
r = 22.33±0.10 r & 24.95 · · ·

i = 24.25±0.20 · · ·

z = 22.85±0.11 · · ·

PSO J211.8195+52.9681 14h07m16.681s +52◦58′05.27′′ 2011-06-07 g = 20.60±0.02 g = 21.95±0.04 g = 21.92±0.08 M4.5 650
r = 20.62±0.02 r = 20.63±0.02 r = 20.57±0.04

i = 19.15±0.02 i = 19.11±0.02
z = 18.39±0.02 z = 18.27±0.03

PSO J214.7904+53.6886 14h19m09.715s +53◦41′18.99′′ 2010-02-06 g = 21.60±0.08 g = 20.11±0.02 g = 20.22±0.02 M5 220
r = 20.86±0.08 r = 18.71±0.02 r = 18.71±0.01

i = 17.10±0.02 i = 17.10±0.01
z = 16.38±0.04 z = 16.23±0.01

PSO J334.5602−0.8479 22h18m14.455s -00◦50′52.77′′ 2011-07-31 g = 22.45±0.08 g = 22.67±0.04 g = 22.78±0.17 M4.5 690
r = 22.40±0.10 r = 21.23±0.02 r = 21.20±0.05

i = 19.67±0.02 i = 19.66±0.02
z = 18.84±0.02 z = 18.87±0.04

PSO J334.7536+0.8769 22h19m00.865s +00◦52′37.11′′ 2010-09-04 g = 21.93±0.06 g = 23.32±0.06 g = 22.94±0.20 M5.5 570
r = 21.84±0.06 r = 21.77±0.02 r = 21.76±0.09

i = 20.02±0.01 i = 19.99±0.03
z = 19.12±0.01 z = 19.09±0.06

NOTE. — Properties of the fast transients that exhibit quiescentcounterparts, as well as multi-band photometry of the counterparts. We find that all 11 transients arise from M
dwarfs, and provide the inferred spectral types and distances of these sources.

TABLE 2
FAST OPTICAL TRANSIENTSLACKING QUIESCENTCOUNTERPARTS

OBJID R.A. Decl. ℓ b UT Date gP1 rP1
(h m s) (◦ ′ ′′) (deg) (deg) (AB mag) (AB mag)

PSO J149.0662+1.8129 09h56m15.886s +01◦48′46.46′′ 150.5546 −10.0989 2011-04-23 22.73±0.08 22.14±0.06
PSO J149.2788+3.3718 09h57m06.910s +03◦22′18.37′′ 150.2096 −8.5629 2011-04-23 19.78±0.02 19.25±0.03
PSO J149.3234+2.6863 09h57m17.622s +02◦41′10.51′′ 150.4922 −9.1906 2011-04-23 20.44±0.03 19.90±0.03
PSO J333.1738+0.4535 22h12m41.723s +00◦27′12.69′′ 335.2762 +10.7642 2011-10-24 22.13±0.06 21.47±0.04
PSO J333.9157−0.6311 22h15m39.776s −00◦37′51.89′′ 335.5803 +9.4847 2010-10-10 21.53±0.06 20.96±0.03
PSO J352.2672+1.2637 23h29m04.139s −01◦15′49.35′′ 352.3995 +1.9068 2010-11-03 21.35±0.04 20.55±0.02
PSO J352.5520+0.8004 23h30m12.469s +00◦48′01.49′′ 353.4772 +3.6909 2010-11-03 22.40±0.10 21.67±0.07
PSO J352.5968−0.4471 23h30m23.229s −00◦26′49.64′′ 353.0249 +2.5271 2010-10-31 19.59±0.02 18.79±0.02
NOTE. — Properties of the fast transients that lack quiescent counterparts. We find that all 8 transients exhibit the colors and expected ecliptic coordinates

of main-belt asteroids near the stationary point of their orbits.
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TABLE 3
SURVEYS FORFAST OPTICAL TRANSIENTS WITH A T IMESCALE OF∼ 0.5 HR

Survey Areal Exposure Limiting Magnitude RFOT RFOT(−10mag) RFOT(−14mag) RFOT(−24mag) References
(deg2 d) (deg−2 d−1) (Mpc−3 yr−1) (Mpc−3 yr−1) (Mpc−3 yr−1)

PS1/MDS 40.4 22.5 . 0.12 . 13 . 0.05 . 1×10−6 This paper
DLS 1.1 23.8 . 6.5 . 1.3×102 . 0.5 . 6×10−5 Becker et al. (2004)
Fornax 1.9 21.3 . 3.3 . 2.0×103 . 7.8 . 3×10−5 Rau et al. (2008)
ROTSE-III 635 17.5 . 0.005 · · · · · · . 6×10−6 Rykoff et al. (2005)
MASTER · · · 17.5 . 0.003 · · · · · · . 4×10−6 Lipunov et al. (2007)
LSST 62 23.5 . 0.07 . 2 . 8×10−3 . 5×10−7 · · ·

1.6×104 23.5 . 3×10−4 . 9×10−3 . 3×10−5 . 2×10−9 · · ·

NOTE. — Survey parameters and resulting limits on the projected sky rates and volumetric rates of extragalactic fast opticaltransients with a
timescale of∼ 0.5 hr.


