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ABSTRACT

We present observations of SDF-05M05, an unusual optical transient discovered in the Subaru Deep
Field (SDF). The duration of the transient is >~ 800 d in the observer frame, and the maximum
brightness during observation reached approximately 23 mag in the i’ and 2’ bands. The faint host
galaxy is clearly identified in all 5 optical bands of the deep SDF images. The photometric redshift
of the host yields z ~ 0.6 and the corresponding absolute magnitude at maximum is ~ —20. This
implies that this event shone with an absolute magnitude brighter than —19 mag for approximately
300 d in the rest frame, which is significantly longer than a typical supernova and ultra-luminous
supernova. The total radiated energy during our observation was 1 x 10°! erg. The light curves and
color evolution are marginally consistent with some of luminous IIn supernova. We suggest that the
transient may be a unique and peculiar supernova at intermediate redshift.

Subject headings: supernovae:general

1. INTRODUCTION

Time-domain surveys in various wavelengths have been
making mysterious new transients discoveries. These re-
sults are remarkable, and newly discovered transients
are revolutionizing our knowledge of astronomy and as-
trophysics. The hard X-ray survey of Swift and re-
lated multi wavelength follow-ups found one unusual
transient to be the tidal disruption of a star by a
dormant super massive black hole (Bloom et all 2011
Burrows et all 2011; [Levan et all 2011; [Zauderer et all
2011). This discovery confirmed tidal disruption events
as actual stellar phenomena. Other candidates for tidal
disruption flares have been reported by optical imag-
ing surveys (Gezari et alll20094, [2012; [Drake et alll2011;
van Velzen et all [2011; [Cenko et a JIJM) Optical un-
targeted imaging surveys have also been discovering new
stellar explosions. The discovery of SN2007bi has pro-
vided possibly the first evidence of pair-instability super-
nova (SNe), which are thought to be triggered by very
massive stars - [2009).  Ultra-luminous
SNe are another recent discoveries [2009;
Quimby et all2011); [Pastorello et all[2010). These tran-
sients are characterized by high optical luminosities
reaching peak absolute magnitudes of —21 to —23. Be-
cause of their luminosity, they could possibly be detected
with an 8-m class telescope even at higher redshift such
as z ~ 4 (Quimby et all 2011} [Tanaka et all[2012).

Several other optical transients are theoretically pre-
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dicted but have not yet been observationally confirmed.
One of them is an orphan GRB afterglow that is thought
to arise as a natural consequence of GRB jets m
12001; [Totani & Panaitescu 2002). However, because of
the limited sensitivity of current optical equipment, there
is no promising candidate of orphan GRB yet. To extend
the redshift frontiers of these transients and to search for
transients undetected by optical surveys, we performed
systematic transient searches and classification using a
deep survey conducted by Subaru/Suprime-Cam. In this
letter, we report the discovery of an unusually luminous
long-duration optical transient. Throughout this paper,
magnitudes are in the AB system.

2. SUBARU DEEP FIELD OBSERVATIONS

We obtained available optical imaging data sets of
the Subaru Deep Field (SDF; [Kashikawa et all (2004);
Ly et all (2011)). The original SDF survey was con-
ducted from 2002 to 2003 with 5 broad-band filters—B,
V, R, ¢, and z’- and two narrow-band filters, NB816
and NB921 using the Suprime-Cam attached to the Sub-
aru telescope. The 3 ¢ limiting magnitudes of the final
stacked images reach B =28.45, V =27.74, R =27.80,
i'=27.43, and 2'=26.62, respectively (Kashikawa et all
2004). The field was also monitored using the same cam-
era before and after the SDF survey for various purpose
with several programs. The total temporal coverage is
~ 2630 d from 2001 to 2008. Although the observa-
tions for B and V were made by a single-epoch obser-
vation, multi-epoch data are available for R, i/, and 2z’
bands. These were particularly suitable for the transient
survey. This field was also observed in U-band by the
KPNO Mayall 4 meter telescope ), near-
infrared by UKIRT (Hayashi et alll2009; Motohara et all
2008) and ultraviolet by GALEX (_ . These
multi-wavelength data sets were crucial for constramlng
the SED of the transients and/or their host galaxies.

3. ANALYSIS AND RESULTS
The basic reduction of the Suprime-Cam data was

performed using the SDFRED (Ouchi et al! [2004).
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discover the transients and variable objects, we made
nightly stacked images for Re, i/, and z2’. For these
3 bands, differential images were also generated with
special-purpose software tuned to the Subaru/Suprim-
Cam data and based on an algorithm in
(1998). Figure [ shows the optical transient found in
images taken on 5 March 2005 at RA= 13"23™525.76
and Dec= +27°43'587.84. The SDSS serendipitously-
detected this transient and lists it as a stellar-like ob-
ject. We investigated available SDSS images taken on
18 January 2005 with u’, ¢’, v/, i’, and 2’ band filters.
As in the SDF photometry, we measured the magnitudes
in the 7/, 7', and 2z’ bands on these images. There were
marginal detections in the ¢’ and 7’ bands. This SDSS
observation is the first time this object has been reported
in this position. Hereafter, we define 18 January 2005 as
the starting point of the transient (Ty). Figure 2l shows
light curves for this transient with R, i’ and 2z’ bands.
There is no significant variability between March 2001
and April 2003. The amplitude of the event was about
3.4 mag and the transient faded out until June 2008. Al-
though the light curves have no temporal coverage for
the brightening period, the duration of the transient is
approximately 800 d, which is significantly longer than
that for typical Ta, Ib/c and IIp SNe.

The host galaxy of the transient was identified using
the deep-stacked B- and V-band images generated by
[Kashikawa et all (2004). We also made deep-stack im-
ages for the Re, 7', and 2’ bands using images taken be-
fore 5 March 2005 to exclude the transient component.
As shown in Figure [l the host galaxy of the transient
is discernible in all 5 bands. We also confirmed that the
source is significantly extended, compared to the size of
the point spread function. By comparing the positions
of nearby stars in our reference frame with the image
in which transient was discovered, we are able to align
the images with accuracy of 07.07 rms. With an ob-
served offset between the transient and the host galaxy
of R.A. = +07.15 and dDec. = —07.24, the likelihood
of a nuclear origin for the transient is only 0.03%. These
deep images also allowed us to measure the brightness
of the host galaxy accurately. Based on the publicly re-
leased SDF catalog, we made a photometric calibration
and performed aperture photometry for the host galaxy
using a 2”7 radius that was the same as that used for the
SDF catalog. Although the very deep U-band and NUV
(175-275 nm) images are available for this field, there is
no counterpart at the position. The 3¢ limits are 26.8 in
U-band and ~ 27 mag in NUV, respectively.

We estimated a photometric redshift of the host galaxy
using Hyper-Z (Bolzonella et _all [2000) code. The best-
fitting result is z = 0.6510 03 with reduced x? of 1.02
using the burst template (age of 0.13 Gyr and the in-
trinsic extinction Ay of 0.2 mag). The 3-sigma error
range is 0.50-0.70. Figure [ shows the best-fitting model
with actual measurements. The age of the host tends
to be about 1.5~2 times older than those of GRB host
galaxies (Christensen et alll2004). We also estimated the
photometric redshift by using only the templates frorn
Coleman, Wu & Weedman (1980, hereafter CWW). 1
this case, the best- ﬁttlng galaxy is irregular, and the
redshift est1mat1on is z = 0. 62+0 0% with a reduced x?
of 1.19. In both cases, the values are in agreement as

z ~ 0.6. With this photometric redshift, the peak ab-
solute magnitude of this transient is estimated to be
Mpg ~ —20 mag, which is 2-3 magnitudes brighter than
bright core-collapse SNe. Even at the lower limit of red-
shift, the peak absolute magnitude is still Mr ~ —19.3
mag. Assuming no bolometric correction, the total inte-
grated optical output from SDF-05M05 during the ob-
servations (~850 days) was ~ 1 x 10°! erg, which is
comparable with those of GRBs (Urata et alll2012,[2009;

[2012). The absolute host magnitude was
also calculated as My = —16.3 mag, which is compara-
ble to or rather fainter than that of SMC.

The transient was also imaged in the J and K bands by
UKIRT/WFCAM on 15 April 2005, and the correspond—
ing catalog was generated by GHamhlﬂ_aﬂ 2009).
the transient position, we found a point source in both
the J and K bands. Although the contribution of the
host galaxy is unclear in this photometry, the contami-
nation is thought to be insignificant because the timing
of the observation was close to the peak in the optical
light curves (Figure 2)) and the shapes on the J and K
images are point-like sources while the host in the op-
tical data is significantly extended. Furthermore, the
expected magnitudes from the SED fitting of the host
galaxy (J ~ 25.5 and K ~ 25.2) are more than 2 mag
fainter than the photometric result of UKIRT. Therefore,
the blue of the source could be originating from the tran-
sient. We also generated the SED of the transient at 88
d after the first detection with SDF data. As shown in
Figure [ the SED is significantly different from power
law and well-fitted by a blackbody with a temperature
of 6431 £+ 310 K.

4. DISCUSSIONS

We presented detailed SDF data and photometric re-
sults of an optical transient search, which contain evi-
dence of an unusual optical transient. Its key features
are as follows: a long duration light curve; an inten-
sive absolute magnitude (remaining brighter than —19
mag over 300 d); blue SED in NIR data around the first
detection; offset from the center of host galaxy; and a
faint host galaxy. These key features suggest that the
unusual transient may be unique supernova such as an
ultra-luminous supernova, or a peculiar supernova with
type IIn spectral features. Below, we discuss differences
from AGN and a tidal diruption flares and possibilities
of these two supernova cases.

AGN origin is unlikely due to the offset from the cen-
ter of host galaxy. In addition, the large amplitude of
the transient also support this. Because typical am-
plidude of AGN variablity is less than 1 mag based on
the long term SDSS observations for the Stripe 82 field
(e.g. Ai et al. 2010, Butler & Bloom 2011, MacLeod
et al 2012). The tidal disruption of stars by massive
black holes at the centers of galaxies show the large
amplitude flare at optical, UV, and X-ray wavelengths
although some event showed no UV /transient emission
due to a large amount of dust obscuration
[2011; Burrows et al! 2011; [Gezari et all 2012). But the
tidal disruption flare is also unlikely due to the offset.
Besides the location in the host, the SED and tempo-
ral evolutions are also different from expectation of the
tidal diruption flare at X-ray or UV wavelengths (the
temperature of the inner accretion disc is ~ 3 x 10° K).
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Because the observed temperature in present case is sig-
nificantly lower than that predicted for a tidal disrup-
tion, this transient is unlikely to be a typical one of that
type. [Strubbe & Quataert (2009) predicted that an early
stage super-Eddington outflow would produce an inten-
sive optical emission with a blackbody spectrum initially
peaking at optical/UV wavelengths. The expected color
evolution becomes bluer if the observation is made close
to the peak wavelength, or showing no colour change if
the observation is on the RayleighJeans tail. The black-
body spectrum peak at around 6500K is consistent with
this prediction [Strubbe & Quataert (2011)). However, as
shown in Figure 2l the current event shows both bluer
and redder colors changing at 750 d after the first detec-
tion. This is inconsistent with the prediction.

The key features of ultra-luminous SNe are a roughly
symmetric light curve, an absolute peak magnitudes
of ~ —21 to —23 mag, and a faint host galaxy (a
low mass and presumably a low-metallicity environment
where are desirable for their massive progenitors (e.g.
Stoll et al. 2011; Neill et al. 2011). Recent system-
atic studies by the Palomar Transient Factory, Pan-
STARRS and others have identified a number of such
events (e.g., Ofek et al. 2007, Pastorello et al. 2010 ,
Quimby et al. 2011; Chomiuk et al. 2011). To com-
pare the present case with ultra-luminous SNe, we plot-
ted the light curves of SN2010gx (Pastorello et alJIM%,
SCPO6F6 (Barbary et alll2009), SN2006gy
%, and SN2008es (Miller et all 2009; |Gezari et all

) together with that of the current event. Here,
we note that former two events have no obvious evi-
dence of circumstellar interaction, SN2006gy show it, and
SN2008es has implications. Figure Bl shows clear differ-
ences in absolute magnitude (2 — 3 mag fainter) and du-
ration (2—3 times longer). The current event is therefore
unlikely to be of ultra-luminous SNe origin.

The third possibility is that the observed transient is
an SNe with type IIn spectral features. Such events are
still rarely observed, but the number of detections is in-
creasing. Figure [B] shows the light curves of SN1997cy
(Germany et all 2000; [Turatto et all 2000), SN2003ma
(Rest_et all 2011), SN2005kd (Tsvetkod 2008), and
SN2008iy (Miller et all [2010). All 4 events show ex-
tremely long (>~ 400 d) durations. For SN2008iy, ad-
ditional data points were collected from the 3m-survey
of Pan-STARRS1 (Kaiser et alll2010). This was because
the time coverage of the data available from literature
was insufficiently long to allow a comparison with the
current event. The survey successfully detected the late
phase (490~1000 d after the peak) of SN2008iy in ip;
and zp; band (Tonry et all 2012). Besides SN2003ma,
the temporal evolution of the current event resembles
those of SN1997cy, SN2005kd and SN2008iy in the tem-
poral breaks at around ~ 300 — 500 d in the rest frame.
The linear decline rates of SN1997cy and SN2005kd be-
fore and after the break of these events are commonly
~ 0.65 mag/100 d and ~ 1.5 mag/100 d, respectively.
The latter is faster than the expected rate of decline for
radioactive 6Co (0.98 mag/100 d). Although the tempo-
ral duration of the current event is comparable to those
of peculiar SNe, there are significant differences in the
decline rates. The linear decay rates of SDF-05M05 in
the /-band before and after the temporal break are 0.28
mag/100 d and 0.76/100 d, respectively. These decline

rates are all slower than the expected rate of the decline
for radioactive 6Co. SN2008iy has a decline rate sim-
ilar to that of SDF-05M05. However, the broad-band
SED of the current transient is well fitted by the single-
temperature blackbody model, whereas that of SN2008iy
deviates from the blackbody and is more like that of usual
type IIn event (Mi [2010). As shown in Figure[d]
this broad-band SED property is also another significant
differences between SN type IIn and SDF-05MO05. In ad-
dition, the temperature was lower than that of Type IIn
SN2003ma and SN2008am, which had blackbody spec-
trum (Rest et all 2011} IChatzopoulos et all [2011)). Al
though we cannot entirely rule out the possibility of this
event being of peculiar SNe-IIn origin because of unclear
common properties of peculiar-IIn events, the current en-
ergetic event may be a new type of optical transient al-
together.

All of these luminous optical transients are found in
faint host galaxies. Although this may be due to selec-
tion bias, the characteristics of the host galaxies are cru-
cial to an understanding of the origins and occurrence
rates of the transients. Considering to the luminosity
function of various types of galaxies (e.g Zucca et al.
2006), the fraction of faint galaxies, such as the host
galaxy of SDF-05MO05, is expected to increase with red-
shift. [Zucca et all (2006) used the same 4 CWW galaxy
templates used for the photometric redshift in the present
study. This may make detections of luminous events rare
in nearby Universe but common at higher redshift (e.g.,
z >~ 0.5). The apparent magnitudes at higher redshift
will be fainter than 22-23 mag as same as in the cur-
rent event. The limiting magnitudes of the medium deep
survey of Pan-STARRS is comparable with the maxi-
mum brightness of the current event. Hence, it is ex-
pected that Pan-STARRS has been detecting numbers
of these long and luminous optical transients associated
with faint host galaxies. However, a slow evolution and
the presence of a faint host galaxy make it difficult to
classify these events as real optical transients. Therefore,
coordinated long-term monitoring with larger-aperture
telescopes is needed to better determine their origins.
In such work, the planned strategic survey with a time-
domain-survey cadence using the new wide-field imager,
Hyper-Suprime-Cam attached to Subaru will prove in-
valuable.
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F1a. 1.— The upper panel indicates the discovery of SDF-05M05. The left image shows the first detection of SDF-05M05 on 5 March
2005. Using the image taken on 31 March 2003 (center), we generated the PSF-matched subtracted image (right). The subtracted image
shows the SDF-05M05 clearly. The bottom panel shows the host galaxy of SDF-05MO05 in the B, V, Rc i’, and 2’ bands. These images
were generated excluding the transient component.
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Fic. 2.— Light curves and temporal color evolution of SDF-05M05. SDF-05M05 maintained a magnitude brighter than —19 mag for
approximately 300 d in the rest frame, a period significantly longer than for typical SNe or ultra-luminous SNe.
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F1G. 3.— The measured BV Rci’z’ band fluxes of the SDF-05M05 host galaxy (data points), compared with the best-fit template SED
(starburst type) for z = 0.65 (solid curves). The sub panel shows the reduced chi-square of the model fit to the multi-band photometric
data of the host galaxy, shown as a function of the assumed redshift.
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Fic. 4.— The spectral energy distribution of the transient at Tp + 88 d. The SED is well fitted by the single-temperature blackbody

model as described with a dashed line. Box points show the photometric results of the SDF-05MO05. For the spectral shape comparison,
solid line show the arbitrarily scaled broadband spectrum of SN1997cy at 84 d after the peak.
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F1c. 5.— Absolute light curve of SDF-05M05 compared to those of tidal disruption flare (PS1-10jh; (2012)), ultra-luminous
supernova and peculiar SNIIn. For ultra-luminous supernova, lines indicate the light curves of SN2008es (Miller et _all s [Gezari et _all
[2009H), SN2010gx (Pastorello et all [m;7 and SN2006gy (Smith et all 2007). For peculiar SNIIn, points as labeled show the temporal

evolutions of SN1988Z (Turatto et all , SN1997cy (Germany et all2000; [Turatto et all[2000), SN2003ma (Rest et all2011), SN2005kd
(Tsvetkov 2008), and SN2008iy (Miller et all 2010).






