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ABSTRACT

We present a search for fast optical transients-(0.5hr—1d) using repeated observations of the Pan-
STARRS1 Medium-Deep Survey (PS1/MDS) fields. Our searchst@dvantage of the consecutiygrp:
observations (16 min in each filter), by requiring detections in both band#hwon-detections on preceding
and subsequent nights. We identify 19 transients brighter 225 AB mag (SN 2 10). Of these, 11 events
exhibit quiescent counterparts in the deep PS1/MDS teempltitat we identify as M4-M9 dwarfs dt~
0.2-1.2 kpc. The remaining 8 transients lack quiescent countexpexhibit mild but significant astrometric
shifts between thgp; andrp; images, colors ofg—r)p; ~ 0.5-0.8 mag, non-varying light curves, and locations
near the ecliptic plane with solar elongations of about 18§, dvhich are all indicative of main-belt asteroids
near the stationary point of their orbits. With identificets for all 19 transients, we place an upper limit
of Reot(T ~ 0.5hr) < 0.12 deg? d™* (95% confidence level) on the sky-projected rate of exteg fast
transients at< 22.5 mag, a factor of 3850 times lower than previous limits; the limit for a timesealf
~ day isRror < 2.4 x 102 deg? d™1. To convert these sky-projected rates to volumetric ratesexplore
the expected peak luminosities of fast optical transientggued by various mechanisms, and find that non-
relativistic events are limited tM ~ -10 mag M ~ —14 mag) for a timescale of 0.5 hr (~ day), while
relativistic sources (e.g., gamma-ray bursts, magnetareped transients) can reach much larger luminosities.
The resulting volumetric rates afe 13 Mpc® yr (M ~ -10 mag),< 0.05 Mpc2 yr* (M ~ -14 mag) and
< 1078 Mpc™ yrt (M ~ -24 mag), significantly above the nova, supernova, and GR&s raespectively,
indicating that much larger surveys are required to proméaningful constraints. Motivated by the results of
our search we discuss strategies for identifying fast aptiansients in the LSST main survey, and reach the
optimistic conclusion that the veil of foreground contaarits can be lifted with the survey data, without the
need for expensive follow-up observations.

Subject headings: stars: flare, asteroids: general, supernovae: generaensurveys

1. INTRODUCTION targeting a few nearby galaxies with a cadence of few days,
_while discovering a similar number of supernovae requires
monitoring of ~ 1(_)4 galaxies (or hundreds of d®g thereby
cused on events with durations of days to months. This is"€cessitating a similar cadence of several days; for the pur
pose of sheer discovery rate, a faster cadence is not prof-

mainly due to a fortuitous match with the timescales of the ! ble f r h 0 h f
most common extragalactic events (novae and supernovaej(;a N g or nO\;]a an suphernO\éa sez?]r_c hTS. ver tf el paj_t ew
whose typical luminosities and intrinsic rates requireegey ~J€Cades such surveys have been highly successiul at discov-

£l b f galaxi d/or blank sk | gering about one hundred novae and supernovae per year (e.g.,
age of arge UImHers ol gaaxies anaror vlank sty areas, ©a Williams & Shafter 2004; Leaman etlal. 2011).

ing to a natural search cadence of several days. Thus, novae _ _—
have a much higher intrinsic rate than supernovag.g yr! The advent of large format cameras on dedicated wide-field
per 10° L ., versus~ 2 x 10 yr! per 16° Ly ., respec- telescopes, coupled with serendipitous discoveries of- tra
tively; e.g., Williams & Shaftér 2004 Li et 81, 2011), but-su  Si€nts outside of the traditional nova and supernova lugino

i ! : ; ity and timescale ranges, has opened up a new discovery space

pernovae are significantly more luminous than novae-18 ¢ hveical ; B dl ,
mag versus~ -8 mag, respectively: Gallagher & Starrfield OF astrophysical transients. By repeatedly targetingstirae
fields, such surveys are in principle capable of exploring a

1978; Fili ko 1997). A It, f i lim- ™ i ° ;
- EIPRENO ). As aresult, for a given survey lim ide range of timescales, from the duration of single expo-

iting magnitude tens of novae can be discovered per year by’ . . !
sures (i.e., minutes) to years. In practice, most survegs ar

still primarily focused on supernovae (driven to a large ex-

For nearly a century, optical observations aimed at the dis
covery and study of astrophysical transients have largely f

1 Harvard-Smithsonian Center for Astrophysics, 60 Gardeae§t Cam-

bridge, MA 02138, USA tent by Type la supernova cosmology at increasingly larger
S 2 ?egartmeCﬂAt gff’ (%S;r%ngxﬁy and Astrophysics, University ofifSmia, redshifts), and therefore cover wider fields to greatertuapt

aE?Sapaé:z"l'eIescope Science Institute, 3700 San Martin Driadtjinfore, the expense of a faster temporal Cad?nce to maximize the su-
Maryland 21218, USA pernova discovery rate while preserving adequate lightecur

4 Department of Astrophysical Sciences, Princeton UniterBirinceton, coverage. Still, some surveys have been utilized to perform
NJ 08544, USA o ) _ initial searches for fast optical transients (FOTs) on tinades
Hon'(;‘litlﬁUtslfgé észt“ﬂ‘g/’fyv University of Hawaii, 2680 Woodla Drive, as short as- 0.5 hr. Clearly, the effective areal exposure of

6 Depa’rtment of I’Dhysics, Durham University, South Road, BorfDH1 S.UCh searches (i.e., the _prOdUCt of survey area and exposure
3LE, UK time) becomes progressively smaller at faster cadenceyas sk

" Department of Physics, Harvard University, Cambridge, M2L88, coverage has to be sacrificed for repeated short-cadence ob-

USA servations.
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In this context, the Deep Lens Survey (DLS) was utilized of FOTs for a range of physically motivated models. Finally,
to search for FOTs on a timescale of about 1300 s to a depthsince our search is the first one to utilize observationsateat
of B~ 23.8 mag (with a total exposure of 1.1 ded) and similar to the Large Synoptic Survey Telescope (LSST) main
led to an upper limit on the extragalactic sky-projecte@ rat survey strategy, we conclude by drawing implications fet fa
of Reor < 6.5 deg? d™* (95% confidence level; Becker et al. optical transient searches in the LSST défa §6.

2004). The DLS search uncovered three fast transients,
which were shown to be flares from Galactic M dwarf stars 2. OBSERVATIONS
(Becker et al. 2004; Kulkarni & R4u 2006). A search for tran- 2.1. PS1 Survey Summary

sients with a timescale of 0.5 hr to a depth of about 17.5  The PS1 telescope, located on Mount Haleakala, is a high-
mag (with a total exposure of 635 deg) using the Robotic  etendue wide-field survey instrument with a 1.8-m diameter
Optical Transient Search Experiment-Ill (ROTSE-lll)ylel  primary mirror and a 3° diameter field-of-view imaged by

a limit on the extragalactic rate &or <5 x 10° deg“d?, an array of sixty 480& 4800 pixel detectors, with a pixel
and uncovered a single M dwarf flare (Rykoff etlal. 2005); scale of 0258’ (Kaiser et al! 2010; Tonry & Onaka 2009).

a similar search with the MASTER telescope system yielded The observations are obtained through five broad-bandsfilter
pomparab_le limits (Llpunc_)v et al. 2007), and two unchanact(_a (ge1rp1ip1zeiyey), With some differences relative to the Sloan
ized candidate fast transients (Gorbovskoy €t al. 2013j- Si Digital Sky Survey (SDSS); thee filter extends 200 A red-
ilarly, a targeted search for transients on a timescale ofieb ) 5rg ofgspssto achieve greater sensitivity and lower system-
0.5 hr and to a depth @ ~ 21.3 mag in the Fornax galaxy  atics for photometric redshifts, while thze; filter terminates

cluster (with a total exposure of 1.9 ded) placed a limit ; e :

- 25 N at 9300 A, unlikezspss which is defined by the detector re-
on the extragalactic rate &or < 3.3 deg® d™ (Rauetal. sponse|(Tonry et al. 2012). PS1 photometry is in the “nat-
2008). Two fast transients were detected in this search, bot | . system,m = —2.5log(F,) +n7, with a single zero-point
shown to be M dwarf flares (Rau et al. 2008). At the bright .y, ciment 1) in each band to conform to the AB magni-
gndhtthethPl oflihe Sky %ro;egt pl?ced a::-lg’llt O? trans<|ents tude scale. Magnitudes are interpreted as being at the top of
5r|glcﬁ5rd a_g pree) rr;aglj( V*V' i. lt”all '28]%3‘ S OfRror 5 the atmosphere, with 1.2 airmasses of atmospheric atienuat

X eg (Sokotowski et al. 2010). " included in the system response function (Tonry &t al. 2012)
Fast optical transients have also been found serendipjtous The PS1 Medium-Deep Survey (MDS) consists of 10 fields
by other surveys, but they have generally been shown to(each with a single PS1 imager footprint) observed on ayearl

be Galactic in origif. A notable exception is the transient ; ; LT . .
PTF11agg (Cenko et’al. 2013), which faded by about 1.2 magmghtly basis by cycling through the five filters in-3 nights

. ; ; to a typical & depth of ~ 23.3 mag ingpirpiipize1, and

e o ., 0 2 ceobanied . 717 mag iy, The MDS mages ae processed iaugh
H H i p- i D i

(although the distance of this transient is not known, there the Image Processing Pipeline (IRP: Magnier 2006), which

T : includes flat-fielding (“de-trending”), a flux-conservinguwp-
complicating its interpretation). We note that such an gven ing to a sky-based ?rrsage plane Sngsking and artifactgrtgpmoval
while fast compared to the general nova and supernova popu '

lation, is still of longer duration than the timescales prdby and object detection and photometry. For the fast transient
the Di_S and Fornax searches, as well as the Pan-STARRS earch described here we produced difference images from

; -2 e stacked nightly images using tipdot pi pe pipeline
search we describe here. Thus, the existing searches for e Rest et all_2005) running on the Odyssey computer cluster
tragalactic FOTs have mainly raised the awareness that th t Harvard Universit
foreground of M dwarf flares is large, with an estimated all- Y- _ .
sky rate of~ 10° yr™* at a limiting magnitude of- 24 mag 2.2. A Search for Fast Optical Transients

(Becker et al. 2004; Kulkarni & Reu 2006). , , For the purpose of detecting fast optical transients we take
Here, we present a search for fast optical transients with anygyantage of the consecutive M@Sirp; observations, with
effective timescale of about 0.5 hr to 1 d and to a depth of gjght 113 s exposures in each filter providing a total time-
about 22.5 mag in the first 3 years of data from the Pan- gpan of about 33 min for a full sequence. We carry out the
STARRS1 Medium-Deep Survey (PS1/MDS). This search gearch using the stackeg; andrp; images from each visit
uncovered a substantial sample of 19 fast transients, bithw  thyough image subtraction relative to deep multi-epoch-tem
and without quiescent counterparts. We describe the survey,aies, and subsequently utilize the individual expostoes
strategy and selection criteria inl§2. I §3 we summarize theconstruct light curves; representative discovery and tatep
properties of the 19 detected transients and classify them u jjnages are shown in Figuié 1 and light curves are shown in
ing a combination of color information, astrometry, sky lo- Figure[2. We limit the timescale of the transients3d. d by
cation, and the properties of quiescent counterparts (Wen  yrther requiring no additional detections in tgeirpiipizer
tected). With a unique identification of all 19 transientSas filters on preceding and subsequent nights (extending3o
lar system or Galactic in origin, we place a limit on the réte o nights). To ensure that this constraint is met we only penfor
extragalactic fast transients that is-380 times betterthanthe  5,); search on the subset of MDS data for which consecutive
limits from previous searches[(§4). We further investidate  pights of observations are available. In the fird gears of
the first time the limits on theolumetric rates of FOTs from 43¢5 we searched a total of 277 nightsysfre; observations
our survey and previous searches using the survey limitingacross the 10 MDS fields, leading to a total areal exposure of

magnitudes and fiducial transients luminosities.[Ih 85 we ex 40 4 deg d for a timescale of 0.5 hr and 1940 degjfor a
pand on this point and discuss the expected peak lumin®sitie jmescale of 1 d.

. . . To select transients in thgrp; difference images we uti-
8 A recent example is a large amplitude transient from the liBat&Real- @1 Pl 9

Time Transient Survey, which was initially claimed to beraghlactic in ori- I|ze_a Sl.gn.a.ll'to'nmse. ratio thresh8ldf S/N = 10, with re-
gin (Mahabal et al. 2012), but was subsequently shown to bl atwarf sulting limiting magnitudes ofp; ~ 22.7 mag andp; ~ 22.4

flare [Berger et al. 2012). Additional cautionary tales armmarized by

Kulkarni & Rau (2005). 9 We empirically correct the correlated noise in the diffeeeimage de-



-

FIG. 1.— PS1/MDS images of a representative M dwarf flare (IeOR164.381458.3011) and an asteroid (right; PSO J352.5968471) found in our fast
transients search. In each case we show the template in@ges:ip1zr1) in the left column, the fast transient discovery imagesirniddle column, and the
difference images in the right column. Each panel i$ 220" oriented with north up and east to the left. The red optictdrsoof the M dwarf counterpart are
evident, as is the lack of a counterpart in the case of theadtéThe light curves resulting from these detections A in Figurd 2.

mag. We additionally require sources in tarp; difference 18
images to astrometrically match within33”, corresponding
to a 1.2 pixel radius around each detection (this is about 6 185
times the typical astrometric error; see_§3.1). Using these 19
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 195 1
that were further validated by two of us (E.B. and R.C.); the ¢S --9---0---@---- o
remaining 208 events were predominantly spurious detestio = 205 o ]
near saturated stars. g =
= 2057 < 5 1
2, £% o
3. THE PROPERTIES OF PAN-STARRS1 FAST OPTICAL 2 a8 2 1
TRANSIENTS 015l =< |
Using the procedure described in the previous section we " H@ g-band
found 19 genuine fast transients, spanning a brightneggran 22/ W@ r-band 8

of gp1 &~ 185-22.7 mag andp; ~ 188-22.4 mag. In Fig-

ure[3 we show thep; versus ¢-r)p; color-magnitude di- 225 5 10 15 20 25 30 35

agram for all 19 sources; the photometry is summarized in Time (min)

Tables1 anﬂ]Z. The faint ind O.f the dISt”bu“Qn IS deterlui_nne FIG. 2.— Light curves in thep1 (blue) andrp; (red) filters for a represen-

by our requirement of 8\ 2 10 in the subtractions of the in-  tive M dwarf flare (squares) and an asteroid (circles)cdetein our search

dividual gparp1 nightly stacks (16.5 min in each filter) from for fast optical transients (see Figlife 1). In each caseirie mark the best

the deep templates. On the other hand, the bright end of thdinear fit. The M dwarf flare exhibits a 3.5 mag decline durihg time-span
fatrilg it ; ; of our observation, while the asteroid exhibits constaightness. Missing

c_)bse_rved dlstrl_butlon |s_ab_0ut_2 mag falr.]ter than the satura light curve points are due to individual exposures in which source was

tion limit of our images, indicating a genuine dearth of appa  |ocated in a chip gap.

ently bright fast transients in our search area. Tder)p1

ol

tections by measuring the flux and uncertainty at randomtipasiin the .
difference images in the same manner as the transient flaiihem deter- colors span a wide range of abot.0 to +0.9 mag, but we

mining a correction factor which leads to a distributionhwét reducedy? of stress that for transients that rapidly vary in brightnesbin
unity. the time-span of each observation (e.g., Figdre 2), the non-
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Fic. 3.— Color-magnitude diagram for the fast transients disoed in
our PS1/MDS search. The sources are divided into those wittcted qui-
escent counterparts in the deep template images (blueesjuand those
lacking counterparts to limits apirpiipizp1=> 24.5-25 mag (red circles).
The dashed line marks the; limit of our search (the region below the line is
inaccessible to the survey). The hatched region marks thectad ¢—r)p1
color range for asteroids. All of the fast transients laglguiescent counter-
parts reside in this color range.

FIG. 4.— Astrometric shift between thgp; andrp; centroids for the fast
transients lacking quiescent counterparts (red arrowspimparison to the
shifts for field stars from the same images (gray hatcheddpiam). The me-
dian positional shift for the field stars, which indicates tipical astrometric
uncertainty of the MDS images, is about 53 mas. The fastigatsslacking
quiescent counterparts exhibit generally larger shiftspofo ~ 340 mas (the
limit allowed by our search), with a median of 230 mas. A K-§ tadicates
a p-value of only 11 x 107 for the null hypothesis that the two populations

. are drawn from the same underlying distribution.
simultaneougp; andrp; measurements do not reflect the true ying

instantaneous colors. asteroids were discovered in these fields on dates contahtra
, ) , at solar elongation values of about 130 deg, at which main-
3.1. Fast Transients Lacking Quiescent Counterparts belt asteroids go through a stationary point with negligibl

Of the 19 fast transients discovered in our search, 8 event@pparent motion. We therefore conclude based on their col-
lack quiescent counterparts in any of the deep template im-ors, astrometric motions, light curve behavior, and eicligo-
ages @p1rpiip1zp1) to typical limits of > 24.5-25mag. These  ordinates that the 8 fast transients lacking quiescentteoun
sources are in principle a promising population of distant e parts are simply main-belt asteroids near the stationairyt po
tragalactic transients with undetected host galaxies. Ve u of their orbit.
lize a combination of color information, the 33 min time-spa ) ) _
of thegparp; Observations, and the sky locations to investigate 3.2. Fast Transients with Detected Quiescent Counterparts
the nature of these sources. We first note that all 8 sources e now turn to the 11 fast transients that exhibit quiescent
span a narrow color range witly  r)e; ~ 0.55-0.8 mag  counterparts in some or all of the deep MDS template im-
(Figure[3 and Tablel2), which is typical of main-belt astdsoi  ages. In all cases we find that the counterparts are unresolve
(e.g./lvezc et all 2001). This interpretation naturally explains (with a typical seeing of about’} and have red colors that
the lack of quiescent counterparts in the template images. W are indicative of M dwarf stars. Photometry of the quiescent
further test this scenario by comparing the astrometrié-pos counterparts from the PS1/MDS templates, and from SDSS
tions of each transient in tig»; andrps images. In Figurgl4  when available, is summarized in Table 1. Using these mag-
we show the distribution of positional shifts for the 8 smsc  njtudes we determine the spectral type of each counterpart
compared to unresolved field sources in the same images. Thgy comparing to the SDSS colors of M dwarfs (West ét al.
median offset for field sources is about 53 mas (with a stan-2011); from sources with both PS1 and SDSS photometry we
dard deviation of about 31 mas), indicative of the astroimetr infer color transformations ofy-r)p1 ~ 0.94 x (g—r)spssand
alignment precision of the MDS images. On the other hand, (i — 2p; ~ 0.93 x (i — 2)spss to account for the difference be-
the 8 transients exhibit shifts of ¥1340 mas (bounded by  tween thegriandzp; filters compared to thgspssandzspss
our initial cut of < 0.35” shift; §2.2), with a median value of  filters (§2.1). The results are shown in Figlre 5 indicathrag t
about 230 mas. This is well in excess of the point source pop-7 counterparts have spectral types of about M4-M5, while the
ulation, and a Kolmogorov-Smirnov (K-S) testgives-salue  remaining 4 counterparts have spectral types of M7-M9 (see
of only 1.1 x 107 for the null hypothesis that the positional Table[1 for the inferred spectral types). We further infez th
offsets of the 8 transients and the field sources are drawm fro distances to these M dwarfs using their associated absolute
the same underlying distribution. This clearly indicateatt = magnitudes (Bochanski et/al. 2011) and fitvet 0.2-1.2 kpc
the 8 transients lacking quiescent counterparts exhitiela  (Table1).
than average astrometric shifts, supporting their idesatiton Thus, as in previous fast transient searches, all 11 fast tra
as asteroids. We further inspect the andrp, light curves  sients with quiescent counterparts in our survey are M dwarf
of the 8 transients and find that none exhibit variabilitgtar  flares. Using the flare magnitudes and inferred spectraktype
than the photometric uncertainties (e.g., Figdre 2). we compare the resulting flare and bolometric luminosities i

Finally, we note that all 8 sources are located in the three Figure[6. We find that the flares span a lumind$isange
MDS fields (MDO4, MDQ9, and MD10) that are positioned

within £10° of the ecliptic plane (Tablgl 2). In particular, the 10 we determine the luminosity by integrating the spectral ihasity
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FIG. 6.— Luminosities of the fast transients (flares) assodiatéh M
dwarfs counterparts (vertical bars) as a function of sospeetral type. The
luminosity range for each source is defined bygheandrp; detections. The

the detected counterparts track the M dwarf sequence, veittuites exhibit- solid red line marks the bolometric luminosity as a funcidrspectral type,

h N . - while dashed lines mark fractions of the bolometric lumityoas indicated
H%E&%i&gﬁ:f M4-M5 dwarfs and 4 sources exhibiting celtypical of in the figure. We find that the flares from theM5 sources have a range of

= 0.006-0.07 Ly, while the flares from the M7—M9 dwarfs are relatively
larger, with~ 0.03-1 Ly,

FIG. 5.— Color-color phase-space for the quiescent counterpdall 11
fast transients with a detected counterpart (stars; anrmisate limits). Also
shown are the color ranges for MO-M9 dwarf stars (Westletdl1P All of

of Lt g~ (6-150)x 10?8 erg s andLy, ~ (4-80)x 10?8

erg s, with no apparent dependence on spectral type. How-
ever, since the bolometric luminosity declines from about
3.3x 10° erg st at spectral type M4 to about3x 10°° erg

s at spectral type M9, the relative flare luminosities inceeas
with later spectral type. We find relative flare luminositids

~ 0.006-0.07 Ly at~ M5, and larger values of 0.03-1

Lpor at M8—M9.

It is instructive to compare the properties of the flares and
M dwarfs uncovered in our b|lnd fast transi_ents search to 4. LIMITS ON THE RATE OF EXTRAGALACTIC EAST
those from targeted M dwarf variability studies. In partic- OPTICAL TRANSIENTS
ular, [Kowalski et al. [(2009) searched for flares from 50,130 i i
pre-selected MO—M6 dwarfs in the SDSS Stripe 82 and found _ 1he 19 fast transients uncovered by our search cleanly di-
271 flares, with an apparent increase in the flare rate withVide into two categories: (i) main-belt asteroids near tiae s
later spectral type. This may explain the lack of MO—M4 tionary point of their orbits (§3]1); and (i) flares from M
dwarfs in our relatively small sample. For the M4—M6 dwarfs dwarf stars (8312). Neither category is unexpected givan th
Kowalski et al. [(2009) find a mean flare amplitude/sti ~ our search is based on consecutiygrp; detections with a
1.5 mag, comparable to our mean value/s§ ~ 1.1 mag, time-span qf a_bou_t 0.5 hr. M dwar_f fla_res typically e>§h|b|t
when taking into account that M dwarfs flares are generally blue colors indicative of ~ 10* K, with timescales of min-
brighter inu-band than ing-band due a typical temperature utes to hours, and are thus ubiquitous in searches thateutili
of ~ 10* K. The flare luminosities for the Stripe 82 M4—M6 rapid obser\_/atlons in the ultraviolet (Welsh et al. 2100_5)630
dwarfs areLt, ~ (2—100)x 10?8 erg ', again comparable ~ OF blue optical bands (Beg:kgret al. 2004; Kulkarnl & Rau
to theges-band luminosities of the- M5 dwarfs in our sam- ~ 2006; Rau et al. 2008). Similarly, our requirement of two
ple. We note that there are no M7—M9 dwarfs in the Stripe 82 consecutive detections withiw 0.5 hr, with non-detections
sample. on preceding or subsequent nights is effective at captasag

Kowalski et al. [(2009) also found that for M4—M6 dwarfs teroids near the stationary point of their orbits (i.e., @t
there is a strong dependence of the flare rate on vertical dis€/ongations of about 130 deg for main-belt asteroids).
tance from the Galactic plane; namely, the fraction of time  Since we account for all 19 fast transients as Solar system
in which a star flares decreases by about an order of magni®’ Galactic in origin, we can place a robust upper limit on the
tude over a vertical distance range of about380 pc. The  rate of extragalactic fast optical transients. While weldan
M4-M6 dwarfs in our sample are all located at larger verti- principle detectasufﬂqently bright transient with at.melle
cal distances of 190-560 pc, with a mean of about 390 S short as about_4 min, g:orrespondmg toa detect|.on in only
pc, suggesting that the decline in flaring activity with ieat the final exposure in one filter and the first exposure in the sec
distance from the Galactic plane may not be as steep as preond filter, a more reasonable timescale probed by our sesrchii
viously inferred. Moreover, the Stripe 82 data exhibit atre  @bout 0.5 hr, the time-span of a fgirp, exposure sequence
of steeper decline in the flare rate as a function of vertical (€-9-, Figuré€R). Similarly, our selection criteria coutdpirin-

distance with increasing spectral type (Kowalski et al.)p0  Ciple accommodate transients with durations as long 2,
but for the bulk of the search the maximum timescalg i%

over the widths of theyp; andrp filters, with 5v ~ 1.287 x 104 Hz and d_- Thus, we _COﬂSider our search to place |imit3 on .faSt tran-
~ 7.721x 103 Hz, respectively. sients spanning about 0.5 hr to 1 d. In the discussion below

while here we find that the M7-M9 dwarfs have a similar
mean vertical distance from the Galactic plane to th#5
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 &5 night win-
dow around each detectior (§R.2).
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FiG. 7.— Limits on the sky-projected rate of extragalactic fastical transients
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as a function of timescale and survelifimmagnitude. Shown are the limits
et al. 200%; Lipunov etlal. 2007; Rau ¢P48l08). The much larger effective

areal exposure of our survey provides constraints thattzets80-50 times deeper than previous surveys with similar limitinggnitudes. Also shown are the
expected limits from the LSST main survey (blue) for 1 nighp(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 ded d, while for a timescale of- day
it is correspondingly longeEa ~ 1940 ded d. Thus, we
can place a 95% confidence limi€ (3 events) on the sky-
projected rate of:

Reot = N/€?Ea, 1)

where we estimate the detection efficiency per filter=at0.8
based on the overall search for transients in the MDS fields.
Thus, for a timescale of 0.5 hr we place a limitRyor < 0.12
deg? d™!, while for a timescale of day it is Rror < 2.4 x

1073 deg? d! (see TablER3).

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[¥) thanks to the much larger effec-
tive areal exposure. DLSEf =~ 1.1 deg d) placed an up-
per limit of Reot < 6.5 events ded d™* for transients with a
timescale of about.36 hr {Becker et al. 2004), while the For-
nax galaxy cluster searckE[ ~ 1.9 deg d) placed a limit of
Rrot < 3.3 deg? d* for transients with a timescale of about
0.55 hr (Rau et al. 2008). The ROTSE-IIl searé & 635
deg d) placed a limit oRror < 5 x 1073 deg? d™* for tran-
sients with a timescale of aboutshr, 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 TdBle 3, and shown
in the relevant three-dimensional phase-space of sumvety li
ing magnitude, timescale, and sky-projected rate limitig: F
urel7.

The survey depth impacts the inferred limits asiumet-
ric rates. For example, for a population of fast transients
with a fiducial absolute magnitude efL0 (comparable to
the most luminous known novae; sdd 85), the limits on the
volumetric rate¥' on a timescale of 0.5 hr arg 13 Mpc3
yr~t for our survey,< 1.3 x 107 Mpc™ yr! for DLS, and
< 2.0x 10° Mpc3 yr* for Fornax. The small volume probed
by the ROTSE-III search for transients with0 mag (i ~ 3
Mpc) provides no real insight on the extragalactic popatati
For a fiducial absolute magnitude 614 (comparable to the
least luminous supernovae), the limits g6.05 (PS1/MDS),
< 0.5 (DLS), and< 7.8 (Fornax) Mpc® yrt; at this peak

11 We assume a uniform underlying distribution of galaxiesimithe vol-
ume probed by each search, which is not strictly the casehformaximum
distances associated with a peak magnitudel®: 32 Mpc for our search,
56 Mpc for DLS, and 18 Mpc for Fornax. With the exception of f@nax
search, which was centered on the Fornax galaxy clustétral6 Mpc, this
indicates that the actual limits from our survey and from Cdr8 subject to
the underlying non-uniform galaxy distribution.
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magnitude the maximal detection distances are large enouglindeed, the shortest observed timescales (quantifiedat,
to uniformly sample the galaxy distribution (about 200 Mpc the timescales to decline by 2 or 3 magnitudes, respecjively
for our search; 360 Mpc for DLS, and 115 Mpc for Fornax). are~ 3-5 d (Czekala et al. 20113). Theoretical models point
Finally, for a fiducial absolute magnitude€i24 (intermediate  to maximal magnitudes of aboufl0 and timescales as short
between long and short gamma-ray burst afterglows;[See §5)ast, =~ 1 d (Yaron et al. 2005). Moreover, the fraction of no-
the volumetric rate limits are 10° (PS1/MDS),< 6 x 10°7° vae that achieve such high peak luminosity and rapid fading
(DLS), and< 3 x 10°° (Fornax) Mpc? yrt. The various lim-  is < 1% (e.g.| Shafter et Al. 2009), leading to a ratecdf03
its are summarized in Tadlé 3. Mpc3 yr1, orders of magnitude below the upper bounds for
We note that the inferred limits at10 and-14 mag are  -10 mag derived from the various searches (e.g., 0.3 ®pc
substantially higher than the volumetric rate of superegva yr* for our search; Tablgl3). Thus, novae are not expected
~10“ Mpc2yr (Lietalll2011), and novaé ~ 0.1 Mpc3 to contribute a population of luminous and fast extragatact
yr~L: similarly, the limits at-24 mag are at least two orders transients for current surveys.
of magnitude larger than the on-axis GRB rate. This indate  We next explore the generic case of an explosive event with
that any source population of extragalactic fast opticahir  ejecta that cool adiabatically due to free expans®# Yet);
sients with a timescale of 0.5 hr would have to be much morei.e., a supernova-like explosion, but lacking internaltimean
abundant than nova, supernova, or GRB progenitors, or prodn this case, with the expansion driven by radiation pressur
duce multiple £ 107 -10°) events per progenitor system to and using the standard diffusion approximation (Afnett2)98

be detected with current surveys. the luminosity is given by:

Utilizing the B-band luminosity density in the local uni- 2
verse & 1.4 x 10° Lg, Mpc™3) the upper limits on the L(t) = Loexp _t v 7 )
volumetric rates at10 mag can be recast g5 9.2 x 1(? 740 V2740mh

(PS1/MDS) ands 9.3 x 10° (DLS) yr* per 16° Lgo; for  wherer, = Ro/Vej is the initial hydrodynamic timescale; o =
the Fornax survey, which targeted a galaxy cluster environ-g,.\/cR; is the initial diffusion timescales: is the opac-
ment, the limit isS 350 yr per 16°Lg » (Rau et all 2008). ity (for simplicity we usex = res= 0.4 cn? g1), Mg is the
For a fiducial brightness of14 mag,_lthe |Iml'[OS ares 3.6 ejecta massB ~ 0.07 is a geometric factor, arlc'b _ |JEO/7'd0
I(aPttSelr/\%lﬁJSe)i?frgfnf%;i)éﬁgdf?zgg%r per 10° Lg.o; the is the initial luminosity. A fiducial timescale of 0.5 hr reiges

For the fiducial timescale of about 1 d (the upper bound of Ro 5 05N vej 2. 101.2(Vei/104km s7) em; I.8., More ex-
our survey), the volumetric rate limits afe0.3 (EEO mag) tended sources are unlikely to produce transients with a du-
<103 _1{1’ A% 108 (=24 MocS vr-L Tﬁ] ' ration as short as- 0.5 hr. Using the appropriate size limit
S 107 (=14 mag), ands 4x 10°° (=24 mag) Mpc®yr". The - o finq that for a source with(0.5hr)/Lo ~ 0.1 the resulting
rates at-14 and-24 mag are of interest since they are only an peak bolometric magnitude ranges from about -8 mag (for a
order of magnitude larger than the supernova and GRB ratesy .+« qwarf withR, ~ 10° cm) to about-15 mag (for a star

indicating that an expansion of our search might yield inter with Ry ~ 10 R.). The resultin i ;
I . : | ~ . g characteristic effective tem-
esting limits on the rate of fast transients withl d timescale. perature ranges frofiy = (Lo/47Rea)Y4 ~ 2.2 x 10° K (for

5. THEORETICAL EXPECTATIONS FOR THE Ro ~ 10° cm) to 1.1 x 16° K (for Ry ~ 10 R,), or a peak in

LUMINOSITY OF FAST OPTICAL TRANSIENTS the ultraviolet. This means that the peak absolute magaitud
in gr will be a few magnitudes fainter, corresponding to the

Inthe discussion above we used fiducial peak absolute magfaint end of the magnitude range considered in the previous
nitudes of-10, -14, and-24 mag to infer limits on the volu-  section (i.e.> ~14 mag).
metric rates of extragalactic fast optical transients.setear- The luminosity can be enhanced by appealing to an inter-
ticular values were chosen to match the most luminous clas-nga| energy source, for example radioactive heating as in the
sical novae, the least luminous supernovae, and typicgl lon case of Type | supernovae. In this scenario the luminos-
and short GRB afterglows, respectively. However, it is in- ity js maximized if the radioactive decay timescale is well-
structive to explore what peak luminosities are expected fo matched to the diffusion timescate ~ 74 ~ BrMej/CR~ 0.5
sources with a fiducial timescale 6f0.5 hrto~ day fora  hy, The fast timescale investigated here requires diftaen
range of potential mechanisms. We defer an exhaustive-invesgipactive material thafi®Ni, which powers the optical light
tigation of this question to future work and focus on the basi curves of Type | supernovae, since the latter has: 8.8
arguments here. At the most basic level, we note that explo-q. Instead, a better match may be provided by the radioac-
sive sources with a characteristic velocity-ol0 kms™ that ~ tiye decay ofr-process elements, for which there is a broad
emit thermally with a peak in the optical (~ 10" K) willbe  range of imescales (e.{., Li & Padzski 1998} Metzger et al.
limited to an absolute magnitude gf—14; only sources un-  2010). Using a timescale of 0.5 hr we find that the re-
dergoing relativistic expansion (e.g., GRBs) may signiftta  quired ejecta mass is l0Wej ~ 2 x 107 (Vj/10*km/sE M.
exceed this limits. We expand on this general theme below. For radioactive heating the total energy generation rate is

We first investigate the possibility of unusually fast and lu e(t) = (fMejcz/Tr)e—t/T, wheref < 1 is an efficiency factor
minous classical novae. In general, novae follow the max- . . ’ '
: - o " likely in the range of 10°-107° (Metzger et al. 2010). For the
imum_magnitude versus rate of decline (MMRD) relation ejec)t/a mass in?erred above V\Se ﬁﬁ(d; ~ 105 f erg )s‘l and
(e.g.,.della Valle & Livio| 1995), which indicates that faste hencel ~ 10°° erg st (for f ~ 10°5), or an absolute r’na ni-
novae are also more luminous. However, the MMRD relation tude of about—lZ?nag As in the discussion above thegspec
flattens to a maximal observed value of abe@® mag for . . : : . L )
timescales shorter than a few days (della Valle & Livio 1995) g;rr:jyvvl\l,li|F§2l§j;nmiggrugt;zvk;glﬁtt’zarﬂgéh(?eOpF(;:gl semallf%;g;b(ou ¢

12We use a nova rate of2yr per 13° L o (Willlams & Shaftei 2004), ~10 mag). For a fiducial timescale sf day, the peak abso-

combined with thek-band luminosity density in the local universe o4 |Ut_e magnitude is Iarger,_ reaching—-14 mag in the optical.
10° Lk » Mpc (Cale et al[2001; Bell et 1. 2003). This is essentially the “kilonova” model invoked for compac
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FiG. 8.— Limits on the volumetric rate of extragalactic fastiogk transients as a function of timescale from our PS1/MD&ey and from the literature
(Becker et dl. 2004; Rykoff et Al. 2005; Lipunov effal. 200@uret all 2008). For each survey we provide limits for a raridielocial absolute magnitudes (top to
bottom) of-10 (most luminous novae}14 (least luminous SNe);20 (on-axis short GRB), aneR7 (on-axis long GRB). Also marked are the actual volumetric
rates of luminous novae, supernovae, binary neutron stegarg and on-axis GRBs. The inferred limits from all exigtsurveys are orders of magnitude larger
than the known volumetric rates, indicating that large nepytations of currently-unknown astrophysical fast tients are required for detectability, or that
much larger surveys are essential to produce meaningfitslifihe single night and full year limits for the LSST maimay indicate that this survey should
detect some fast optical transients (the LSST estimates hesn shifted along the time axis for clarity).

object binary mergers (Li & Pachgki(1998; Metzgeretal. L ~ Ertsa/t7 ~ 5x 10 erg s1. However, sincey ~ 0.5
2010;|Berger et al. 2013), with a predicted volumetric rate pr requires a low ejecta mass of 1076 Mg, this scenario
of ~ 10®%-10° Mpc™ yr* (e.g.[Abadie et al. 2010). We necessitates magnetar birth with negligible ejected naass,
note, however, that recent opacity calculationsrigrocess  results in a relativistic outflow; this is essentially thesario
material indicate that the actual peak brightness in the op-invoked in magnetar models of gamma-ray bursts. It is not
tical bands will be an order of magnitude fainter than sug- obvious in this scenario whether the large energy reservoir
gested by the above calculation (Barnes & Kasen 2013). Awill be emitted in the optical band, or primarily at X-ray/
similar scenario is the thermonuclear .la supernova modelray energies. Thus, the optical signature may still be rathe
with heating by radioactive-chain elements (Ca, Ti), lead- weak, and perhaps dominated instead by interaction with the
ing to a peak optical brightness ef -15 mag, but with a  ambient medium (i.e., an afterglow). Overall, the estirdate
longer timescale of- week even for low helium shell masses magnetar birth rate is- 10% of the core-collapse supernova
(Shen et al. 2010). Thus, models with radioactive heatieg ar rate [Kouveliotou et al. 1998), while the GRB rateJs % of
limited to ~ =10 mag ¢ 0.5 hr) or~ -14 mag ¢ day). the supernova rate (Wanderman & Piran 2010). This indicates
An alternative internal energy source is the spin-down of that any magnetar-powered fast optical transients wilehav
a newly-born millisecond magnetar (Kasen & Bildsten 2010; rate orders of magnitude below the upper limits inferred by
Woosley| 2010). In this scenario the maximal luminosity the existing searches.
is achieved when the magnetar spin-down timescalgx Finally, luminous rapid optical transients can be produced
4 x 10°(B/10*G)2(P/1ms} s, is comparable to the dif- by circumstellar interaction of a relativistic outflow, $uas
fusion timescalesq ~ 0.5 hr; hereB is the magnetic field  an on-axi$® GRB afterglow. The typical absolute magnitude
strength andP is the initial rotation period. The available ro-
tational energy is largeEyo ~ 2 x 10°2(P/1ms)? erg, and 13 For significant off-axis angles the optical afterglow eritess expected
therefore a magnetar engine can in principle produce ex-toincrease for days and then decline as &! power law thereafter, leading
tremely luminous fast transients, with a peak brightness of [ @ characteristic timescale much longer than 0.5 hr.



of a short-duration GRB afterglow &t ~ 0.5 hr is about-20
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fields. On the other hand, searches for the rare but highly lu-

mag (based on a typical apparent brightness of about 22 magninous relativistic fast transients are best focused oeiGoyg

and a typical redshift af~ 0.5;|Bergel 2010). At this fiducial
luminosity the inferred volumetric upper limits from thesfa
optical transient searches afe3 x 107° (PS1/MDS),< 3 x
104 (DLS), < 2 x 1073 (Fornax), anc< 7 x 10 (ROTSE-III)
Mpc= yr . The actual volumetric rate of on-axis short GRBs
is about 108 Mpc3 yr! (Nakar et all_2006), at least-310°
times lower than the limits reached by the surveys. For long-
duration GRBs the typical absolute magnitudétat 0.5 hr

is much larger, about27 mag (based on a typical apparent
brightness of about 17 mag and a typical redshifzef 2;
Kann et al. 2010). At this luminosity the volumetric upper
limits for the various searches afe< 1076 (PS1/MDS) < 2 x
107°(DLS), < 1x107° (Fornax), ancK 3x 1077 (ROTSE-III)
Mpc3 yrt. The inferred on-axis volumetric rate @t 2) is

~ 108 Mpc® yr! (Wanderman & Piran 2010). Thus, unless
there is a substantial population of relativistic explosithat
do not producey-ray emission, the existing limits are much
too shallow in the context of on-axis GRB rates.

potential models and populations that:

e 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 abou
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§.10° Mpc= yr!
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 fiddici
peak absolute magnitudes-ef0,-14,-20 (short GRB), and
—-27 (long GRB) to the rates of known transients (e.g., no-
vae, supernovae, neutron star binary mergers, on-axi$ sho

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 th
much larger surveys are essential to robustly explore #me tr
sient sky on the- hour—day timescale. In addition, we stress
that given the low expected luminosity for non-relativigtist
transients ¥ —14), a profitable strategy is to systematically
target nearby galaxies (as was done for example in the Forna
Cluster search; Rau etlal. 2008) rather than image wide blan

14 \We note that the volume accessible to our survey, as welesBItS and
the Fornax search is actually limited by their use of Baband filter, which
provides sensitivity only t@ ~ 4 due to strong suppression by the Lyman
alpha forest.

wide fields (preferably- all —sky) at the expense of survey
depth since the projected rate is at mesfew per sky per
day, while the limiting factor for distance coverage is tlse u
of optical filters (limited toz ~ 6) rather than depth.

6. IMPLICATIONS FOR LSST

Our search for fast optical transients proved highly effect
at identifying foreground eventsithout 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 timesdale o
about 0.5 hr, with each observation composed of multiple ex-
posures that help to eliminate individual spurious detecti
In addition, the availability of color informatiorgtr in this
case), coupled with the time baseline allowed us to effeltiv
identify main-belt asteroids near the stationary pointiSi
larly, deep multi-band templates allowed us to unambiglyous
identify M dwarf counterparts for all detected flares to a dis

Yance 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 &zel
the deepest limit to date on the rate of extragalactic fast-tr
sients. Our results are reassuring given that follow-ug-spe
troscopy in the era of on-going and future large surveys is in

{imited supply.

With this in mind, it is instructive to consider our re-
sults in the context of the anticipated LSST survey strategy
(Ilvezic et al. 2008). The LSST main survey is intended to
cover a total of~ 18,000 ded, accounting for about 90%
of the observing time. Each pointing will consist of two
visits per field with a separation of about 260 min, with
each visit consisting of a pair of 15 s exposures withoa 3
depth of~ 24.5 mag (or about 23.5 mag atdp It is an-
ticipated that a total of about 3000 dewill be imaged on
any given night, potentially with more than one filter, leagli
to an areal exposure of about 62 degin a single night, or
about® 1.6 x 10* deg 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.07 deg? d* in a sin-
gle night and 3« 10 deg? d™! 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 ratese® x 10 Mpc™
yr~1 for -10 mag andx 3 x 107> Mpc™3 yrt for —14 mag for
1 year of operations. At a typical brightness of short andjlon
GRBs, the rate will be about:210° Mpc™2 yr? (limited to
z< 6 by thezy filters), a few times deeper than the actual on-

laxis GRB rate, indicating that LSST is likely to detect such

events.
The LSST data set can form the basis for a search similar
the one described here, with the main difference that con-
emporaneous color information may not be available. How-
ever, with a 3N = 10 cut as imposed here, the observations
will reach about 1 mag deeper than our search, indicatirtg tha
they will uncover M dwarf flares to distances that are only
bout 50% larger than those found here (i.e., generglg/
pc). At the same time, the LSST templates will reach a com-
parable depth to the PS1/MDS templates after enly0 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 duetiliver
and maintenance.
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commences. Thus, we conclude that it will be simple to iden- This is simply a reflection of the low ejecta mass required to
tify M dwarf counterparts in the template images for essen- achieve a rapid diffusion timescale gfday. Such low lumi-
tially all M dwarf flares, negating the need for follow-up spe  nosity events are best explored through targeted searéhes o
troscopy. This approach will effectively eliminate thegast galaxies in the local universe, with anticipated eventsate
known contaminating foreground fer hour timescales. <10 Mpc 2 yrt (Figure[8). A separate class of relativistic
Similarly, the time baseline of 560 min per field will al- fast transients (on-axis GRBs, magnetar engines) can éxcee
low for astrometric rejection of most asteroids even near th —25 mag on a timescale &f 0.5 hr, but they are exceedingly
stationary point, although as we found in our PS1/MDS searchrare, with anticipated volumetric rates 6108 Mpc™ yr
some asteroids have negligible motions that are indisténgu  (or sky-projected rates of a few per sky per day). Such event
able from the astrometric scatter of field source&3(th our rates are orders of magnitude below the level probed in cur-
search). Such asteroids can in principle be recognizedusin rent searches, but will be reached by the LSST main survey
color information, but this is not likely to be available Wit  in a full year. Another strategy to find such events is a shal-
LSST. On the other hand, a constant brightness level betweetower search of a wider sky area than is planned for LSST. We
visits 15-60 min apart, combined with a location near the note that a broad exploration of the various mechanisms that
ecliptic plane and in particular with solar elongationof.30 can power optical transients is essential to guide and @auetiv
deg, will be indicative of an asteroid origin. Such fields can future searches for fast extragalactic transients. Ttialm-
simply be avoided in searches for fast transients. vestigation performed here already places clear boundswon t
Thus, the two primary contaminants for extragalactic fast luminosities and rates for a wide range of mechanisms.
optical transient searches (M dwarf flares and asteroids nea Finally, since the PS1/MDS survey is currently the only
the stationary point) will be identifiable with the LSST base close analogue to the main LSST survey in terms of depth,
line survey strategy. Furthermore, we anticipate basethent cadence, and choice of filters, we use the results of ourlsearc
comparison to known transient classes that with a year of op-to investigate the efficacy of fast transient searches Wi T.
erations LSST is unlikely to reveal large numbers of extra- We demonstrate that the main contaminants recognized here
galactic fast transients unless they result from a sourpepo should be identifiable with the LSST survey strategy, withou
lation that far exceeds classical novae, supernova primyeni  the need for expensive follow-up spectroscopy. Namely, as-

or compact object binaries (Figurk 8). teroids near the stationary point can be recognized thraugh
larger than average astrometric shift, a constant brigistire
7. CONCLUSIONS visits separated by 1560 min, and an expected location near

We present a search for fast optical transients on a timescal the ecliptic plane with solar elongation of 130 deg. LSST
of about 0.5 hr to 1 d in consecutigeire; observations of the ~ May not provide near-simultaneous color information, whic
PS1/MDS fields, by requiring a detection in both filters with Can serve as an additional discriminant for asteroids. For M
no additional detections on preceding or subsequent nightsdwarf flares we show that LSST’s increased sensitivity will
The search yielded 19 astrophysical transients, of which gProbe a larger volume of the Galaxy, but the correspondingly
events that lack quiescent counterparts are identified as ma deeper templates will still allow for the identification afigs-
belt asteroids near the stationary point of their orbitsjlevh ~ Cent counterparts in essentially all cases. The PS1/MDS sur
the remaining 11 transients are identified as flares from M5-Vey demonstrates that with multi-band photometry it is poss
M9 dwarf stars at distances of abouR8 1.2 kpc. The flare  Ple to identify M dwarf flares without the need for follow-up
properties are generally similar to those from M dwarfs stud SPectroscopy (as in previous searches; e.g., Kulkarni & Rau
ied in the SDSS Stripe 82, although our sample extends tg2006). This resultindicates that extragalactic fast @ptian-
later spectral types and to much greater vertical distainoes sients should be able to pierce the veil of foreground flares.
the Galactic plane.

A key result of our search is a limit on the sky-projected

rate of extragalactic fast transientsRéor < 0.12 deg? d* We thank Mario Juric for helpful information on the
(~ 0.5 hr) that is about 3650 time deeper than previous lim- planned LSST survey strategy. E. B. acknowledges support
its; the limit for a timescale o day is< 2.4 x 1073 deg? for this work from the National Science Foundation through

d™. The upper bounds on the volumetric rates at fiducial ab- Grant AST-1008361. PS1 has been made possible through
solute magnitudes 0f10,-14, and-24 mag are likewise an  contributions of the Institute for Astronomy, the Univeaysi
order of magnitude deeper than from previous searches (Taof Hawaii, the Pan-STARRS1 Project Office, the Max-Planck
ble[3). With an additional 3 years of PS1/MDS data in hand Society and its patrticipating institutes, the Max Planck In
we can improve these estimates by a factor of a few. We alsostitute for Astronomy, Heidelberg and the Max Planck Insti-
anticipate additional M dwarf flare detections that willoa¥l tute for Extraterrestrial Physics, Garching, The Johnskittp
us to better characterize the distribution of flare propsrias University, Durham University, the University of Edinbirg
well as the properties of flaring M dwarfs in general. Queen’s University Belfast, the Harvard-Smithsonian €ent
To guide the conversion from our sky-projected rate to vol- for Astrophysics, and the Las Cumbres Observatory Global
umetric rates, and to motivate future searches for fast tran Telescope Network, Incorporated, the National Central Uni
sients, we also explore the expected luminosities of saeh tr ~ versity of Taiwan, and the National Aeronautics and Space
sients for a range of physically motivated models. We find Administration under Grant NNX08AR22G issued through
that non-relativistic fast transients are generally leditto the Planetary Science Division of the NASA Science Mission
about-10 mag for a timescale of 0.5 hr and-14 mag for Directorate.
a timescale of- day even if powered by radioactive decay.  Facilities: Pan-STARRS1
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TABLE 1
FAST OPTICAL TRANSIENTS WITHQUIESCENTCOUNTERPARTS

OBJID

RA.
("™s)

Decl.

(O / H)

UT Date

MflareP1
(AB mag)

Mg P1
(AB mag)

Mg spss
(AB mag)

Sp. T.

(pc)

PS0 J52.008€27.0515

0828"01.929

-27°0305.51"

2010-09-07

g=2214+0.10
r=212340.10

g=2155+0.05
r=2001+0.03
i=1835+0.03
z=17.46-+0.04

M5

315

PSO J130.64645.2130

0842"35.063

+45°12'47.07’

2009-12-14

g=2207+005
r =22054+0.05

9> 2528
r> 2531
i =2256+0.04
z=2100+0.02

M9

290

PSO J162.3497%56.6609

1b49723.934

+56°39'39.57’

2011-04-29

g=1848+0.02
r=1893+0.05

g=2362+0.07
r=2219+0.04
i =1996+0.01
z=1878+0.04

g=2345+0.23
r=2235+0.16
i=19974+0.03
z=1869+0.04

M7.5

220

PSO J164.38168.3011

1057M31.557

+58°18'04.12

2011-04-14

g=1908+0.01
r=2108+0.04

0> 2525

r=2407+0.10
i=2172+0.02
2=2020+001

r=2351+0.31
i=21454+0.08
z=1979+0.07

M8.5

330

PS0 J184.021317.4267

1916M05.18G

+47°25'36.24'

2010-06-06

g=2061+003
r=2110+0.10

g=2188+005
r=2047+0.03
i = 18964+ 0.04
2=1814+0.05

g=2183+0.06
r = 2040+ 0.03
i =188740.01
z=1805+0.02

M4.5

600

PSO J184.651918.1834

1918"36.472

+48°11/00.4Y’

2010-02-09

g=1896+0.01
r = 1960+ 0.02

9=2012+002
r=188040.02
i=17.3240.04
2=16,66+0.04

g=2018+002
r=1875+0.01
i=17.3440.01
z=1657+0.01

M4.5

280

PS0 J185.485#7.2586

1921M56.583

+47°15'31.14’

2011-06-07

g=2221+0.10
r=223340.10

g2 2510
r > 2495
i=2425+0.20
z=2285+0.11

M8

1160

PS0 J211.81962.9681

1407M16.68F

+52°5805.27’

2011-06-07

g=2060+£0.02
r=2062+0.02

g=2195+0.04
r=2063+0.02
i=19154+0.02
z=1839+0.02

g=2192+0.08
r=2057+0.04
i=19114+0.02
z=1827+0.03

M4.5

650

PS0O J214.790453.6886

1219M09.715

+53°41/18.99’

2010-02-06

g=2160+0.08
r=20.86+0.08

g=2011+0.02
r=1871+0.02
i=17.10+0.02
z=16.38+0.04

g=2022+0.02
r=1871+0.01
i=17.104+0.01
z=1623+£0.01

M5

220

PSO J334.560D.8479

2918M14.455

-00°50'52.77'

2011-07-31

g=2245+0.08
r=2240+0.10

g=2267+0.04
r=2123+0.02
i=1967+0.02
z=1884+0.02

g=2278+£0.17
r=2120+0.05
i =19.664+0.02
z=1887+0.04

M4.5

690

PS0O J334.753®.8769

2319"00.865

+00°52'37.1Y’

2010-09-04

g=2193+0.06
r=2184+0.06

g=2332+0.06
r=2177+0.02
i =2002+0.01
z=1912+0.01

§=2294+0.20
r=2176+0.09
i =19.9940.03
z=1909+0.06

M5.5

570

NoTE. — Properties of the fast transients that exhibit quiescennterparts, as well as multi-band photometry of the cenpairts. We find that all 11 transients arise from M
dwarfs, and provide the inferred spectral types and distan€these sources.

TABLE 2
FAST OPTICAL TRANSIENTSLACKING QUIESCENTCOUNTERPARTS

OBJID R.A. Decl. 4 b UT Date gp1 rp1

("m9) " (deg) (deg) (AB mag) (AB mag)
PS0J149.066£1.8129 0956™15.886 +01°4846.46" 1505546 -10.0989 2011-04-23 2234+0.08 2214+0.06
PS0J149.2788.3718 0957M06.910 +03°22/18.37’ 1502096 -85629 2011-04-23 198+0.02 1925+ 0.03
PS0J149.3232.6863 0957M17.622 +02°41'10.5Y 1504922 -9.1906 2011-04-23 2@4+0.03 1990+ 0.03
PS0J333.173®.4535 29%12M41.723 +00°27'12.69' 3352762 +10.7642 2011-10-24 2234+0.06 2147+0.04
PS0J333.9150.6311 2915"39.776 -00°37'51.89’ 3355803 +9.4847 2010-10-10 2%53+0.06 2096+ 0.03
PS0J352.26721.2637 2829M04.139 -01°1549.38’ 3523995 +1.9068 2010-11-03 235+0.04 2055+ 0.02
PS0J352.552(0.8004 2830M12.469 +00°4801.49’ 3534772 +3.6909 2010-11-03 220+0.10 2167+0.07
PS0J352.5068).4471 2830M23.229 -00°26/49.64’ 3530249 +25271 2010-10-31 199+0.02 1879+ 0.02

NoTE. — Properties of the fast transients that lack quiescemteoparts. We find that all 8 transients exhibit the colodexpected ecliptic coordinates
of main-belt asteroids near the stationary point of thebitsr



TABLE 3
SURVEYS FORFAST OPTICAL TRANSIENTS WITH ATIMESCALE OF ~ 0.5 HR

Survey Areal Exposure  Limiting Magnitude  Rgor Rror(-10mag) Rror(-14mag) Rrot(-24mag) References
(degf d) (deg?d™)  (MpcB3yrh)  (Mpc2yr?)  (Mpclyr?)
PS1/MDS 40.4 225 <012 <13 <0.05 <1x10° This paper
DLS 1.1 23.8 <65 <13x 107 <05 <6x107° Becker et al. (2004)
Fornax 1.9 21.3 <33 <20x10° <78 <3x10° Rau et al. (2008)
ROTSE-III 635 17.5 < 0.005 .- e <6Xx 10 Rykoff et al. (2005)
MASTER e 17.5 <0.003 . e <4x10° Lipunov et al. (2007)
LSST 62 23.5 <0.07 <2 <8x1073 <5x107
1.6x 10 235 <3x10* <9x103 <3x10° <2x10°

NOTE. — Survey parameters and resulting limits on the projectgdrates and volumetric rates of extragalactic fast opticahsients with a
timescale of~ 0.5 hr.



