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ABSTRACT

There is a growing number of supernovae (SNe), mainly of Typewhich present an outburst prior to
their presumably final explosion. These precursors maytffee SN display, and are likely related to some
poorly charted phenomena in the final stages of stellar éeoluHere we present a sample of 16 nearby Type
IIn SNe for which we have Palomar Transient Factory (PTFeoketions obtained prior to the SN explosion.
By coadding these images taken prior to the explosion in time, we search for precursor events. We find
five Type lin SNe that likely have at least one possible premuevent (PTF 10bjb; SN 2010mc [PTF 10tel];
PTF 10weh; SN 2011ht; PTF 12cxj), three of which are repohieit for the first time. For each SN we
calculate the control time (i.e., the amount of time our synwas able to detect an event brighter than a given
luminosity). Based on this analysis we find that precurs@néramong SNe lin are common: assuming a
homogeneous population, at the one-sided 99% confidenek feare than 50% of SNe IIn have at least one
pre-explosion outburst that is brighter thar 30 L., (absolute magnitude 14) taking place up to 1/3 yr prior
to the SN explosion. The average rate of such precursor ®deming the year prior to the SN explosion is
likely larger than one per year (i.e., multiple events perg@Xyear), and fainter precursors are possibly even
more common. We also find possible correlations betweemtigrated luminosity of the precursor, and the
SN total radiated energy, peak luminosity, and rise timezsehcorrelations are expected if the precursors are
mass-ejection events, and the early-time light curve odal@Ne is powered by interaction of the SN shock
and ejecta with optically thick circumstellar material.

Subject headings: stars: mass-loss — supernovae: general — supernovaeidadivSN 2010mc, PTF 10bjb,
SN 2011ht, PTF 10weh, PTF 12cxj, SN 2009ip

1. INTRODUCTION eral theoretical mechanisms have been suggested to explain
In flux-limited ti ‘af tofall di this high mass loss in the final stages of stellar evolutiog (e
fILDCIMIET SYDOpUS SUVEYs, a lew percent ot a: iseow hRakavy et al. 1967; Woosley et al. 2007; Arnett & Meakin

ered supernovae (SNe) show narrow- to intermediate-widt : : .
20 1 - ecinpm [ 2011; Chevalier 2012; Quataert & Shiode 2012; Shiode &
(~ 30-3000kms*) hydrogen and helium emission lines. Quataert 2013; Soker & Kashi 2013).

These are dubbed Type lin SNe (Schlegel 1990; Filippenko Recently, five SNe with candidate pre-explosion outbursts

1997; Kiewe et al. 2012) and probably have massive progen- :
itors (e.g., Gal-Yam & L)eonar?j 2009))./ Their emissiorﬁ) Iir?es (precursors) have been detected a few months to years prior

; I . . . to the SN explosion (Foley et al. 2007; Pastorello et al. 2007
rilé?lz/c()sr;\%;ngng;%r?hr:Igﬂlvel%aggﬂg?ga?r((;umsz:eg:g\?:ﬁ or g Mauerhan et al. 2013a; Pastorello et al. 2013; Ofek et al.
prog 9. .2013b; Corsi et al. 2013; Fraser et al. 2013). In most cases

Fransson 1994; Chugai & Danziger 1994; Chugai et al. 2003;
Ofek et al. 2007, 2010, 2014a; Smith et al. 2008, 2009), 1eSe Precrsors were detected from SNe fin, or closely re-
ejected only a short time (of the order of month§ to decades) The frequéncy and properties of these precursors are criti-
Egg;;?dtg%ggl\.l g);gLOZ'togl (DZ%SlsgrtO?teI?Iét2a(|)092,0?glt;)Y arge%_ cal for pinpointing the eruption mechanisms and understand
’ ' ’ ' : ing their effect on the eventual SN optical display, and may
change our view of the final stages of massive star evolution.

761153%0?/0 Cfinter Ifor Astrophysics, Weizmann Institute ofeSce, Therefore, we have conducted a search for precursor events i
ehovot, Israe i _ H
2School of Physics and Astronomy, University of Southampton a samplg of nearby SNe lin for Whlch we have pre explosmn
Southampton SO17 1BJ, UK observations from the Palomar Transient Factory fETFaw

3 Racah Institute of Physics, The Hebrew University, 9190dskiem, etal. 2009; Rau et al. 2009). Our sample contains 16 SNe lIn
Israel and we found precursors events for five of the SNe in our sam-

4 Cahill Center for Astronomy and Astrophysics, Californistitute of pIe. For the first time, we estimate the rate of such events and

Technology, Pasadena, CA 91125, USA h that th Furth . tigat
5 Lawrence Berkeley National Laboratory, 1 Cyclotron Roaekgley, show [hat they are common. Furthérmore, we investigate pos-

CA 94720, USA sible correlations between the properties of the precaieswd
6 Department of Astronomy, University of California, Ber&gl CA the SNe.
94720-3411, USA The paper is organized as follows. We describe the SN sam-

7 Observatories of the Carnegie Institution for Science, 84Bta Bar- - : -
bara St., Pasadena, CA 91101 USA ple in §2, while the observations are presentedizh The

8 Astrophysics Science Division, NASA/Goddard Space Flighnter, methodology of precursor selection is discusseg#iand our
Mail Code 661, Greenbelt, MD, 20771, USA

9 Spitzer Science Center, California Institute of Technp|dd/S 314-6,
Pasadena, CA 91125, USA 10 http://ptf.caltech.edufiptf/
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candidates are presenteddi. We give our control-time es- 4.1. Detection Methods

timate in §5],d.and thedprec%rsor ratle . -Lhe CSM r';”ags Our candidate precursor selection is based on two channels.
estimate is discussed 8, the correlations between the SNe  pe first channel identifies precursors that were detected in

and precursor properties §, and the results if10. single image prior to the SN explosion, at the @vel, with-
out the need to coadd data. The second channel identifies pre-
2. SAMPLE cursors that were detected in the coadd data at théegel,

Our sample is based on SNe IIn that show intermediate-Using 15-day bins and using only bins that contain more than
width Balmer emission lines. From inspection of many SNe five flux measurements. _ o
spectra obtained by PTF, we find that some SNe show this The second channel significantly increases the sensitivity
hallmark of SNe IIn at early times (a few days after the explo- of PTF to precursor events by effectively coadding images
sion), but these lines disappear on a time scale of a week. Iti of @ SN location in time bins of 15days. These time bins
possible that these SNe also suffer from a moderate mass-losoften include a large number of observations, extending to
rate prior to the explosion (e.g., Gal-Yam et al. 2014; Yaron depths beyond the nominal PTF survey limiting magnitude,
et al. 2014). However, we exclude from our sample objects and reaching aR-band limiting magnitude ok 23.5. How-
for which the spectra evolve into those of normal SNe Il a €ver, coadding images themselves in arbitrary time bing, an
few weeks after explosion. Examples for such objects irelud then conducting image-subtraction analysis on each timal b
PTF 11igb and PTF 10uls (Ofek et al. 2013a). is a relatively expensive operation. Instead, we carefutly

Another important criterion for our SNe selection is that ply image subtraction to individual images, and for each im-
they have a large number of pre-explosion images from theage we save the flux residual (negative or positive) at the-loc
PTF survey (Law et al. 2009; Rau et al. 2009). The exis- tion of the SN. We can then coadd the scalar flux residuals in
tence of a large number of images is critical, as precursorsany temporal combination we desire. This method was used
may be relatively faint and it is desirable to coadd images in in the case of SN 2010mc (PTF 10tel; Ofek et al. 2013b) and
order to get a limiting magnitude that is deeper than that of PTF 11qcj (Corsietal. 2013). .
the nominal survey. The SNe in our sample were found by In the first channel, the uncertainty (i.er) was estimated
the PTF as well as amateur astronomers, the Lick Observatorypased on the Poisson noise propagated through the image-
SN Search (LOSS; Li et al. 2000; Filippenko et al. 2001), and subtraction pipeline, while for the second channel, wewealc
the Catalina Real-time Transient Survey (CRTS; Drake et al.lated errors in each bin using the bootstrap technique (Efro
2009). We selected only nearby SNe, found within 400 Mpc, 1982). We note that in most cases the bootstrap errors afe con
for which we have a decent number of pre-explosion observa-sistent with the uncertainties derived based on the standar

tions. Tablg1L list the 16 SNe in our sample. deviation of the points in each bin, and the expected Pois-
son noise. Therefore, our bootstrap error estimate suggest
3. OBSERVATIONS that the statistical uncertainties produced by the sutirac

. . pipeline are realistic.
We used PTF observations of the SNe in our sample. The" |, order to keep our search uniform we use only the RTF

PTF data reduction is described by Laher et al. (in prepd, an pang data for our search and analysis, as PTF was primarily
the photometric calibration is discussed by Ofek etal. 2201 5 R.pand search. However. we also show gHeand data in
2012b). Our search is based on image subtraction, and the flux,e various plots where available' the amoungdfand data
yesiduals in the ind_ividu(_';ll image subtractions for all théeS 5 smallin comparison to tHa-banél.
in our sample are listed in Tadle 2. o Candidate precursor events detected via one of the channels
FiguresL1ED show the light curves before explosion (first 4re giscussed i, In the initial search we do not attempt to
and third columns) and after explosion (second and fourthse gifferent time bins. This decision was made in order to
columns) of all the SNe in our sample. The pre-explosion jimit the number of statistical experiments, which may effe
light curve shows the median flux, relative to the reference e significance of our results. We note, however, that care-
image flux, in 15-days bins. Only bins containirgs mea- cs:ul examination of specific events with longer time bins may
surements are presented. The “+" signs shows the lower angontain precursor events that are not discussed here. For ex
upper & error relative to the _reference image, while the solid ample, in Corsi et al. (2013) we report on a possible faint
lines connect consecutive bins. The errors where caldilate (zpsolute magnitude 13), several months long, brightening
using the bootstrap error on the mean. The vertical dash_eq(n the light curve of the Type Ic PTF 11qcj about 2.5 yr prior
lines show the estimated explosion time and time of maxi- {5 jts explosion.

mum light (see Tablgl1). . _ We note that several objects show points that are marginally
We obtained spectra of our SNe using various telescopesye|oy the lower & error threshold. It is possible that this is

and the log of selected observations is presented in Table 3¢5,5ed by real variability of the progenitor (e.g., Szceygt

Some of the spectra are presented in this paper, while they 2012) put here we concentrate on the outbursts rather th

rest are available electronically from the WISeREP weBite possible dimmings (see al§5.8).

(Yaron & Gal-Yam 2012).

4.2. Tests

4. PRECURSOR CANDIDATE SELECTION . I
: . . ! We performed several tests to verify the reliability of our
In this section we describe the methods we used to find themethodology, especially against false alarms. In ordeeso t
precursor candidates. {1 we present the search methods, getections made by the first channel (i.e., precursors tetec
while in we discuss the reliability of our methodology in single images) we extracted the light curves at random po-
and the false-alarm probability of the precursor candglate  gjtions on top of the same host galaxy, but shifted in posi-
u , _ o tion relative to the SN. We found that typically the probabil
http:/fwww.weizmann.ac.il/astrophysics/wiserep/ ity to get a G detection is less than 0.1% per image. This
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FIG. 1.— The light curves of ten SNe (names are listed in eachlpaRer each SN two plots are shown (side by side in the firstsgmbnd columns and
in the third and fourth columns). Columns two and four show ltght curve after the SN explosion, while the panels in gols one and three give only the
coadded flux residual (relative to the reference image) poithe SN explosion (if there are more than five observatimrstime bin). The two vertical dashed
lines show the assumed explosion dage] and rough maximum-luminosity datgdz listed in Tabldl). Time is measured relativet{g. The red circles
represenik-band observations while the blue squares shgdvand data. All of the measurements are in the PTF magnitystera (Ofek et al. 2012a; 2012b).
The zero point of the flux residuals (first and third columss27, with the exception of PTF 10aazn (27.895), PTF 10bjul@7and PTF 10tel (27.442). The
tick marks on the right-hand axes of the first and third colarsimow the fluxes that correspond to PTF magnitudes of 22 anh 28e first and third columns,
filled symbols show the flux measurements, in 15-days bing/ kins containing six or more measurements are used. Tlsespius represent thesSupper and
lower limits, as estimated from the bootstrap techniqueathebin (Efron 1982). If plus signs are found in consecutives they are connected by a solid line.
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TABLE 1
SN SAMPLE
Name Type a(J2000) 5(J2000) MR peak z DM trise tpeak FAP
(deg) (deg) (mag) (mag) (day) (day)

SN 2010jl lin 145.722236 +09.495037 —20.6 0.011 33.44 55474 55494 0.01
SN 2010jj lin 31.717743 +44.571558 —18.0: 0.016 34.22 55512 55525 0.02
PTF 10achk IIn 46.489751 —10.522491 -18.7 0.0327 35.77 55535 55550 0.00
PTF 10bjb IIn? 192.424667 —10.800159 <-16.4 0.026 35.27 55326 55434

SN 2010bg lIn 251.730659 +34.159641 —18.5 0.032 35.73 55296 55311 0.00
PTF 10gvf IIn 168.438496 +53.629126 —18.8 0.081 37.82 55321 55339 0.00
SN 2010mc IIn 260.377817 +48.129834 -18.5 0.035 35.93 55427 55447 0.00
PTF 10weh IIn 261.710251 +58.852064 —-20.7 0.138 39.06 55453 55504 0.02
PTF11fzz IIn 167.694502 +54.105220 —-20.3 0.082 37.85 55721 55783 0.00
PTF 12cxj IIn? 198.161181 +46.485090 -17.3 0.036 35.96 56033 56048 0.01
SN2011cc in 248.456000 +39.263528 —18.1: 0.0319 35.72 55624 55741 0.02
SN 2011fx IIn 4.498167 +24.562778 -17.1: 0.0193 34.61 55780: 55803: 0.00
SN 2011ht IIn 152.044083 +51.849194 -16.8 0.004 30.96 55830: 55880: 0.00
SN 2011hw lin/lbn 336.560583 +34.216417 —-19.1: 0.023 34.99 55860 55884:

SN 2011iw IIn 353.700833 —24.750444 —18.1: 0.023 34.99 55819 55894: 0.04
SN 2012as IIn 231.285500 +37.963722 —18.0: 0.0297 35.56 55968: 55976: 0.00

NoTE. — The SNe sample. Type refer to SN typg,J2000) andb(J2000) are the J2000.0 right ascension and declinatispgotively. Mg pea is the peak
absoluteR-band magnitudez is the SN redshift, DM is distance modultige is the MJD of the estimated start of the SN rise, gjagkis the MJID of the light
curve peak. Colon sign indicates an uncertain value. tfdador SN 2011iw is based on a detection in coadded PTF data ampéars as a part of the fast rise
following this detection. FAP is the false-alarm probabito detect a precursor by coadding images in 15-day binstaaated using the bootstrap method (see
§4.2). The values are based on 100 bootstrap simulationshanefére truncated to two figures after the decimal pointe Slith no data are those in which
the precursor is clearly detected in many individual imagesl therefore, the bootstrap analysis on the coadded slatafiective (se¢4.2). SNe below the
horizontal line were not detected by PTF, although PTF hageegplosion images of their locations.

References:

SN 2010jl: PTF 10aaxf; Newton et al. (2010); Stoll et al. (233Smith et al. (2011); Chandra et al. (2012); Ofek et al1@0 2014a).
SN 2010jj: PTF 10aazn; Rich (2010); Silverman et al. (2010).

PTF 10achk: reported here for the first time.

PTF 10bjb: reported here for the first time.

SN 2010bg: PTF 10fjh; Duszanowicz (2010); Challis et al1@0Q Ofek et al. (2013a).

PTF 10gvf: reported here for the first time.

PTF 10tel: Ofek (2012); Ofek et al. (2013a; 2013b).

PTF 10weh: reported here for the first time.

PTF 11fzz: reported here for the first time.

PTF 12cxj: reported here for the first time.

SN 2011cc: Mason et al. (2011).

SN 2011fx: Ciabattari et al. (2011).

SN 2011ht: Boles et al. (2011); Prieto et al. (2011); Rominal €2012); Mauerhan et al. (2013b)
SN 2011hw: Dintinjana et al. (2011).

SN 2011iw: Mahabal et al. (2011).

SN 2012as: Jin et al. (2012).

TABLE 2
SN OBSERVATIONS
Name Band MJIDrise MJD Mag Mag Err Lim Mag Flux Flux Err
(day) (day) (mag) (mag) (mag) (counts) (counts)
PTF10aaxf R —23284900 55241.15100 81.555 —0.913 21.441 —66.4 55.8
PTF10aaxf R —23249900 55241.50100 82.323 —0.985 20.590 —1347 122.2
PTF10aaxf R —22961100 55244.38900 21.890 392 21.802 11@ 40.0
PTF10aaxf R —22956800 55244.43200 82.112 —0.653 21.247 —-1109 66.7
PTF10aaxf R —22368700 55250.31300 81.913 —1.045 20.936 —-923 88.8

NoTE. — Photometric measurements and flux residuals of the theilsNer sample. Magnitude are calculated in laptitudes, &egl have meaning only
when smaller than the limiting magnitude. This table is @itgld in its entirety in the electronic version of ApJ. A pamtof the full table is shown here for
guidance regarding its form and content.
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FiG. 2.— Like Figurdl but for six additional SNe.
110
TABLE 3 1000
LOG OF SPECTROSCOPIC OBSERVATIONS
900
SN name MJD Telescope Instrument » 800
(day) 2
3 700
SN 2010jl 55505 Keck-I LRIS 9
SN 2010jj 55505 Keck-I LRIS S 600
55544 Lick 3m Kast 5 500
PTF 10achk 55547 UH88 SNIFS o
PTF 10bjb 55262 Keck-I LRIS % 400
SN 2010bq 55300 Gemini-N GMOS Z
PTF 10gvf 55322 Keck-1 LRIS
SN 2010mc 55434 Gemini-N GMOS 200,
55442 Lick 3m Kast
55449 KPNO 4m RC Spec 100
55455 Lick 3m Kast 0
PTF 10weh 55479 KPNO 4m RC Spec -6 -4 - Res'do als ] 6
55502 Lick 3m Kast 1au
55503 KPNO 4 m RC Spec FiG. 3.— The distribution of flux residuals ior units, at all the epochs and
PTF11fzz 55736 Hale 5m DBSP at 16 random positions around the position of PTF 12cxj, @nséime host
55873 WHT ISIS gaiaxy.
PTF 12cxj 56035 Gemini-N GMOS

NOTE —MJD is the observation modified Julian day. (coadding flux residuals in 15-day time bins), for each SN

we run 100 bootstrap simulations in which we mixed the flux

is because the noise is not distributed normally (e.g.,ether residuals and times, and binned the data again in 15-day bins
are outliers) owing to occasional subtraction artefacts-c  with the same selection criteria. The probability to have a
mic rays, or asteroids in the field of view. For some SNe single detection, based on these simulations, is listealin ¢
we have hundreds of images, and therefore the probability fo umn FAP (false-alarm probability) in Tablé 1. This proba-
a detection is on the order of a few percent per SN. There-bility may approach several percent for the entire sequence
fore, we consider as good candidates only events which haveof images. However, after passing the selection criteeahe
two consecutive detections (s&8). Figure3B illustrates the candidate is tested using various binning schemes, and only
histogram of “random”-position flux residuals in units oéth  sources that show two consecutive independent detectiens a
flux-residual errors (i.e.@) for the case of random positions considered as good candidates (§&e
around PTF 12cx|. It is apparent that even though there is a We also search for correlations between the flux residuals
small excess around positive residuals, the probabilityedf and airmass, and flux residuals and the amplitude of the ex-
ting residuals which are bigger thao s small. pected atmospheric refraction. Indeed, we find marginally

In order to test detections made using the second channesignificant correlations between these properties; howeve
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they are too small to affect our results. PTF observations detected the outburst in individual
To summarize, tests of our methodology suggest that theimages, suggesting that the outburst was already active
false-alarm probability for a single-point precursor aitmn, 11 months prior to the explosion. All of the PTF photometric

in an entire SN dataset, 48 5% per object. In order to avoid measurements are listed in Table 2. We note that PTF did not
false detections, we consider as precursor candidates onlpbserve the SN itself. Assuming there was a single precursor
cases which show at least two detections clustered in timethe properties and energetics of this event are listed itehb
(i.e., assuming the noise is not correlated).

5.3. PTF 10bjb

5. CANDIDATE PRECURSOR EVENTS PTF 10bjb was discovered by PTF on 2010 Feb. 16, and

Our search yielded several SNe with candidate precursorsthe only spectrum obtained on 2010 Mar. 7 resembles those
The precursors of PTF10bjb, SN2010mc, and SN 2011htof luminous blue variables and SNe IIn. Close inspection of
were clearly detected in individual images (first channel), the light curve suggests that the SN was discovered while in a
while PTF 12cxj and PTF 10weh are weakly detected in coad-pre-explosion high state, and that the spectrum was olataine
ded images (second channel). Although these two weakprior to the explosion. The spectrum shows Balmer emission
events pass all our tests and we consider them to be reah, givelines, the broader component of which has a veloaity ¢f
the low signal-to-noise ratio of the detections, we alsouks about 600kms!. Also detected are emission lines of Hel
our results assuming these two events are not real. Images ofind Ca ll. The He A5876 line shows a narrow P-Cygni pro-

all the precursors are presented in Fidure 4. file with a velocity of~ 600 km s%, while the Hx line shows
a P-Cygni profile with a velocity of 300kms 1. The spec-
5.1. PTF 10tel trum of this event is presented in Figlide 6.

PTF 10tel is discussed in detail by Ofek et al. (2013b). For  The light curve of PTF 10bjb is shown in Figuré 7. Be-
completeness, here we summarize the main properties of thi§ween~ 80 days up to 0 days prior to the assumed explosion
event. The observations of PTF 10tel show an outburst aboutime of this SN, which is based on the fast rise in the SN
40 days prior to the probable explosion. This precursor is de light curve, we detect a significant excess in the flux resid-
tected via both the first and second channels. Our photometuals. This excess had a peak absolute magnitudeldil
ric and spectroscopic observations suggest that this ésent and it lasted for~ 110days. Two years afteyse, the SN
produced by an energetic outburst releasind02M, at is detected at a flux level which is a factor f5 dimmer
typical velocitie&? of 2000kms, and powered by at least tan the pre-explosion outburst. Assuming zero bolometric
6 x 107 erg of energy. correctlo?, the pieak b_olome.trlc Iumlnosny of this o%tbuss

For completeness we show in Figiifie 5 the light curve of ~3* 10*ergs™, and its radiated energyds 2.6 x 10*%erg.

PTF 10tel from Ofek et al. (2013b). The physical parameters

of this SN and precursor are listed in Table 4. In addition, there is a possible detection of the progenitor

at an absolute magnitude of roughiyl4 about a year prior
592 SN2011ht to the SN explosion. However, given that there is a single
e detection at this time, we do not consider this to be a good
SN 2011ht was discovered by Boles (2011) on 2011 Sep.precursor candidate (sé&.2). The physical parameters of
29.2 (UTC dates are used throughout this paper), at apparente SN and the precursor are listed in Tdble 4.
magnitude 17.0. Based on a spectrum obtained on 2011 Sep.
30, Pastorello et al. (2011) suggested that it is a SN impos- 5.4. SN2011hw

tor sharing some similarities with the eruption of the lumi- , N
: 3 : SN 2011hw was discovered by Dintinjana et al. (2011)
nous blue variable UGC 2773-OT (Smith et al. 2010). The on 2011 Nov. 18.7, at apparent magnitude 15.7. Valenti et

spectrum shows narrow lines of H, Call (H&K and the near- :
; ; : ) - al. (2011) reported that a spectrum obtained on 2011 Nov.
infrared triplet, with P-Cyg profiles), and a forest of nawro 19.8 shows it to be similar to the transitional Type IlIn/lbn

Fe Il absorption features. Also, prominent Nal D, Scll, and .
Ball features are detected in absorption. Prieto et al. Xp01 grl:ldzgfr?igtépearitig;%lr? Iﬁ';[easlnole—? %i)d Jehle .Is.ﬁgclf;gg: Lsrot;Lui-e
obtained a further spectrum on 2011 Nov. 11.5. They reported ; ; o

nent Hel lines compete in strength withatd The FWHM

substantial evolution with respect to the initial classifion, . . 1 ; .
with strong Balmer and weaker He | and Fe Il emission lines VelOCity of Ha'is 2700kms®, while that of He 115876 is

superposed on a blue continuum. Based on the spectrum ang’ 2000kms*. We note that the apparent magnitude of this
the SN absolute magnitude, they suggested that it is likely aSN reported by Dintinjana & Mikuz (2011) corresponds to an
SN IIn. This is supported by Roming et al. (2012), who re- absolute magnitude of about19.3. Our initial search sug-
ported on theSwift-UVOT observations of this SN, detecting 9ested that there is a detection of an outbtr8tmonths prior

a 7mag rise in th&JVW2 band over 40days, peaking at a 0 the SN explosion. However, since this is based on a single

u-band magnitude of about18. detection, we do not consider this to be a good candidate.
Fraser et al. (2013) reported on an outburst peakingzat a
band absolute magnitude efL1.8 detected- 9 months prior 5.5. PTF 10weh

to the explpsion, and with the last detectiod months before PTF 10weh was discovered by PTF on 2010 Sep. 22.14.
the explosion. The event was detected by both PanSTARRS-Irhe SN brightened to a peak absolute magnitude of about
and the Catalina Sky Survey. The duration of the outburst is —20.7 over~ 40 days. A spectrum taken on 2010 Oct. 10 ex-
not well constrained, and it can be either a single event thathibits a blue continuum together with Balmer emission lines
lasted for more than 4 months or multiple shorter events. as well as Hel and Hell. The widest component of the H
line has a velocity @) of ~ 1000kms?®. The first two spec-
12 This is the largew of a two-component Gaussian fit. tra of this source are shown in Figl@e 8.



Supernova precursors 7

PTF10weh: Reference 2009 (no detection)

40

Precursor (June 2010) ; SN (Oct 2010 No late-time data

307

20"

107

51700” 51700”

50" 50"

58° 50" 40” 58° 50" 40"

17" 26™ 55° 53° 51° 49° a7 17" 26™ 55° 53° 51° 49° 47 17" 26™ 55° 53° 51° 49° 47 17" 26"‘555 53° 51° 49° ! 47° )
PTF10tel: Reference 2009 (no detection) Precursor (Aug _2010) SN (Sep 2010)

-

Late—time (2011)

48° 07" 20"

17" 21m34%  32° 30° 28° 17"21m34° 32° 30° 28° 17"21m34° 327 30° 28° 17"21m34°  32° 30° 28° 17" 21m34° 327 30° 28°

SN2011ht: Reference 2009 (no detection) Precursor (Jan 2011) No data with SN present No late-time data
51 00 S e : 51700
° 50’ 30"% : fie ; 51°50° 30"
51° 50’ 20" i A L T
10" 08™ 14° 12° 10° 08° 10" 08™ 14° 10° 08* 10" 08" 14° 12° 10° 08*
o PTF12cx|: Reference w 2010 (no detection) o Precursor (Apr 2012) w SN (May 2012) Late—time (2013)

30" 30”7

29 00" 28 4, i & i 29’ 00” S

50" 50" Tty S " 50"

407 40 ATt Tl R 407
46° 28" 30" 46° 28" 30" :
19 2T 400 sE a8 19 127 42°

‘ PTF10bjb: Reference ‘

46° 28" 30" - X W . 46° 28" 30" 46° 28" 30"
40° 38° 36° 13" 12m42°  40° 38° 36° 13" 12m42°  40° 38° 36° 13" 12m 425 40° 38° 36°
2009 (no detection) Precursor (early—2010) SN (early—2011) No late-time data

47'50”
4800
107
20"
30” 30" :
40” 40"
—10° 48" 50 —-10° 48" 50",

12" 49™ 45.84.0° 43.0° 42.0° 41.0° 127497 45.4.0° 43.0° 42.0° 41.0° 12"49™ 45.8%.0° 43.0° 42.0° 41.0° 12" 497 45.8%.0° 43.0° 42.0° 41.0°

FIG. 4.— Images of the precursors, SN, and nondetections fd8iePTF 10weh, PTF 10tel, SN 2011ht, PTF 12cxj, and PTF 1®tan(top to bottom). In
each row, the five images present (left to right) the refexémage, the pre-SN explosion nondetection, the brightestupsor for each object (where more than
one was detected), the SN, and a post-SN image (if availabl& contours from the reference image are also overplo&éaf the precursors can be clearly
seen, except PTF 10weh which is marginally detected. A lddtanspection of the images of PTF 10weh in which the premussdetected do not reveal any
cosmetic problems (e.g., cosmic rays) near the precursatiém, and the balance of evidence is that this precursealysee discussion regarding false-alarm
probability in§4-2). However, in FigureZ19 we also show the correlationsveen the SN and precursor properties, excluding PTF 10weh.

The light curve of this SN and the candidate precursor eventzero bolometric correction, this corresponds to a lumiyosi
is shown in Figurgl9. There is a possible precurs8months  of ~ 1.9x 10*2ergs L. The lower limit on the radiated energy
prior to the SN rise, lasting for 40 days. A close-up view of  of the precursor is- 5 x 10°erg. The physical parameters of
the precursor light curve is presented in Fidurk 10. Figdie 1 the SN and its outburst are listed in Table 4.
gives another version of the precursor light curve, showihg In addition, the pre-explosion light curve of this SN reweal
of its individual flux measurements, along with flux measure- additional possible detections 11-14 months prior to the SN
ments at random positions in the host galaxy and other nearbyexplosion. However, given that these detections are not con

galaxies. Inspection of the data reveals that the deteden  secutive in time, we do not regard them as good precursor
pends on the binning scheme. However, given that there arggndidates.

four temporally adjacent points that deviate by more than 5
we consider this to be a good precursor candidate. The ab-
solute magnitude of this precursor is abeut7. Assuming 5.6. PTF 12cx]
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TABLE 4
PRECURSORPROPERTIES
Name At ot Lsnpeak Esn Lprecpeak Eprec Haharrow Hawide e Mcsm
(day) (day) (ergs?) (erg) (ergs?) (erg) (kms™) (kms™) Mo)
SN 2010mc -20 30 69 x 10*2 2x 10% 2.6x 10% 6x 10%7 ~ 500 ~ 2000 0.015
PTF 10bjb -85 110 >8x 10* >2.0x 10% 3.3x10% 2.4x10% ~ 300 ~ 600 0.56
SN2011ht —205 210 15 x 10*2 2.5x 10 1.5x 10 2x 107 260 1800 0.06
PTF 10weh —-80 40 53x 10% 7.2 % 10°0 1.9 % 102 5x 10%8 ~ 100 ~ 1000 0.5
PTF 12cxj-A -10 7 23 x 10%? 8x 10" 2.2x 10" 9x 10% ~ 200 ~ 1200 0.014
PTF 12cxj-B —700 15 4.3x10% 6x 10%
SN 2009ip —25 50 46 x 1072 3x 107 2x 107 8x 1077 ~ 200 ~ 2000 0.02
—660 1x10%
—710 60 1x10% 6x 10%7 0.02
—1060 60 2x 101 6x 10%7 0.02

NoOTE. — Properties of the precursors and SNexnkowand Hxyige are the line width of the narrow and wide components of tleelides in units of the
Gaussiaro (multiply by 2.35 to get FWHM)At is the average time of the precursor. All of the values aremod-magnitude estimates. ThexHine widths for
SN 2011ht are adopted from Roming et al. (2012). The valsésdifor SN 2009ip are adopted from Foley et al. (2011), Setitd. (2010), Drake et al. (2010),
Ofek et al. (2013c), and Margutti et al. (2014). SNe listedwatthe horizontal line are in our sample and used to estithatprecursor rates. Events below the
horizontal line are not in our sample, but used in the caticrlaanalysis (Figg_19 alidP0). We note that SN 2006jc (Palitcet al. 2007;Foley et al. 2007) was
excluded from the correlation analysis since the CSM in$isis hydrogen deficient.
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FIG. 5.— The light curve of SN 2010mc (PTF 10tel) as obtained it
Palomar 48-inch telescope. The red circles are based oridndl images,
the squares are based on coadded images, while the empglesaepresent
the 3o upper limits derived from coadded images. The error banesemt
the 1o errors. The object magnitudes are given in the PTF magngysiem.
The dashed line shows the expected luminosity from the aatliece decay of
an ejected mass of 0.1Mof Ni®6, assuming that at late times the optical
depth is sufficiently large to convert the radioactive epemoptical lumi-
nosity, but not so large that it goes indV work. This line represents an
upper limit on the total amount of Rfi in the ejecta; it was set to coincide
with the latest observation of the SN at 302,455,758. The dotted line rep-
resents a bolometric luminosity equal to 50 times the Eddimduminosity
for a 50 M, star (an order of magnitude estimate of the mass of the pitogen
assuming it is a massive star). The right edges of the “S” sysmdibove the
light curve indicate the epochs at which we obtained spéEigure adopted
from Ofek et al. 2013b).

PTF 12cxjwas discovered by PTF on 2012 Apr. 16.14. The

SN rose to arR-band absolute magnitude eflL7.2 over two

weeks. The spectrum of the SN, presented in Fifjure 12, was

obtained on 2012 Apr. 18 during the early rise of the SN.

The spectrum has Balmer and He |l lines in emission. Fitting

a two Gaussian model to theaHine shows that, the widest
component has a velocity widto] of 1200km s,
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This SN has a large number of pre-explosion observations, FiG.7.— The light curve of PTF 10bjb exhibits a clear outburstitey
for ~ 4 months prior to the explosion (identified by the fast ris¢hia light

curve). An additional possible detection is seed00 days prior to the ex-
105 j - plosion, but we do not consider it to be a good candidate strisdased on
binning scheme, and that with shorter bins of four days, mul- a single binned detection (see the discussion about fsergrobability in
§4.2). The upper limits corresponds to Bounds calculated in 15-day bins.

and it shows a single detection 384 days prior to itdise.

Closer inspection reveals that this detection depends ®n th

tiple detections at an absolute magnitude of abedB.5
are seen. Moreover, inspection of tgdand data shows a
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FIG. 8.— Spectra of PTF 10weh as obtained using the KPNO 4 m tglesc
equipped with the RC spectrograph.
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dividual measurements, while filled boxes mark 3-day binmedsurements
with at least two measurements per bin. The empty triangle$a upper
limits. The bin size is 3 days prior to the SN explosion and dysdafter the

SN explosion.

Julo9  Oct09 Jan10 Apri0  Jult0  Octi0 Jani1 Aprii  Jult1  Oct11

PTF10weh, Filter: R Tores
. Supernova
Mean SN flux
B0 | "4 Foations n hos oy
o
3
2
5
eoor Precursor 1-190 8
=
o
3
£ [ ]
s o -185 3
8 <
[$]
200
S
O~ asderl
;TR
-200
-400 -200 200 400

0
Days (MJD-55453)

FIG. 11.— The counts-space light curve of SN PTF 10weh. Eachkblac
circle represents a point-spread function (PSF) flux measent on an indi-
vidual PTF exposure after image subtraction. The precussiabelled, and
the mean precursor flux is shown as a green horizontal lirie, tve hashed
area representing the uncertainty. The blue line shows/#m®ge of random
measurements in other galaxies in the image, illustratieghtpical flux un-
certainty and residual in the flux measurements after imaggaction. The
red circles show the average of random measurements inntelsast as the
SN (where the host is extended enough to allow this test)kitrg the ran-
dom subtraction noise that may affect the flux measurem&hieshorizontal
red line denotes the mean of the red circles, and is consisignzero flux
as expected after image subtraction. The absolute magnétcale is shown
on the right-hand axis for reference, and the abscissa sth@xsne in days
relative to the SNise.
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FIG. 12.— Spectrum of PTF 12cxj as obtained with the Gemini-Kgebpe
equipped with the GMOS spectrograph.

marginal detection around435 days prior tdyise. The fullR-

band light curve is illustrated in Figurel13. The most convin

ing precursor candidate events are detected about two weeks
and 700 days prior thise. Given the large number of observa-
tions of this SN field, the light curve in this plot utilizeddzy

bins and 4 upper limits. A close-up view of the light curve

of the two precursors is shown in Figlird 14. TRband peak
absolute magnitudes of these candidate precursors &8
and—13. However, the candidate precursor two weeks prior
to the explosion is very close in time to the SN fast rise and
therefore may be regarded as part of the SN rise. As seen in
Figure[14, the two detections are followed by a nondetection
which is about a magnitude deeper than the possible detec-
tion at—8 days prior tatse. Furthermore, @2 extrapolation

to the SN rise flux suggests that the SN started its rise after
this candidate precursor. We cannot rule out the possibilit
that this precursor is part of the SN light curve (e.g., samil
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FIG. 14.— The light curve of PTF 12cxj shows two possible preotgs
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Extrapolation of the light curve, based ondaw (gray line), suggests that
the detections visible at arounr€dl0 days took place before the SN explosion
(see also Figurigl4). Furthermore, there is a deep nondetdntitween these
detections and the assumed time of the SN explosion. We mattexten if we
remove this event from our sample, the rate of precursors doechanged
by much, and the correlations (Fig]19) are still detected.

to SN 2011dh; Arcavi et al. 2011).

As before, Figur€15 shows another version of the precu
sor light curve, with all of the individual flux measurements

Ofek et al.
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FIG. 16.— The discrete autocorrelation function (Edelson &Ikr&988)
of the flux residuals of PTF 12cxj, taken befdfge. In order to calculate
the autocorrelation function we use time bins of 3days . Totted hori-
zontal lines represent the lower and upper Bounds, estimated assuming

o~ 1/v/N, whereN is the number of measurements in each time bin.

signal is caused by the lunar synodic period (i.e., the {imit
ing magnitude is better during dark time). Nevertheless, th
means that the progenitor of PTF 12cx] is likely detected in
several binned images, and that its absoRgand magni-
tude is about-13, brighter even than the possible progenitor

r-Of SN 2010jI/PTF 10aaxf (Smith et al. 2011). Given the de-

tection of a signal in the autocorrelation, we consider i t
precursor events as real, and their properties are listéd-in

along with flux measurements in random positions on nearbyble[Z

galaxies and the same host galaxy.
The second candidate precursor is detected00 days

prior to the SN explosion, and it is also based on two marginal
detections separated by about two weeks. If real, the peak ab

soluteR-band magnitude of this precursor is abetit3.

6. CONTROL TIME

In order to calculate the rate of SN precursors, we need to
estimate the “control time” — that is, for how long each SN

For all of the SNe in our sample, we also calculated the au-location was observed (prior to its explosion) to a given-lim

tocorrelation function of the flux residuals priort@e. The
only SNe which exhibited significant (at ther3evel) auto-
correlation at lag one (i.e., corresponding to two suceessi
measurements) are PTF 12cxj (¢)7and PTF 10tel (3.@).
Figurd 16 presents the discrete autocorrelation funcEoiel-
son & Krolik 1988) of all the flux residuals of PTF 12cxj,

measured beforgse. The figure shows significant autocor-

iting magnitude. Tablg]5 lists, for each SN, the time bin win-
dows (of 15 days) prior to the SN explosion and tleesensi-
tivity depth at each window for bins with more than five mea-
surements (second channel), or the mediarigiting mag-
nitude at windows with fewer than six measurements (first
channel).

To calculate the control time as a function of absolute mag-

relation on time scales of a few days to ten days. This maynitude, we sum over all the SNe the number of time bins (in

indicate that the flux residuals are not pure uncorrelatézeno
but contain a fraction of the progenitor light. Moreoverisit
possible that the progenitor is variable on time scales efwa f
days. An alternative explanation to the variability is thas

Table[3) in which the limiting absolute magnitude is deeper
than the absolute magnitude of interest, and multiply by the
bin size (i.e., 15days). Figurel17 displays the sample camul
tive control time as a function of absoluRband magnitude.
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10,

——0.-25}

TABLE5 o 01yl
CONTROL TIME ——0.-13yf
8t -1.-2y1)
Name At RpTr Abs. Rp1r Nmeas
(day) (mag) (mag) "
PTF10aaxf —2286 21.4 -120 6 £ 6
PTF10aaxf —2038 20.9 -126 1 =
PTF10aaxf —1923 20.0 —-134 1 S 51
PTF10aaxf —1798 20.7 —-127 1 ) a
PTF10aazn —3066 21.5 -128 8
NOTE. — Precursor search limiting magnitude in time windowsis the 3
mean time of the measurements within each 15-day bin as mesbselative ol
to tyise Of the SN (see Tablel 1)Nmeasis the number of data points in each
15-day bin. For bins wittNmeas< 6 we present the median of albdimiting 1t
magnitude in the bin. We mark instances Wifjeas= 1 (even ifNmeas> 1).

-19  -18  -17 —16Ab -15  -14 - -13  -12 -1l
10 s Ry relmag]

——0.-25}

0.-1yr || F1G. 18.— The cumulative precursor search control time fractis a func-
—0.-13yr tion of absolute magnitude (Eg. 1). For each time range poithie SN explo-
-1.-2y] sion (see legend), this plot shows the total number of SNebserwed for the

equivalent of the entire search window down to a given limgitmagnitude.

(over all SNe) rate of precursors. The mean precursor rate pe
SN, in units of events per unit time, is

tsearch[yr]

Nprec

= T (2)
Rprec (tsearci < MR])

whereNprecis the total number of precursor events detected in

the sample withityin (this can be more than one precursor per

SN). The fraction of SNe lIn that show at least one precursor

— : event withinty;, is given by

8¢ 48 a7
Nsn,prec

FIG. 17.— The cumulative precursor search control time in yaars func- fprec - (fsearcf{< MR]) ' (3)
tion of absolute magnitude. For each time range prior to tNeeplosion

(see legend), this plot shows the total number of years welsed our en- Here, Nsnprec iS the number of SNe that show at least one
tire sample for precursors down to a given limiting magritdee text for precursor’ event withifyin (i e.. each SN with detected pre-
details). - o

etails) cursors is counted once regardless of the number of pracurso
. . . events).
Specifically, this plot shows for several time ranges (€.4o, Remarkably, we find that the fraction of SNe IIn that have

2.5yr prior to the SN explosion; black line) the total number ,recyrsors is of order unity. Assuming a homogeneous pop-
of years, within a time range, in which we are able to detect aylation, at the one-sided 99% confidence level, more than

precursor event brighter than a given absolute magnitude. 5204 (9896) of SNe IIn have at least one pre-explosion out-
_ Figure[18 shows the sample cumulative control time frac- prst prighter than an absolute magnitude-df4, and that
tion as a function of absoluté-band magnitude. This is de-  (ares place up to 1/3 (2.5)yr prior to the SN explosion. Fur-
fined as the total amount of time (given in Higl 17) divided by thermore, our results suggest that, typically, SNe Iin kithi
the size of the time window (listed in the legend). This frac- mgre than one precursor on a time scale of 1yr prior to the
tion represents the equivalent number of SNe observed dur'explosion. Specifically, during this final year prior to the

ing the entire time window as a function of absolute limiting explosion, the average rate of precursors brighter than ab-
magnitude. The plot demonstrates that the highest effigienc +5.9,+12.0

is available for relatively short periods prior to the SN ex- solute magnitude-14, 'Sj@: 7,'573.6,75.5 yr (1o anq Y

plosion. This is due to the fact that PTF switches many of errors). We note that this estimate contains only Poissen er
the observed fields typically every 3—4 months, therebyprob fors, and does not include the prior that the number of events
ably explaining why many of the precursors we find are within ¢annot exceed one year divided by the typical duration of

100 days before the SN explosion. each event. Furthermore, even if we assume that the precur-
sors of PTF 10weh and PTF 12cxj are not real (i.e., excluding
7. PRECURSOR RATE events detected only in coadded images), the derived rate is
. . . o otA94100, -1 i1 .
Given the cumulative control tim&earc(< Mg) over all ~ #=38 54 33 yr -, still likely above unity.
SNe as a function of absolute magnitudis}, and the cu- Our analysis also suggests that fainter precursors are even
mulative control time fraction more common, and that the cumulative luminosity function
teare( < M) of precursors is roughly? (> Lpear) 0 L, oxc"*°, whereZ(>
fsearc{ < MRr) = — 1) Lpeak) iS the rate of precursors brighter than peak luminosity
win Lpeak We note that these statistical results are in accord with

wheretyin is the length of the search window considered (e.g., individual well-studied cases like SN 2009ip, in which sae
1/3yr prior to the explosion), we can calculate teerage precursors were documented (e.g., Prieto etal. 2013; Miargu
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et al' 2013) o ‘Curre\ation 0.90 (0.018); 0.80 ;n 076)
The derived precursor rate and fraction of SNe with pre- Power-lawinderx: 0.74+/-0.03
cursors, along with theird and 2r errors (Gehrels 1986),
are listed in Tabl€l6; it suggests that the rate of precuiisors
larger than unity. This may indicate that on average, each SN
has more than one precursor event in the few years prior to
their explosion. This is supported by cases like SN 2009ip in

@PTF10weh

@SN2010m¢
@5N2009ip

PTF12cxj=B
o @PTFL2cG-A

@SN2011ht

Lpear,sn [ergs™!]

which several precursors were documented (e.g., Prieto et a % PPTFI06]
2013).
A disadvantage of using the combined control time of all : :
. . . orrelation: 0. . S 4)
the SNe is that it assumes that the precursor properties are P o0z
. . PTF10bjb
universal among all SNe IIn. Another caveat is that our dearc 10} oI

is mostly sensitive to events with a duration longer tharuabo
two weeks. Shorter events can be detected but their control
time suffers from additional uncertainties. In any case, ou
approach still gives us an estimate for the rate of precsrsor

.PTFIOWQH
@SN2011ht

trise [day]

PTF12cxj=B~" gSN2010mc

8. CSM MASS ESTIMATE o TR nanosip

A possible scenario is that the precursors are associated — ‘
with mass-loss events. Two scenarios can then be considered e e 0248)
In the first scenario, part of the CSM kinetic energy is con- i ePTFIDueh |
verted into luminosity. We therefore assume that up to an ef-
ficiency factore, the kinetic energy of the CSM is equivalent
to its radiated energy. In this case,

2L precOt
Mcsm~ € —z (4) 0% R N

Egy [erg)
5

@SN2011ht~~ @SN2009P /\PTF106jb
@SN2010me

Here Lprec is the mean luminosity of the outbursit is its = = = "
duration, and is the velocity of the CSM. We estimated the e Mesar [Mg)

CSM Velo‘_:'ty. basled on the W'_dth of the wide component of £, 19 correlations between the SN properties and the ejeC&M
the Ho emission line detected in the SN spectra (Table 4). _mass estimated using EquatidnTp: SN R-band peak luminosity vs. CSM
In an alternative scenario, the CSM and precursor can st|llg1anS-| MlddlegtySN rI(S:eS &me vs. Etstlf\:l Tasst;ottorﬂi SN Ilnteggtedg-

H H . ana luminosity vs. mass. e top of each panel, we @ieaide
be related, butin an opposite way. Instead of tranSferrmg e the Spearmann rank correlation coefficient and the prababfl getting this
ergy from the CSM to the precursor, the CSM could be the correfation by chance. This false-alarm probability wasudated using the
result of the precursor luminosity. This is naturally obtd bootstrap technique (Efron 1982). Two correlations aremgithe first is for
if the CSM was accelerated through a continuum-driven wind, the entire sample, while the second excludes PTF 10weh. @stefibpower

such that law is shown with a gray line, and the power-law index is pded below
Lorecdt the correlation coefficient. The correlation and power lagravcalculated

Mcsm.cont= W prec (5) excluding the PTF 12cxj-B event. Excluding the PTF 12cxjw&r or com-

’ CsC bining the two points of PTF 12cxj into one (i.e., by adding #stimated

. . .~ CSM mass) have a small impact on the results. We note thattagve er-
Herecs is the speed of sound at the base of the optically thick rors on each data point are estimated to be on the order obfepercent.

wind (N 60 km gl)’ cis the speed of |ight, and/ ~ 5 is an However, the use of the bootstrap technique gives us a rebtistate for the
iricallv derived constant (Shaviv 2000 2001) Althbu false-alarm probability, regardless of the poorly knowroes. Furthermore,
empirically ) : 9  if we exclude PTF 12cxj and PTF 10weh (detected via the secbadnel),

the flow of energy in the two scenarios is opposite, we note then the sample is too small to detect any correlations. éfbe, a larger
that the second scenario is equivalent to the first with a uni- sample is required in order to verify these correlations.
versal velocity and it does not depend on the CSM velocity
via the measured line widths. To estimate the CSM mass, we used Equatidns[4 or 5. We
note that this approach assumes thas of the same order
9. CORRELATION BETWEEN THE PRECURSORAND magnitude for all the precursors in our sample. The three
SN PROPERTIES panels in Figuré19 show (from top to bottom) the precursor-
The properties of the candidate precursors and their correejected CSM mass based on Equalibn 4, as a function of the
sponding SN light curves are presented in Table 4. We alsoSN R-band peak luminosity, rise time, and integraketland
added to this table SN 2009ip, for which similar outbursts energy. At the top of each panel, we also provide the Spear-
were detected and characterized. If these SN light cunees ar mann rank correlation coefficient and the probability of-get
powered by shock breakout followed by interaction of the SN ting this correlation by chance. Figure 20 shows the sante, bu
ejecta with a dense CSM, then we expect that some of the outfor the CSM mass estimated based on Equéafion 5.
burst and SN properties will be correlated (Ofek et al. 2010; The clearest possible correlations we find are between (i)
2014a; 2014b; Svirski et al. 2012). If a substantial fractio Equatio# estimated CSM mass and the SN peak luminos-
of the SN radiated energy originates from the interaction of ity; and (ii) Equatior( b estimated CSM mass and the total
the SN ejecta with the CSM, then this material mass will de- SN radiated energy. The false-alarm probabilities for éhes
termine the total (and peak) radiated luminosity of the SN. correlations are lower than 2%. However, these correlation
Moreover, the CSM mass will determine the diffusion time are based on a small sample of objects whose properties were
scale and therefore the SN rise time. Given this prediction, roughly measured. Therefore, a confirmation of this cofrela
we search for such correlations. tion requires a larger sample for which the properties ofibot
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TABLE 6
RATE OF PRECURSORS
Nsn,prec Nprec Mr twin tsearc{ < MR) fsearc < MR) Rpred( < MR) forec(< MR)
(mag) on on yr )
4 4 ~140 0.00.-0.33 0.53 1.60 49525110 250" 150 Toa
4 4 ~140 0.00.-1.00 1.44 1.44 78320008 27855 ee
4 4 ~140 0.00.-2.50 2.09 0.84 BLGIT 3% 4775184752
+2059,+4152 +20.59,+4152
5 5 -118 0.00.—1.00 0.16 0.16 3(“;%%%24;28-32 30.441%% 15 2080
5 6 -118 0.00.—2.50 0.16 0.07 3(5225 9 2302 76.09136%87‘;(0%2_00
2 2 -14.0 0.00.--0.33 0.53 1.60 I5 50 3 125 ;o0 1
2 2 140 0.00.--1.00 1.44 1.44 o Les 37 139" 1041438
. M . . —0.90,—-1.23 *~¥-0.90,—1.29

NoTE. — Average fraction of SNe IIn with precursorfed < Mg]) and rate of precursors#pred < Mr]) based on SNe in our sample. The fractions and
rates are listed for various time windows prior to the SN esfun and different absolute limiting magnituddg). The 2 and 3 limit refers to two-sided
probabilities (Gehrels 1986). The number of events listeldv the horizontal line assumes that the precursors @eteotbinned data (i.e., from PTF 10weh
and PTF 12cxj) are not real.

10"

relations requires a verification based on a larger andbette
sample.

T T
Correlation: 0.80 (0.051); 0.60 (0.222)

PTELOWeh
Power-law index: 0.84+/-0.10 o

43

3 10. DISCUSSION
20 10°F El
goiome We present the first systematic search for precursors jrior t

@SN2009ip

ST the explosion of Type lin SNe. Our search yeilds five SNe for
esNz01i which at least one precursor is detected. Based on the sam-

w0t APTFIO 1 ple control time, we are able to calculate the precursor rate

Our observations suggest that the rate of precursors bright

than an absolute magnitude-ef. 4 in the last year prior to the

SN lin explosion is> 1yr-1. However, an important caveat

is that some of our putative SN explosions might not actu-

ally be terminal events in which the star ends its life. Irdlee

eFTrioun for the case of SN 2009ip, there have been some suggestions

that the latest detected outburst is not the final SN exphosio

(e.g., Pastorello et al. 2013). We note that it will be pdssib

to test this hypothesis usingST imaging by checking if the

) eshz00ep progenitor is still visible.

0 : : : Next, we discuss some of the implications of this sur-
vey, assuming that the SNe in our sample do indeed repre-

oPTELONe sent the terminal explosion of their progenitors. Observa-

tions of SN 2010mc (Ofek et al. 2013b) suggest that, given

ol | the short period between the precursor and the explosion of
SN 2010mc, the two events are probably causally connected,

in the sense that the precursoris not random but insteadydeep

related to the late stages of stellar evolution. FollowirfglO

et al. (2013b), the remarkable rate of these precursorse&an b

L used to relate their nature to physical processes takiragpla

10 10 10 2 . . ~
Mesarcont [Mo] during the final stages of stellar evolution. Naively, assum

FiG. 20.— Like FigureID, but with the CSM mass estimated based on N9 that each outburst releases10 Mo (Seega; Ofgk et_
Equatior[®. al. 2013b, 2013c) and that the mass of the progenitor is on
the order of 50 M,, no more tham- 5000 outburst events can
occur during the life of the star. For a progenitor lifetinfe o
SNe and precursors are accurately measured. ~ 107 yr, if the outbursts occur regularly during the star’s life,
At this time, our observations cannot distinguish between then the average time interval between outbursts woulddse le
scenarios in which the radiation drives a vigorous wind or than~ 2000yr.
an explosion drives a mass ejection. Nevertheless, these co However, two observations make this scenario unlikely.
relations imply that at least the early optical light cureds  The first is that if every SN lin has 5000 precursors, then the
SNe lIn are powered by shock breakout in an optically thick observed rate in nearby galaxies would be two orders of mag-
CSM followed by interaction of the SN ejecta with the CSM  nitude higher than the SN rate. Such a high rate of precursors
(Ofek et al. 2010; Chevalier & Irwin 2011). The correlations (e.g., “SN impostor”; Van-Dyk & Matheson 2012) is not seen,
we find between the SN and precursor properties also suggesio it is likely that the number of precursors per SN is much
that precursors are indeed accompanied by mass-loss eventswer. The second is that our results suggest that on order
larger than~ 102 M, (Figure[19). Finally, we caution that unity of these progenitors have precursors within a yearpri
given the small size of the sample, the reality of these cor-to explosion, which means that the outbursts are much more

Lyeak,sn [

T T T T
Correlation: 0.54 (0.135); 0.30 (0.301)
Power-law index: 0.32+/-0.09

@PTFL0bib

100 B

.SNZOllh(

b [day]

PTF12cx-B @SN2010me
o_@"TF12c-A

| | | |
Correlation: 0.90 (0.015); 0.80 (0.070)

1| Power-law index: 1.03+/-0.10
107

Esy [erg]

@SN201tit @SN2009p  A\PTF10bjb
@SN2010me

oL PTF12cx-B
107 g ' @PTttz0x-A
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likely to be physically connected to a process occurringnea E.O.O. thanks Orly Gnat and Ehud Nakar for many dis-
the end of a star’s life, and probably not more thaB000 yr cussions. This paper is based on observations obtained with
(1/2000 of their lifetime) prior to the SN explosion. For mas- the Samuel Oschin Telescope as part of the Palomar Tran-
sive stars this is related to processes that occur afteeigb  sient Factory project, a scientific collaboration betwess t
ning of carbon burning (Woosley et al. 2002). Furthermore, California Institute of Technology, Columbia Universibas
if each progenitor generates only a few outbursts (rather th Cumbres Observatory, the Lawrence Berkeley National Lab-
the strict upper limit of~ 5000), then the physical process oratory, the National Energy Research Scientific Computing
that is responsible for these outbursts likely takes pldiee a  Center, the University of Oxford, and the Weizmann Institut
the beginning of neon or oxygen burning (a few months to a of Science. Some of the data presented herein were obtained
few years prior to the explosion). at the W. M. Keck Observatory, which is operated as a scien-
Finally, we note that mass-loss events are likely not lichite tific partnership among the California Institute of Tectomy,
to Type IIn SN progenitors; there is some evidence that otherthe University of California, and NASA; the Observatory was
kinds of SNe have precursors prior to the explosion. For ex- made possible by the generous financial support of the W. M.
ample, Corsi et al. (2013) reported on a possible eruption ofKeck Foundation. We are grateful for excellent staff assis-
the Type Ic SN PTF 11qcj about 2 yr prior to the SN explo- tance at Palomar, Lick, and Keck Observatories. E.O.O. is
sion. Gal-Yam et al. (2014) and Yaron et al. (in prep.) show incumbent of the Arye Dissentshik career development chair
that spectra of some SNe obtained hours after the explosiorand is grateful for support by a grant from the Israeli Min-
reveal narrow, high-excitation emission lines that liketjg- istry of Science and the I-CORE Program of the Planning
inate from a CSM that was ejected months to years prior to and Budgeting Committee and The Israel Science Foundation
the SN explosion. The main difference is probably that in (grant No 1829/12). A.V.F.s group at UC Berkeley has re-
SNe lIn, the ejected mass is larger than in other classes oteived generous financial assistance from Gary and Cynthia

events.

Bengier, the Christopher R. Redlich Fund, the Richard and
Rhoda Goldman Fund, the TABASGO Foundation, and NSF
grant AST-1211916.
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