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ABSTRACT

We analyze two years (mid-2010 to mid-2012) of OGLE-IV dabaezing ~ 65 ded of the
Magellanic Bridge (the area between the Magellanic Cloadsl)find 130 transient events including
126 supernovae (SNe), two foreground dwarf novae and anttieeSNe-like transients that turned
out to be active galactic nuclei (AGNs). We show our SNe di&traefficiency as a function of
SN peak magnitude based on available SNe rate estimates.100% for SNe peak magnitudes
| < 188 mag and drops to 50% at~ 19.7 mag. With our current observing area between and
around the Magellanic Clouds{600 ded), we expect to find 24 SNe peaking abdve 18 mag,
100 abovel < 19 mag, and 340 above< 20 mag, annually. We briefly introduce our on-line
near-real-time detection system for SNe and other tratssitre OGLE Transient Detection System.
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1. Introduction

Supernovae (SNe) are gigantic stellar explosions markieguttimate death
of massive stars. They are extremely luminous, often onitstpiall stars of the
host galaxy for a short period of time, making them excelfobes of the distant
Universe, toz= 1.7 for SNe Type la (Riesst al. 2001),z~ 2.4 for SNe Type I
(Cookeet al. 2009), andz = 3.9 for super-luminous SNe (Coolat al. 2012).
Type la SNe, exploding white dwarfs, can be used as “staimbig” candles
(e.g, Phillips 1993). This yardstick redefined our view of the \se, playing a

*Based on observations obtained with the 1.3-m Warsaw tghesat the Las Campanas Observa-
tory of the Carnegie Institution for Science.
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major role in discovering the accelerating expansion olthiverse €.g, Riesset
al. 1998, Perimutteet al. 1999). Recent studies use total samples«@00 SNe
Type la to constrain evolution of the Universad, Conleyet al. 2011, Suzuket
al. 2012). Our understanding of the progenitors of SNe Typénkir hosts, and the
connection between them remains limited as illustratedhleycontinuing debate
over the relative roles of the single-degenerate (SD) antbldedegenerate (DD)
channels for producing them.

While core collapse SNe (ccSNe — Type Il and Ibc) may also bentkard-
izable” candles€.g, Hamuy and Pinto 2002, Poznanski, Nugent and Filippenko
2010), they are primarily studied as probes of the evolutiod death of massive
stars €.g, Woosley and Weaver 1986, Smartt 2009) and for their roleravig-
ing the “feedback” that regulates star formatieny( Silk 2005). Some important
open questions are the death of higher mass progenitorsSiec¢Kochanelet
al. 2008, Smartet al. 2009, Jenningst al. 2012), correlations of properties with
metallicity (Prieto, Stanek, and Beacom 2008, Koztowedial. 2010b, Stollet al.
2011), apparent correlations of pre-SN outbursts with ti€esg, Pastorellcet al.
2007) and the nature of the so-called SN impostors (Setitl. 2011, Kochanek,
Szczygiet and Stanek 2012). Many of these issues can bessgdrby unbiased
surveys for ccSNe.

In the early days of the Optical Gravitational Lensing Expent (OGLE),
we also searched for SNe in parallel with our successful gteasing searches
(Udalski et al. 1993). Due to the small area of the CCD camera and the limited
number of observing nights awarded on the 1.0 m Swope tedesttos was not
a competitive survey. We returned to the problem while immaating “The New
Objects in the OGLE-III Sky” real-time system (NOOS; Udal2R03) as part of
the larger area OGLE-IIl survey, using the 1.3 m Warsaw telpse, discovering
several dozen SNe over the years 2003-2@0%, (Udalski 2004a,b).

In its fourth phase, the OGLE survey (OGLE-1V), also conédobn the 1.3 m
Warsaw telescope, uses a 32 CCD mosaic camera coveringg?4 @me of the
OGLE-IV survey goals is to find variable stars in a wide are®00 ded) around
and between the Magellanic Clouds in order to study the aldifitribution of stars
including Cepheids and RR Lyr stars (Sosgli et al. 2013, in preparation). On
average, these areas have low stellar density and manyiegée readily detected
in our images (see Sodzskiet al. 2012). With an observing cadence of 2—-3 days,
we find not only “regular” variable stars but also all typesrahsient events and ac-
tive galactic nuclei (AGNs). While the OGLE-IV survey of tMagellanic Clouds
was not specifically designed to find SNe, we are finding latgebers of them as
a by-product ¢.g, Wyrzykowski, Udalski and Koztowski 2012). Our goal is not t
directly compete with dedicated SNe surveys, such as thai@aReal-Time Tran-
sient Survey (CRTS; Draket al.2009), the Palomar Transient Factory (Latal.
2009), the Supernova Legacy Survey (Asttral. 2006), the Lick Observatory
Supernova Search (LOSS, é&i al. 2011a,b), the Hubble Space Telescope Cluster
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Supernova Survey (Suzuét al.2012), the CANDELS survey (Groget al. 2011,
Koekemoetet al. 2011), but simply to contribute to the SN field with discoesti

In this paper, we are interested in finding SNe amongst thablarOGLE-IV
objects in the vicinity of the Magellanic Clouds. In Sectidnhwe describe the
collected data, their analysis, and the methods to find SNe ékpected SNe
numbers from known SNe rates as well as our detection eftigisnpresented in
Section 3. In Section 4, we describe the method of discritimg&Ne from AGNSs.
A brief introduction to our near-real-time transient déime system can be found
in Section 5. The paper is summarized and the data availakslidescribed in
Section 6.

2. Observational Data

The OGLE-IV survey is conducted with the 1.3 m Warsaw telpsdocated at
the Las Campanas Observatory in Chile, operated by the @iarivestitution for
Science. In the current, fourth phase of the OGLE surveytdiescope is equipped
with a mosaic camera composed of 32 CCD detectors, eachch26i#8x 4102
pixels, totaling 268 mega-pixels. The new camera coversoxppately 1.4 ded
of the sky with a scale of 0.26 arcsec/pixel. In this paper,analyze the first
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Fig. 1. Area of the Magellanic Clouds that has been monitbse@GLE-1V since 2012 is shown.
Each labeled square-like shape corresponds to one 14@€g E-1V field. The early (2010-2012)
monitored area of the Magellanic Bridge, analysis of whighreport in this paper, is marked with
thick lines (=~ 65 dedf). The total current observed area4s600 dedg®. We schematically show
the SMC (ellipse on the right) and the LMC's size and its barggé and small ellipses on the left,
respectively). Two nearly vertical dashed lines divide th&C (left), MBR (middlg, and SMC
(right) areas.
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two years (mid-2010 to mid-2012) of the Magellanic Bridge I3V data. This
region consists of 47 slightly overlapping fields, covermgotal of ~ 65 ded
(Fig. 1). The median number dfband points per:8-month-long season is 91,
with an average cadence of 2.7 days. The seasonal gaps fastonths.

The CCD frames are reduced on-the-fly at the telescope withakt-available
bias and flat-field images. They are then fed to our own autordédference im-
age analysis (DIA technique; Wozniak 2000) photometrepne (Udalskiet al.
2008). Each image of a given field is aligned to the corresppgntémplate (ref-
erence) image, an average of high quality images, and thelaéenis convolved
and scaled to match the point spread function (PSF) flux ackgpaund, and then
subtracted. The only remaining objects on the resultingiihce image are real
transient and variable objects, asteroids, satellitéstrabsmic rays, and noise.
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Fig. 2. Data statistics for central OGLE-IV MBR fields (MBR&AAnd MBR123).Top: Smoothed
(three 0.05 mag bins) median dispersion for non-variaggke kkurves as a function ¢fband magni-
tude. Bottom: Histogram of the number of detected objects per magnituddem? . The detection of
objects on the template image is completé te 20.7 mag. It then flattens out tbo~ 21.3 mag, and
drops quickly to zero at abouit~ 22.0 mag. Transients from the database of new objects (apgearin
from below background) therefore come from progenitolsigas fainter than this limit.

The OGLE pipeline builds two databases. The first one is tyrelependent
on the template image. We detect all objects on the temptaigeé and then create
light curves for each source by adding the flux measured fon ithe difference
image to the template flux. This is our standard database.s&bend database
consists of new objects that are detected only on the difterénages and have no
counterparts on the template image withif60.In Fig. 2, we present the OGLE-
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IV data quality — the median magnitude dispersion for nonaide objects as a
function of magnitude and the number of detected objectemplate images as a
function of magnitude in low stellar density Magellanic @ge fields.
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Fig. 3. Top: Finding chart for supernova OGLE-2010-SN-037 (MBR10&283). Each image covers
60" x 60". Theleft imageshows the galaxy before the SN explosion, mhiedle imageshows the
SN at its peak (marked with cross hair), and tight imageshows the difference image. The SN is
located 21’5 away from the elliptical galaxy 2MASX J02064540—-724632% a 0.057 .. Bottom:
OGLE-V light curve for OGLE-2010-SN-037. It peaked bat= 1841 mag on 2010, October 11.
The estimated absolute magnitude peak Wass —18.7 mag. Both the shape of the light curve and
the peak absolute magnitude point to the SN Type la.

To search for SNe in the standard database, we adopted Ispaetsaof the
method used in Wyrzykowskit al.(2009). For each epoch with magnitulle-Al;
we compute the significance of its variability by

Imeds — |
O = _medB " Ti (1)
\/AIZ+03

with respect to the variability in an outer window B, spamialf of the data, and
window A centered on the analyzed epoch. Hiefgg andog are the median and
dispersion calculated in window B. We then searched for ‘ibsindefined as four
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(three) consecutive data points with significance highanth.5 (1.8). The 63201
light curves showing such bumps were then inspected visuallthe database of
new objects, there were 8677 objects with at least threectilets. We produced
full light curves at the locations of these objects and tmapécted them visually.
We also carefully checked the template, original and sutgthimages around peak
and at the baseline.
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Fig. 4. Top: Finding chart for supernova OGLE-2010-SN-060 (MBR104204). Theleft image
shows the galaxy before the SN explosion, hieldle imageshows the SN at its peak (marked with
cross hairs), and theght imageshows the difference image. The SN is locatddaway from a
spiral galaxy. The image covers’6Q 60”. Bottom: OGLE-IV light curve for OGLE-2010-SN-060.
It peaked ati = 1869 mag on 2010, November 14. The shape of the light curve tdserthat of
SN Type la.

In this study we were interested in finding “all plausible” &Hnd transients
that would allow us to calibrate our future automatic or s@mtiomatic pipelines.
We found 116 transients (three in overlapping fields) in thedard database and
20 in the new database, of which three were present in thel@tdrdatabase at
slightly shifted positions. Often an extended galaxy istgpto many “point”
sources and the new detection is too far@'5) from any of the “point” sources
to be recognized as an object from the standard databasa.aBuexploding SN
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then affects several nearby sources from the standardatadbading to “ghost”
variables adjacent to the real variable source. There wiedch ghost variables.
The real variables were recognized by their location on iffierdnce images. After
inspecting the light curves we were left with 128 plausiliNe&nd two foreground
dwarf novae (Table 1) based on the light curve shapes. Twoiapdar SNe are
presented in Figs. 3 and 4, while light curves for basic SNesyand two dwarf
novae are shown in Fig. 5. Out of 128 galaxies hosting pléSble, four have
mid-infrared colors consistent with an AGN (see Sectionrdftails). These four
transients are faint, but two light curves seem to be camsistith SNe and have
flat light curves in the present 2012/2013 OGLE-IV seasonyeéeft them on our
list of SNe. We removed from that list the two objects thatveba further vari-
ability in 2012. The remaining light curves were mainly fatis created by bright
stars (moving/rotating spikes), other artifacts assediatith variable stars or were
caused by photometric problems.
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Fig. 5. OGLE-IV light curves for SNetltree upper rowsand dwarf novaeljottom row. Plausible
SN types are based on the light curve shape only and are miadidd panels.



OGLE-IV Transients from the OGLE-IV Magellanic Bridge Data

Tablel

ID

OGLE-IV
Object No

RA
J2000.0

DEC
J2000.0

Tm ax

HJD [days] [mag]

Imax Rem.

OGLE-2010-SN-002
OGLE-2010-SN-003
OGLE-2010-SN-004
OGLE-2010-SN-005
OGLE-2010-SN-006
OGLE-2010-SN-007
OGLE-2010-SN-008
OGLE-2010-SN-009
OGLE-2010-SN-010
OGLE-2010-SN-011
OGLE-2010-SN-012
OGLE-2010-SN-013
OGLE-2010-SN-014
OGLE-2010-SN-015
OGLE-2010-SN-016
OGLE-2010-SN-017
OGLE-2010-SN-018
OGLE-2010-SN-019
OGLE-2010-SN-020
OGLE-2010-SN-021
OGLE-2010-SN-022
OGLE-2010-SN-023
OGLE-2010-SN-024
OGLE-2010-SN-025
OGLE-2010-SN-026
OGLE-2010-SN-027
OGLE-2010-SN-028
OGLE-2010-SN-029
OGLE-2010-SN-030
OGLE-2010-SN-031
OGLE-2010-SN-032
OGLE-2010-SN-033
OGLE-2010-SN-034
OGLE-2010-SN-035
OGLE-2010-SN-036
OGLE-2010-SN-037
OGLE-2010-SN-038
OGLE-2010-SN-039
OGLE-2010-SN-040
OGLE-2010-SN-041
OGLE-2010-SN-042
OGLE-2010-SN-043
OGLE-2010-SN-044
OGLE-2010-SN-045
OGLE-2010-SN-046
OGLE-2010-SN-047

MBR102.19.2254 Ts4™28568
MBR110.22.1291 fmmmo1845
MBR112.03.727 'tmum29534
MBR128.28.1045 RM25582
MBR111.14.313 'tms™14506
MBR125.01.1359 3"39536
MBR144.22.109 TEB™37567
MBR118.29.422 't@8M26547
MBR122.13.1895 ltBoM52518
MBR112.20.302 '®23M0885
MBR106.04.582 UmB™12526
MBR115.29.673 t25M25519
MBR109.31.2418 mnm52595
MBR142.18.476 'mgrm18530
MBR125.26.1840 @4 7545
MBR110.08.1348 MBM55%45
MBR135.03.572 'mM40572
MBR113.05.899 '™®21M36562
MBR131.08.1684 t23M34572
MBR102.07.858 'Hm™43587
MBR108.15.690 tBI"57591
MBR115.04.680 'mm59523
MBR121.21.889 TBROM™29528
MBR142.03.946 TRM50518
MBR113.02.1083 t2BM08557
MBR121.32.1621 B@m38505
MBR125.30.1229 M&M36510
MBR103.06.2532 omBM44564
MBR117.30.14N 0@5M04598
MBR136.27.269 T@0M20540
MBR133.26.541 T®M45513
MBR118.27.32N 0@2M30547
MBR109.25.2848 t8EM44515
MBR111.07.1246 4m38579
MBR117.21.816 'tB5"27564
MBR108.29.613 'm®M41518
MBR115.06.597 'tp9™15500
MBR122.08.1171 t®M49514
MBR145.22.290 'WR™44504
MBR138.26.198 n@m25587
MBR142.15.1583 'b®E™16538
MBR144.27.1885 WB"36514
MBR123.27.710 'mB0M44589
MBR130.18.1249 "t2E"41543
MBR102.21.2068 bmm26592
MBR136.26.177 0855579

—72°1709'5
—75°2108/2
—725751'3
—723231'8
—71°2823'7
—76°3850/9
—745920'6
—7204102/4
—72°3512'5
—72°2720'8
—71°0950"1
—75°4902/4
—73°4813'1
—72°2951"9
—75°4338'6
—75°3704'9
-76°4306'0
—74°1130/2
—71°1844'2
—730336'5
—732334/0
—76°4715/9
—71°01'3170
—72°5750/4
—740512/1
—70°4239'7
—75°37'365
—740444'7
—71°2845/'8
—70°1514"2
—731929'0
—72°3123/4
—740716/4
~71°41'11"8
—71°4329'1
—72°4622/4
—76°46/56/5
—72°3435'9
—71°5442'7
—72°40'30'3
—72°3850'0
—742520'6
—73°1450/2
—75°21'511
—72°1738'9
—70°1818"1

2455378
2455380
2455387
2455391
245 5404
2455404
245 5404
245 5405
2455410
2455413
2455415
2455415
2455427
2455431
245 5435
245 5436
2455436
2455438
2455444
245 5445
2455445
2455446
245 5446
245 5449
245 5450
245 5450
245 5450
2455452
245 5462
245 5465
245 5468
245 5469
2455470
2455471
2455476
2455481
2455481
2455481
2455484
2455485
2455485
245 5485
2455491
2455492
245 5493
2455494

19.77
20.12
20.38
18.68
20.34
20.37
17.84
19.92
20.54
19.71
19.66
20.52
19.60
20.53
21.11
21.14
20.25
20.23
20.11
19.52
21.11
20.29
20.00
18.36
19.24
20.23
20.23
19.38
19.36
19.95
20.62
19.17
20.10
20.57
20.36
18.41
19.60
19.39
19.62
20.23
19.35
20.43
17.29
20.63
19.97
19.76

OO OO 2P0 OO

OO0 OO0 OO GO0 @ OO OO | O] | ©

OO0 |
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Tablel
Continued
ID OGLE-IV RA DEC Tmax Ihax Rem.
Object No J2000.0 J2000.0  HJD [days] [mag]
OGLE-2010-SN-048 MBR100.04.859 WB2M17585 —70°3657/1 2455497 20.18 G
OGLE-2010-SN-049 MBR142.28.339  T8M1328 —72°1136'3 2455498 19.95 G
OGLE-2010-SN-050 MBR141.25.790 '0®m24%65 —71°051179 2455500 2051 G
OGLE-2010-SN-051 MBR135.30.1493 @M3332 —75°3937/0 2455503 20.54 —
OGLE-2010-SN-052 MBR143.14.123  WM45559 —74°0214"2 2455504 19.61 G
OGLE-2010-SN-053 MBR123.11.143  WBM00577 —74°0159'6 2455507 18.73 -
OGLE-2010-SN-054 MBR117.28.373 tBBM28517 —71°292176 2455508 21.32 G
OGLE-2010-SN-055 MBR136.03.1063 M™55582 —71°0329’3 2455508 19.61 G
OGLE-2010-SN-056 MBR119.27.1327 '®BRM27513 —73°4613'8 2455509 19.81 G
OGLE-2010-SN-057 MBR104.30.352  ®#6M19521 —74°3321"5 2455510 19.57 -
OGLE-2010-SN-058 MBR131.02.538  'mHM13%62 —71°5033/1 2455515 20.59 —
OGLE-2010-SN-059 MBR127.11.262 '0B™59586 —72°053172 2455516 18.44 G
OGLE-2010-SN-060 MBR104.04.221  '®18M24530 —75°3247'3 2455517 18.69 G
OGLE-2010-SN-061 MBR106.31.909 WRIM52533 —70°0444'3 2455526 19.71 G
OGLE-2010-SN-062 MBR108.27.33N  0pOM18520 —72°4326'9 2455531 17.61 —
OGLE-2010-SN-063 MBR119.02.638  'BM5244 —74°5132'9 2455533 19.98 G
OGLE-2010-SN-064 MBR106.06.328 WPIM17518 —71°1644"6 2455534 20.42 G
OGLE-2010-SN-065 MBR144.26.1005 "W8M12530 —74°2812/0 2455545 19.42 G
OGLE-2010-SN-066 MBR131.05.1464 M®M01595 —71°432071 2455547 19.78 -
OGLE-2010-SN-067 MBR100.03.953  'WB2M47544 —70°3334’4 2455548 20.49 G
OGLE-2010-SN-068 MBR116.13.532 ™@M10579 —70°5216/2 2455550 1854 G
OGLE-2010-SN-069 MBR119.30.63N  ®@9m27511 —73°4923/0 2455552 1957 G
OGLE-2010-SN-070 MBR137.27.698 80551 —71°26'13/6 2455554 1961 G
OGLE-2010-SN-071 MBR127.23.18N  ®®RM2369 —71°4414"4 2455557 18.80 G
OGLE-2010-SN-072 MBR131.28.564 ™®@M49556 —70°5029'5 2455557 20.07 -
OGLE-2011-SN-007 MBR101.23.216 '®47/M™38512 —71°1457’1 2455563 19.42 G
OGLE-2011-SN-008 MBR135.32.2073N TRM31500 —75°4742'9 2455579 19.13 G
OGLE-2011-SN-009 MBR123.32.2468N B@M26555 —73°2207/6 2455582 17.80 G
OGLE-2011-SN-010 MBR129.25.1197N WB™59506 —74°20/3179 2455592 18.49 G
OGLE-2011-SN-011 MBR109.02.53N  ®PIM44530 —74°4720'3 2455593 17.67 G
OGLE-2011-SN-012 MBR138.04.49N  ®@87M24506 —73°3519’1 2455596 18.77 G
OGLE-2011-SN-013 MBR115.24.75N  0R8"53573 —76°030670 2455608 18.39 G
OGLE-2011-SN-014 MBR100.30.381  'M9"58597 —69°40'13/0 2455760 20.08 G
OGLE-2011-SN-015 MBR112.29.656 ™2M46539 —71°5915'4 2455760 19.88 G
OGLE-2011-SN-016 MBR121.06.52N  0#/M17533 —71°4909'8 2455761 1858 —
OGLE-2011-SN-017 MBR127.17.641 2768 —71°4848'5 2455785 19.13 G
OGLE-2011-SN-018 MBR123.22.567N TBR™17538 —73°4254'5 2455788 1850 G
OGLE-2011-SN-019 MBR121.07.686 '®%M34506 —71°4825'7 2455799 19.97 G
OGLE-2011-SN-020 MBR133.24.403 M0%515 —73°4336'8 2455804 21.28 G
OGLE-2011-SN-021 MBR141.24.965 'B8M06500 —71°0756'4 2455806 19.88 G
OGLE-2011-SN-022 MBR114.20.214 'm/™38511 —74°56/55’'0 2455808 20.30 G A
OGLE-2011-SN-023 MBR116.17.1214 ®B@M50519 —70°2739’0 2455811 20.30 -
OGLE-2011-SN-024 MBR110.05.116 WM10592 —76°1022/3 2455812 20.37 G
OGLE-2011-SN-025 MBR117.22.662 tBRM32570 —71°4613'1 2455812 20.36 G
OGLE-2011-SN-026 MBR126.30.875 BM25599 —70°0525'0 2455812 19.81 G
OGLE-2011-SN-027 MBR130.05.1170 '™®M11501 —76°0245'0 2455812 19.99 G
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Tablel

Concluded

ID

OGLE-IV
Object No

RA
J2000.0

DEC
J2000.0

*
Tmax Imax

HJD [days] [mag]

Rem.

OGLE-2011-SN-028
OGLE-2011-SN-029
OGLE-2011-SN-030
OGLE-2011-SN-031
OGLE-2011-SN-032
OGLE-2011-SN-033
OGLE-2011-SN-034
OGLE-2011-SN-035
OGLE-2011-SN-036
OGLE-2011-SN-037
OGLE-2011-SN-038
OGLE-2011-SN-039
OGLE-2011-SN-040
OGLE-2011-SN-041
OGLE-2011-SN-042
OGLE-2011-SN-043
OGLE-2011-SN-044
OGLE-2011-SN-045
OGLE-2011-SN-046
OGLE-2011-SN-047
OGLE-2011-SN-048
OGLE-2011-SN-049
OGLE-2011-SN-050
OGLE-2011-SN-051
OGLE-2011-SN-052
OGLE-2011-SN-053

MBR130.01.1341
MBR145.32.271
MBR102.16.792
MBR144.32.438
MBR102.08.2592
MBR131.30.1305
MBR121.29.882
MBR126.20.189
MBR122.20.1109
MBR123.02.1141
MBR132.04.1169
MBR137.13.246N
MBR118.10.1378
MBR107.04.1444
MBR102.23.1484
MBR119.03.957
MBR106.29.211
MBR126.30.805
MBR138.23.558
MBR102.02.911
MBR128.30.1799
MBR122.26.1156
MBR134.04.906
MBR115.13.276N
MBR121.31.984
MBR139.27.895

49560
48572
ooM52531
M 49504
fmeM11517
aBM26534
B 18534
B™05500
fgam23521
fosoM13585
fmm24593
M0 2519
topm49551
faEM13575
M1 7590
@4 7568
tmBM31%94
TBM06586
19554
tR3M29%05
famM44573
fgomo4s44
tRIM27583
M 25%06
M 42515
gma7587

-76°0147"1
—71°3327/4
—72°4318'7
—74°3255'6
—72°3204/0
—70°440771
—70°5225'8
-70°3826'9
—72°1955"7
—741135"7
—72°5609'5
-72°0925'1
—-73°0912'2
—72°1628/4
—72°1532'6
—744318'6
—70°1730'8
—70°1026"3
-72°5518'8
—73°0655"1
—72°385179
—72°0029'0
—75°2423'1
—76°2753'3
—70°4018"7
—73°4808'8

2455813 20.26
2455817 20.73
2455830 20.00
2455833 20.34
2455839 20.41
2455841 20.51
2455842 20.12
2455842 19.94
2455845 19.64
2455856 20.15
2455863 20.30
2455865 19.11
2455866 20.31
2455870 20.54
2455871 20.09
2455871 18.03
2455874 20.12
2455874 19.63
2455874 19.83
2455879 19.87
2455886 20.58
2455890 19.09
2455906 18.80
2455910 17.91
2455910 20.39
2455925 19.31

ODOOOOOOOOO

DOOOOOOOOOOOOGW |

OGLE-2012-SN-053
OGLE-2012-SN-054
OGLE-2012-SN-055
OGLE-2012-SN-056
OGLE-2012-SN-057
OGLE-2012-SN-058
OGLE-2012-SN-059
OGLE-2012-SN-060

MBR102.15.317
MBR120.19.1297
MBR127.02.1343
MBR129.02.121
MBR140.30.903
MBR123.09.1095
MBR102.06.2066
MBR145.30.487

mM38546
tomM20506
amm49504
Em20534
erm15556
faBM01593
topM08574
fmRM51559

—72°4246'6
—75°2409'3
-72°1518/9
—74°5210/1
—75°0005"4
—73511174
—72°5543'5
—71°3042"2

2455929 20.75
2455938 19.94
2455938 20.00
2455942 19.25
2455948 20.07
2455964 19.87
2455982 20.12
2455983 20.04

I OO OO0

@

Dwarf Nova
Dwarf Nova
AGN
AGN

MBR124.21.11N 0%9"28%56
MBR120.21.138N (24M25524
MBR134.31.146 0%6M47514
MBR140.05.1125 0O%8M38°86

—74°4825'1
—75°3329/9
—74°3751'8
—76°0336"1

2455414 16.15
2455802 15.89
2455459 19.08
2455445 20.05

GA
A

Notes. *The peak SNe magnitudes were corrected to show only SNe f(thesnedian baseline
fluxes were removed). In the first column (ID) the supposedsing SN numbers at the beginning
of each year were already reported in other OGLE paperselaghond column (OGLE-IV Object
No) objects ending with an “N” are discovered in the databafseew objects. The remaining
objects were found in the standard database. In the lasinco{Remarks) “G” means that the SN
host galaxy is present on the template imadge 1 mag) and “A’ means that the WISE1 —W2
color of the host galaxy is consistent with an AGN (see Sactip
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3. SN Numbers

In this section, we estimate the number of expected SNe ascéidn of mag-
nitude (based on available SNe rates) and hence the OGLENIdeSection effi-
ciency. A source of absolute magnitulik is observed at magnitude

m = M, +5logd(z, Qx) + 25+ Acalaxy+ Arost(2) + K(Z, AHost(2)) (2)

whered(z, Qx) is the luminosity distance in Mpc, a function of redstzfnd cos-
mological modelQyx , Acaiaxy and Anost(z) are the extinctions in our own Galaxy

and in the SN host galaxy, respectively, akfz, Anost(2)) is the single filterk-
correction (see Kim, Goobar and Perimutter 1996 and Nugdg@nt,and Perimut-
ter 2002). We used a standafdCDM cosmological model with@a, Qm, Qx) =
(0.7,0.3,0.0) andh = Ho/(100 kms*Mpc~1) = 0.73 to calculate distances. The
Galactic extinction was set tAgalaxy= 0.11 mag (Schlegel, Finkbeiner and Davis
1998) and, for simplicity, the median SNe Type la and ccSN&t leatinctions
were assumed to bAyost snia= 0.08 mag andAyest ccsne= 0.22 mag atz=0
(e.g, Holwerda 2008 and Schmiét al. 1994, respectively). The host extinctions
at different redshifts in filteF were calculated using a standard extinction law with
Ry = 3.1. To calculateK-corrections (Fig. 6), we used the SN spectral templates
for the peak brightness from Peter Nugent's spectral tetmplaebsité and the
formula for the single filteK-correction from Kim, Goobar and Perlmutter (1996;
their Eqg. 1). Because OGLE SNe light curves often contaih Bok from SNe and
their host galaxies, the peak magnitudes were correctedaw snly SNe fluxes
(median baseline fluxes were removed).

3.1. The Expected SN Numbers

There are two ways to obtain the SNe detection efficiency saraey. The first
one is to simulate SN light curves of various types with theL@&V cadence and
photometric properties, and check if they pass our “bumgt {8ection 2). Such
a simulation is difficult to perform due to many input unknaaand the interpre-
tation may be ambiguous. While we are interested in SNe tightes only, they
often include flux coming from host galaxies. It is unknownatfraction of light
coming from a galaxy should be added to the SN light, sinceesBe explode in
the outskirts of galaxies some near centers, SNe span a amge of brightness,
and one has to include extinctions. This would require satid) images of galax-
ies with exploding SNe and then running through standard BGLphotometric
pipelines. The second problem is that it is necessary ta@ssome fractions of
different types of SNe to a limiting magnitude (explainedlgtails in the second
simulation) to calculate a proper SNe detection efficierfcg survey. Therefore,
we decided to perform a different simulation, where we compar number of
SNe (their peak magnitudes) with simulated number of SNe given limiting
peak magnitude.

Thttp://supernova.lbl.gow nugent/nugent_templates.html
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Fig. 6. Impact of redshift on the observed properties of SeTia. Top: SN Type la peak spec-
trum (t = 0 days) shown at four redshifts= 0, 0.5, 1, and 2 (blue, green, yellow, and red lines,
respectively). We also show the OGLE-W andl-band filter transmission fractions convolved with
the quantum efficiency of the OGLE-IV CCDs (dotted magenta lalack, respectively). Both the
SN spectra and filter transmissions are normalized tblitidle: K-corrections for the SN Type la
peak spectrumt(= 0 days) as a function of redshift for thé and|-band filters (solid magenta
and black, respectively). Thieband absolute brightness of SN Type la increases with &isang
redshift, withK-corrections peaking aK ~ —1.6 mag forz= 0.9, and then decreases when the
spectrum peak leaves tihéand filter ¢ > 1). Bottom: The observed-band peak magnitudes as a
function of redshift (solid line). The dashed line is for thleserved-band peak magnitudes with
no K-corrections. The negatiy€-correction increases the limiting redshift from 0.20 t@®given
the OGLE-IV magnitude limit ofl ~ 21 mag (horizontal dotted line), tripling the effective wey
volume.

To calculate the expected number of SNe as a functidrbaind limiting peak
magnitude (Fig. 7), we used the volumetric SN rates fronetLal. (2011a). For
the SN Type la, Ibc, and I, we used SN rates 080 x 10* SNyr1Mpc3,
0.258x 10 SNyr 1Mpc 3, and 0447x 10* SNyr 1Mpc 3, respectively, that
evolve with redshift as] (14 2)>¢. We also used the fractions of various SNe
within core-collapse group from Lét al. (2011b), namely IIP (70%), IIL (10%),
b (12%), and 1in (9%).
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Fig. 7. Top. Cumulative number of SNe discovered by OGLE-IV as a functibthe limiting peak
I-band magnitude (black solid line). Solid color lines shbow total number of predicted SNe, while
the dotted line is for SNe Type la only and dashed line is foeamllapse SNe. Red color marks the
prediction for typical absolute peak magnitudes and typiolumetric rates. Blue and green colors
mark the optimistic (absolute magnitudes brighter and wetric SNe rates higher than in a typical
scenario) and pessimistic scenarios, respectively (sééotedetails).Bottom.Cumulative detection
efficiency of SNe as a function of a limiting pe&fband magnitude. Line styles and color coding
is identical as in theop panel The gray area reflects theo IPoisson uncertainties for the typical
scenario (red).

The peaki-band magnitude for SN Type la was taken from Riess, Press and
Kirshner (1996) and was set td, = —19.05 mag. We simplified our calculations
by combining SNe Type Ib, Ic, and Ibc into one group for which set the peak
magnitude toM, = —16.7 mag, convertingir from Li et al. (2011b). For SN
Type Il, we adoptM, = —17.6 mag, —18.05 mag, and-17.4 mag for SN Type
IIP, 1IL, and lIb/lIn, respectively. The value for SN TypePRllis consistent with
Otsukaet al. (2012) and the value for SN Type llb consistent with Tsvet&bal.
(2012), SN Type lIn span a huge range of absolute magnitud&s (o —23) and
our choice differs from the average M, = —18.9 mag adopted in Kiewet al.
(2012).
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With the exception of SN Type la, the distribution of abselotagnitudes for
each SN type is not precisely known. There is no evidenceliegtare Gaussian,
so we estimated the maximum and minimum number of expectedseafter re-
ferred to as the optimistic and pessimistic scenarios)akiyng into account the un-
certainties in rates and peak magnitudes. For SN Type lagdapted the range of
I-band magnitudes o£0.5 mag, for Type Ibct0.4 mag, for Types IIP£0.6 mag,
IIL +0.3 mag and Illb/n+0.8 mag. For the optimistic (pessimistic) scenario, we
simply made all SNe brighter (fainter) by the correspondiragnitude shift while
simultaneously increased (decreased) the SN rates byrépairted uncertainties.

We analyzed two OGLE-IV MBR seasons. The seasonal gaps acfoB85%
of time annually, so the “OGLE-IV SNe MBR season length” agus for 65% of
the year. Our simulated SNe numbers are then calculated3oehr.

Table?2

Cumulative estimated number of SNe per 100%egr year to the limiting peak magnitutle

Peak Total SN Number Cumulative Detection OGLE-IV SN Nuniber
I[mag] AllSNe SNela ccSNe Efficiency (%) AllSNe SNela ccSNe
17.0 1 1 0 100 1 1 0
17.5 3 2 1 100 2 1 1
18.0 6 5 1 100 4 3 1
18.5 14 12 2 100 9 8 1
19.0 31 28 3 83 17 15 2
19.5 78 71 7 58 30 27 3
20.0 224 211 13 38 56 53 3
20.5 589 562 27 21 83 79 4

Notes. *The reported SNe numbers are corrected for the OGLE-IV SKastn length”
(=~ 65% of year).

We show the results of our simulations in Fig. 7 and Table 2. €Ne search is
~ 100% complete fot < 18.8 mag and drops to 50% &at= 19.7 mag. In Table 2,
we show the expected number of SNe per 100°deer year as a function of the
limiting magnitude both for the OGLE-IV survey setup andabte numbers.

4. Discriminating SNe from AGNs

AGNs are optically variable and increase our false-pasitate, especially
since we detect many “transients” near the centers of gedaxiA key point is
that bright and/or extended galaxies are usually splitinémy “point” sources by
our pipeline, so that even for bright galaxies there may béatection of an object
at the galaxy’s center in the standard database and a tnacsie appear as new
object.
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One of the key features of AGNSs is their dust emission at mftared (mid-IR)
wavelengths. The mid-IR colors of quasars are well estaddisrom modern space
missions (see Stemt al. 2005, Assekt al. 2010, Koztowskiet al. 2010a, Sterret
al. 2012) such as Spitzer Space Telescope and Wide-field |df&uwevey Explorer
(WISE, Wrightet al. 2010). WISE observed the whole sky at 3uh, 4.6 um,
12 um, and 22um, hereafter calletvl, W2, W3, andW4 bands, respectively, and
is an ideal source permitting removal of AGNs from our samflernet al. (2012)
proposed a simple cut based Wl andW2 bands, namelyW1l—-W2 > 0.8 mag,
that selects 78% AGNs with 95% reliability fiW2 < 15.0 mag. The remaining
two bands are not nearly as sensitive as the first two, and matresed. Asseét
al. (2012), based or: 1000 AGNSs from the 9 dégNOAO Bootes Field, proposed
another relation that goes 2 mag deeper than that of Stedn(2012), W1—-W2 >
0.53x exp(0.18 x (W2 —13.76)) mag forW2 < 17.11 mag that returns AGN with
75% reliability. Their second and more stringent relati®@% reliability) is not
used here, since we are not interested in reliably idenghAGNs, but rather in
discriminating plausible AGNs.
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Fig. 8. Left: WISE color-magnitude diagram for a subset of the OGLE-IV 8SErs (blue), galax-
ies (black), and OGLE-IlIl LMC AGNSs (red). The black lines rkahe Sternet al. (2012) AGN
selection region, the red (green) lines mark the Asdedl. (2012) AGN selection region for 75%
(90%) reliability. Both selection methods identify the oty of the known AGNsRight: Normal-
ized histograms for OGLE-IV GSEP stars (blue), galaxieadk), and OGLE-IIl LMC AGNSs (red).
Median WISEW1 —W?2 colors are—0.12 mag, 0.22 mag, and 1.07 mag, respectively.

We matched the OGLE-IIl LMC confirmed quasars (Koztowskial. 2012),
galaxies detected in the OGLE-IV GAIA South Ecliptic Poldde(GSEP, Soszy
ski et al.2012), and a subset of GSEP stars to the WISE mid-IR databaseity
these relations (Fig. 8).

Of the 169 LMC quasars, we matched 111 (66%) to WISEngatching ra-
dius), where 98 meet the second criteritvid < 15.0 mag) from Steret al. (2012)
and all of them are brighter thaiv2 = 17.11 mag (second criterion from Asseff
al. 2012). Both samples span0® < W1—-W2 < 1.92 mag, with the medians
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W1-W2=1.07 mag andV1l—W2 = 1.04 mag, respectively. The first criterion
of Sternet al. (2012) selects 70 AGNs (71% of the sample) and the first @itef
Assefet al. (2012) selects 98 (88% of the sample). We therefore adopeeddsef
et al. (2012) method to eliminate AGNs from our sample.

We used the AGN and Galaxy Ages Survey (AGES) deep data (Kedtd al.
2012) to study the depth of WISE for AGNs in the OGLE-IV Magelic Bridge
data. We selected objects with AGES fla@SO= 1 and/orAGN = 1, spectrum
redshiftz > 0.6 to avoid galaxies, and Spitzer colg&6] — [4.5] > 0.5 mag to
avoid stars and galaxies, as AGNs. The faintest objectheeHc< 22.5 mag,
i.e, ~ 2.5 mag deeper than OGLE. The SpitZdr5] band is nearly identical to
WISE W2 channel with only 3% magnitude differences for AGNs ug$e4.5, so
we explicitly assumed them here as equal. The Magellaniggris located close
to the South Ecliptic Pole, where WISE obtained the highestlver of epochs. At
the center (further edge) of the Magellanic Bridge, WISEagi®d > 30 (> 20)
images and the signal-to-noise ratio of 3 is reached/atc 187 mag andW2 <
17.2 mag W1 < 184 mag andV2 < 17.0 mag). The average AGN—W?2 color
is 4.7 mag, with the & range of 38 < | —W2 < 5.5 mag. Taking into account
both OGLE and WISE depths, we should be finding 94% of AGNspaspared to
fixing the AGESI-band magnitude to the OGLE limit and leaving the WISE limit
unconstrained.

We matched 1924 galaxies from the OGLE-IV LMC GSEP cataldbed/VISE
catalog using a %search radius. There were 1658 matches with a median color
W1-W2=0.22 mag. We also matched 300 stars with<1b< 17 mag from the
OGLE-IV LMC GSEP catalog and 228 stars were matched witHirad8ius. Their
median color isW1—-W2 = —0.12 mag. In the right panel of Fig. 8, we show
W1 —-W2 histograms for the three types of objects discussed heieclear that
even with as simple cut as proposed by Stetral. (2012), we can safely remove
the majority of AGNs.

5. OGLE Transient Detection System

In October 2012, we implemented the OGLE-IV Transient DidecSystem
(OTDS) running in a near-real-time at the Warsaw telescopeas Campanas Ob-
servatory, Chile. Its full description will be presentedariorthcoming paper, so
we only outline the procedure here.

Raw images are reduced on-the fly, but we run the OTDS piptdisearch for
transients just after the last reduction of the night is dame the databases are up-
dated. The lag between taking an image and updating theatsalan then take up
to 24 hours. The OTDS works twofold. First, we inspect a lfst@v objects with
at least two detections at the same location occurring isegleent images daily.
Currently, we only investigateband images as the bulk«(90%) of observations
are obtained with this filter. This includes checking théligurves and both tem-
plate, original and subtracted (difference) images. Welpce light curves for all
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promising objects to check their behavior prior to the cdath transient. Second,
we will search for SNe in the standard database (not implézdeyet). Both ap-
proaches will return real SNe or Novae but also spuriousctietes, such as cosmic
rays, photometric problems as well as sometimes variahlts,sSAGNs and aster-
oids. Cosmic rays (hitting twice at the same spot!) and sghittn artifacts are
by far the most common sources of contamination and are rethavtomatically
using a self-organizing map (SOM) technigeeg, Wyrzykowski and Belokurov
2008). We then concentrate on discriminating SNe from atba&rsources such as
AGNs (Section 4).

During last three months of 2012, we discovered (or co-tisd) 52 SNe
using OTDS. Several of them have been spectroscopicallgrebd and subse-
quently confirmed by PESSTO collaboration. For example, ©@012-SN-032
and OGLE-2012-SN-007 turned out to be of Type la (Andersbml. 2012b),
OGLE-2012-SN-005 is also SN Type la (Andergsral. 2012a), and OGLE-2012-
SN-032 is either SN Type la or Ic (Marcht al. 2012). OGLE-2012-SN-014 (SN
la) is also known as SN 2012fu (Magtal.2012) and OGLE-2012-SN-009 (SN la)
that peaked at ~ 14.9 mag is known as SN 2012dk (Bock, Parrent, and Howell
2012). OGLE-2012-SN-051 is a Type la SN (Tadéiaal. 2013) so is OGLE-
2012-SN-049, while OGLE-2012-SN-048 and OGLE-2012-SR-8k both SN
Type lIn (Sollermaret al. 2013).

6. Summary

In this paper, we presented the results of our search fositrats in the OGLE-
IV fields located between the Magellanic Clouds. We discedet26 SNe, two
dwarf novae, and two AGNs, while inspectimg 70000 pre-selected two-year-
long light curves from 65 ded of the OGLE-IV Magellanic Bridge data. Based
on the known SNe rates, SNe absolute magnitudes, galadib@st extinctions,
and calculated-corrections, we simulated the expected numbers of SNetin ou
survey. We then compared our cumulative number of SNe asaidmnof |-band
magnitude to the simulated one, finding that our SNe detedificiency is very
high for | < 188 mag.

Since establishing OTDS in October 2012, we have discovgPedew SNe.
This number will increase quickly, as the number of obserfigds increases to
a total of ~ 600 ded. All these discoveries are published on-line on the OGLE
web page. In the future, for the brightest and spectrosadipiconfirmed SNe
it will be possible to create high-cadence, well-calibddtght curve templates for
various SNe types. All data presented in this paper areablaito the astronomical
community from the OGLE Internet archive accessible from @GLE WWW
Page or directly:

http://ogle.astrouw.edu.pl
ftp://ftp.astrouw.edu.pl/ogle/ogled/transients/SIBI
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Please read the README file for the details on the data predethiere as
well as on all updates.
The OTDS transients are available from the following welgpag

http://ogle.astrouw.edu.pl/ogled/transients/
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