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ABSTRACT

We present the results of the spectroscopic and photometoigitoring campaign of
ASASSN-15ed. The transient was discovered quite young &yAlhSky Automated Sur-
vey for SuperNovae (ASAS-SN). Amateur astronomers allowsetth sample the photometric
SN evolution around maximum light, which we estimate to haseurred on JD = 2457087.4
+ 0.6 in ther-band. Its apparentband magnitude at maximum was= 16.91+ 0.10, pro-
viding an absolute magnitud¥,. ~ —20.04 + 0.20, which is slightly more luminous than
the typical magnitudes estimated for Type Ibn SNe. The peak evolution was well mon-
itored, and the decline rate (being in most bands around @g an' during the first 25 d
after maximum) is marginally slower than the average dectates of SNe Ibn during the
same time interval. The object was initially classified asypellbn SN because early-time
spectra were characterized by a blue continuum with supaded narrow P-Cygni lines of
He I, suggesting the presence of a slowly moving (1200-1508K'"), He-rich circumstellar
medium. Later on, broad P-Cygni He | lines became prominEme. inferred velocities, as

measured from the minimum

of the broad absorption compsner@re between 6000 and

7000 km s'!. As we attribute these broad features to the SN ejecta, ghieifirst time we
have observed the transition of a Type Ibn SN to a Type Ib SN.

Key words: supernovae: general — supernovae: individual: ASASSNti5eupernovae:
individual: SN 2006jc — supernovae: individual: SN 2010alsupernovae: individual:

SN 1991D.

1 INTRODUCTION

Type Ibn supernovae (SNe) are a class of stripped-enveldige S
characterized by evidence of interaction between the Stiaegnd

a He-rich and H-depleted circumstellar medium (CSM). Alttio
the first SN of this class was discovered at the end of twédntiet
century (SN 1999cq, Matheson etlal. 2000), the first wellfgath
example was SN 2006j¢_(Pastorello etlal. 2008a, and refesenc
therein). SN 2006jc is a sort of milestone in the studies of 8,
since it occurred in a nearby galaxy, UGC 49044{@5 Mpc), was
observed over a wide range of wavelengths, and was the vsty fir
object for which a pre-SN eruption was observied (Yamaokd et a
2006; Foley et al. 2007; Pastorello elial. 2007).

So far, about 20 objects classified as Type Ibn SNe have
been discovered, showing a wide variety in their observeg-pr
erties. Some transitional SNe Ibn show evidence of H spdirtes
produced in their CSM_(Pastorello et lal. 2008b; Smith &t @122
Pastorello et al. 2015a). Occasionally, SNe Ibn may shoviiphe:l
light curve peaks (e.g., Gorbikov et al. 2014), while in otbases,

a remarkably fast, linear post-maximum decline has beeeroed
(Pastorello et al. 2015b). In one case, OGLE-2012-SN-00&ra
slow late-time photometric evolution allowed us to monitoe SN
for along time interval (Pastorello etlal. 2015c¢). The vigrie their
observables, however, is not surprising, as the evoluti@Ne Ibn
strongly depends on the final configuration of the progerstar,
along with the chemical composition and the geometric pitagse
of the CSM. A systematic study of the observed propertiedN# S
Ibn will be presented in a forthcoming paper.

Most SNe Ibn have been observed in star-forming environ-
ments |(Pastorello et l. 2015b; Taddia el al. 2015), fanguthe
association of this SN type with a massive stars. This aggoni
was challenged by the discovery of PS1-12sk in the outskirts
the elliptical galaxy CGCG 208042 (Sanders et al. 2013).Thipe
Ibn SN we discuss here, ASASSN-15ed, appears to robustly con
nect SNe Ibn with more classical SNe Ib/c (and, hence, toirmass
stripped-envelope progenitor stars).

* E-mail: andrea.pastorello@oapd.inaf.it

ASASSN-15ed was discovered on 2015 March 1.59 UT by the
All Sky Automated Survey for SuperNovae (ASAS-SN or “Assas-
sin”, [Shappee et al. 2014), using the four 14-cm “Brutus’otab
telescopes located in the Haleakala station (Hawaii, USAhe
Las Cumbres Observatory Global Telescope Network (LCBGT)
The coordinates of the objects are: R.A. = 16:48:25.16 Dec =
+50:59:30.7. The discovery magnitude reported by Ferraatial.
(2015) is 17.1 mag, while there was no detection to a limitat1
mag in an image taken on 2015 February 25.57 UT. Although this
detection limitis not sufficiently deep to firmly constrairetexplo-
sion epoch, the available early photometry allows us te skeit the
object was still increasing in luminosity at the time of digery.

This paper is organized as follows. In Sectidn 2, we provide
some basic information on the host galaxy, and estimate ite d
tance and the extinction along the line of sight. In Sedfibthd
light curve of ASASSN-15ed is presented, and the photompti
rameters are compared with those of other stripped-eneebdfe.

In Section#, the spectra of ASASSN-15ed are shown, and their
properties are analysed in the context of SNe Ibn. Finallijseus-
sion and a summary follow in Sectibh 5.

2 MAIN PARAMETERSOF MCG +09-27-087

Very little information is available on the galaxy hostin@ASSN-
15ed, MCG +09-27-087 (see Figudrk 1). It is a nearly face-ng ri
galaxy with total apparent magnituge= 15.4240.01 and colours
u—g=1.79+0.03,g—r = 0.74+0.01, r—4i = 0.36 +0.01 and
1—z = 0.2710.01 (by Sloan Digital Sky Survey Data Release 6 as
obtained on 2007 September 17, Adelman-McCarthy et al.[2008
In the late-time spectra of ASASSN-15ed, a weak and unredolv
Hea line in emission was detected, from which we infer a redshift
=0.04866+ 0.00017 for the host galaxy. Adopting a standard cos-
mology with Hy = 73 km s7! Mpc™!, Qar = 0.27,Q4 = 0.73, we

1 Inttp://lcogt.net/
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1 arcmin

.

ASASSN-15ed

Figure 1. NOT + ALFOSCr-band image taken on 2015 April 12, showing
the field of ASASSN-15ed, with the host galaxy MCG +09-27-08Blow-

up of the galaxy with the SN (marked with a yellow circle) i©gmm in the
bottom-left panel.

obtain a luminosity distance of 20745 13.7 Mpc, which provides
a distance modulug = 36.59+ 0.14 mag.

The line-of-sight extinction of ASASSN-15ed is largely dom
inated by the host galaxy component. This can be verified by in
specting the higher resolution and best signal-to-noife)(S§pec-
tra (see Sectiof]4). We can safely detect the Na ID featureeat t
redshift of MCG +09-27-087 in our spectra, with an equivalen
width of 0.8 + 0.1 A. Following |Turatto et al.| (2003), we obtain
a colour excess B — V) = 0.12 mag due to the host galaxy ex-
tinction. The same number is obtained adopting the empiiaga
from|Poznanski et al. (2012). From our spectra, there is iteace
for the presence of the narrow interstellar Na | doublet (Dgdt z
= 0, therefore we will adopt £ — V') = 0.02 mag for the Galac-
tic reddening contribution (Schlafly & Finkbeiner 2011)sasing
a reddening law with R = 3.1 [Cardelli et al 1989). Hence, here-
after, we will assume B — V) = 0.14 4+ 0.04 mag as our best
estimate for the total colour excess.

As the total B-band magnitude of MCG +09-27-087 I3 =
16.03, we obtain an absolute magnitudeMdf; = —20.67, cor-
rected for Galactic and internal extinction following theegcrip-
tions of the Hyperleda datab%§ollowing Tremonti et &l (2004),

(2015) and Pastorello etlal. (2015b) for the galaxies hgsBNe
Ibn (about 8.4-8.6 dex).

3 PHOTOMETRY

As mentioned before, ASASSN-15ed was discovered by the
ASAS-SN collaboration, hence we included in our data setlihe
covery image and the two closest non-detections. Thesendata
obtained with the quadruple 14-cm “Brutus” Telescope. Tédye
time photometric evolution of ASASSN-15ed was recoverethby
specting unfiltered images collected with amateur instnisésee
Table[d, for more information). Our multi-filter follow-upam-
paign started on 2015 March 12, when the object was already
past-maximum, and lasted over two months. It was perfornsed u
ing several telescopes available to the collaboratiodudicg the
1.82-m Copernico Telescope at Mt. Ekar (Asiago, Italy),ieped
with AFOSC, the LCOGT 1.0-m telescope at McDonald Obser-
vatory (Texas, USA) equipped with an SBIG camera, the 10.4-m
Gran Telescopio Canarias (GTC) equipped with OSIRIS, t58-3.

m Telescopio Nazionale Galileo (TNG) equipped with DOLORES
(LRS), the 2.5-m Nordic Optical Telescope (NOT) with ALFOSC
and the 2.0-m Liverpool Telescope (LT) with the 10:0 camaeih,
sited at La Palma (Canary Islands, Spain).

The imaging frames were first pre-reduced (i.e. overscas, bi
and flat-field corrected, and trimmed in order to remove thextin
posed regions of the image) using standard routines in Rare
subsequent steps of data reduction were performed usingl-a de
icated PYTHON-based pipeline, SNPBY (Cappellarc _2014),
which is a collection of PYRAF tasks and other public toofs (i
cluding DAOPHOT, SEXTRACTOR, HOTPANTS) to astro-
metrically register the images, and extract and measurumi-
tudes of the stellar sources detected in the images usingiRi8§
techniques. The SN magnitude was measured after subggabgn
host galaxy background using a low-order polynomial fit.

As the SN field was observed by Sloan Digital Sky Survey
(SDSS), zeropoints and colour terms for individual nigbtsSloan
(u, g, r, 1, andz) filters were obtained using the catalogued SDSS
magnitudes for a large number of field stars. The referéhead
V' bands magnitudes of the field stars were derived by congertin
their Sloan magnitudes to Johnson-Bessell magnituddswiioly
the prescriptions of Chonis & Gaskell (2008).

Early unfiltered data collected from amateur astronomers we
scaled to Johnsol and/or Sloan magnitudes according to the
quantum efficiency curves of the different CCDs used for the o
servations. The final, calibrated SN magnitudes and thegain-
ties are reported in Tab[é 1, along with the basic infornmatio the
instruments used for the photometric follow-up campaign.

Errors were estimates using artificial star experimentkeFa

we estimate an integrated oxygen abundance of 12 + log(O/H) stars with magnitudes similar to that of the SN are placedii-p

= 9.08 (dex). Accounting for the position of the SN in the host
galaxy (1.0 arcsec west and 4.9 arcsec south from the gatary c
and following Pastorello et al. (2015b), we compute thevRRR25

tions close to the SN. The rms of the recovered instrumeratak p
spread function (PSF) magnitudes accounts for the backdrfitd
ting uncertainty. This value is combined (in quadraturethvthe

ratid] (~ 0.35). This is used to estimate an oxygen abundance PSF-fit error returned by DAOPHOT, providing the total imstr

of 12 + log(O/H) = 8.60 (dex) at the position of ASASSN-15ed,
after adopting the radial metallicity gradient from Pilyo@t al.
(2004). This is close to the average values obtained by @astdil.

2 |http:/leda.univ-lyon1.fif (Makarov et al. 2014).
3 Rgy isthe deprojected position of the SN angkRs the isophotal radius
for the B-band surface brightness of 25 mag arésec

© 2015 RAS, MNRAS000, IHI3

mental magnitude error. Finally, we propagated errors fthm
photometric calibration.

4 |RAF is distributed by the National Optical Astronomy Obsxory,
which is operated by the Association of Universities for &esh in As-
tronomy (AURA) under cooperative agreement with the NatidBcience
Foundation.
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Table 1. Photometric data for ASASSN-15ed. Early 3-sigma limitsrfrASAS-SN observations are also reported.

Date JD B |4 u g r 7 z Instrument
20150220 2457074.08 — >18.26 - - - — - ASASSN
20150225 2457079.07 - >18.11 - - - - - ASASSN
20150301 2457083.09 — 17.390.15 - - - — - ASASSN
20150302 2457083.72 - - - - 17.210.24 — - oM
20150306 2457087.92 - 17.11 0.26 - - 16.92 0.25 — - NMSO
20150309 2457090.97 - 17.320.24 - - 17.130.22 — - NKSO
20150311 2457092.91 — 17.500.23 - - 17.290.25 — - NKSO
20150312 2457093.59 - - - 17.580.05 17.400.10 — - AFOSC
20150313 2457094.61 — - 18.330.08 17.730.05 17.620.03 80M38 17.690.04 10:0
20150313 2457094.67 18.080.07 17.790.05 18.400.04 17MB6017.640.06 17.620.09 17.720.11 AFOSC
20150314 2457095.51 18.26 0.15 — 18.56 0.19 - - — - AFOSC
20150314 2457095.58 18.250.12 17.880.12 18540.03 17184017.680.16 17.700.12 17.760.27 AFOSC
20150314 245709591 18.280.11 17.920.08 - 17.900.09 ©Or1Bl 17.740.19 — LCOGT
20150315 2457096.58 18.320.13 - 18.66 0.05 17.990.04 ©0M3 17.770.03 — LRS
20150315 2457096.61 — - 18.660.12 18.020.04 17.750.05 80DMA 17.790.06 10:0
20150315 2457096.93 18.400.06 17.970.10 - 18.090.05 ©DMB 17.830.13 — LCOGT
20150316 2457097.96 18.520.09 18.110.07 - 18.230.07 D0r196 17.870.13 — LCOGT
20150317 2457098.61 - - 19.170.08 18.340.04 18.080.03 60M% 17.900.06 10:0
20150319 2457100.59 18.930.12 18.350.13 19.540.08 181@4018.290.17 18.210.18 18.200.23 AFOSC
20150322 2457103.87 19.490.13 18.750.12 - 18.970.11 ©81@4 18.600.15 — LCOGT
20150323 2457105.46 19.730.14 18.960.19 20.390.41 19198018.820.26 18.870.28 18.690.23 AFOSC
20150324 2457105.82 19.820.17 19.000.14 - 19.210.12 08187 18.930.25 — LCOGT
20150325 2457106.81 19.990.19 19.120.19 - 19.370.14 D91G5 19.070.18 — LCOGT
20150328 2457109.64 - - - - 19.200.12 — - OSIRIS
20150328 2457109.74 20.230.04 19.320.04 20.880.05 - 0031 19.210.04 18.930.05 ALFOSC
20150328 2457109.76 - - 20.920.33 19.630.10 19.220.08 4Dp91P» 18.920.16 10:0
20150330 2457111.54 - - >18.730 19.770.46  19.47 0.35 — 19.030.45 10:0
20150331 2457112.57 20.750.22 19.610.36 - 19.860.17 09183 19.440.18 19.150.27 AFOSC
20150401 2457113.54 - - 21.560.48 19.970.12 19.610.11 2009 19.240.12 10:0
20150405 2457117.57 - - - 20.290.12 19.820.10 19.770.11500911 10:0
20150405 2457117.71 - - - - 19.840.18 — - OSIRIS
20150408 2457120.70 - - - 20.520.06 20.000.14 20.050.24 72021 10:0
20150410 2457122.63 - - - 20.700.17 20.130.09 20.210.1481 0910 10:0
20150412 2457124.57 - - - 20.850.17 20.280.12 20.400.18 002014 10:0
20150412 2457124.63 - - - 20.870.09 20.310.07 20.430.06022010 ALFOSC
20150415 2457127.59 - - - 21.210.07 20.760.06 20.710.06 082011 10:0
20150416 2457128.61 22.360.68 21.160.54 - - - — - AFOSC
20150418 2457131.50 - - - 21.400.08 20.960.07 21.010.10362011 10:0
20150423 2457135.62 - - - 21.840.11 21.260.10 21.190.11482012 10:0
20150425 2457137.57 - - - 21.940.09 21.430.10 21.340.12652014 10:0
20150426  2457139.50 - - - 22.100.15 21.780.17 21.600.16 96 223 10:0
20150428 2457140.62 - - - 22.300.11 22.190.14 21.850.20-20.00 OSIRIS
20150428 2457140.69 - 22.36 0.34 - 22.350.21 - — - LRS
20150429 2457142.48 - - - >22.07 22.700.36 22.230.27 21.620.19 10:0
20150509 2457151.62 - - - >23.54 >23.23 >23.07 - ALFOSC
20150511 2457153.64 - - - >23.62 >23.52 >23.08 >22.40 OSIRIS

1 20-cm Celestron C8 telescope with Mammut L429 Camera + SOX¢20 CCD; Observatory Inmaculada del Molino (OIM), Os({8gain);
2 51-cm RCOS telescope with SBIG STXL-6303 camera, New MeSiies Observatory (NMSO), Mayhill (New Mexico, USA).

3.1 Light curves

JohnsonBV and Sloanugriz light curves of ASASSN-15ed are
shown in Figurd R. The pre-maximum evolution is not well con-
strained, and with the available data we can only consthamite
time to be> 4.3 d. Occasionally, SNe Ibn reach the maximum light
in less than 4 d (e.g. SNe 1999cq and LSQ12btw, Matheson et al.
2000; Pastorello et al. 2015b). Using a low-order polyndfitiave
estimate that the-band maximum light occurred on 2012 March
5.9 UT (ID = 2457087.4t 0.6). This allows us to estimate the
r-band peak magnitude to he= 16.91 £ 0.10. Accounting for
the reddening and distance estimate provided in Selcliore 2sti-
mate an absolute magnitude at maximund6f = —20.04 £ 0.20.

As a consequence, ASASSN-15ed is one of the highest luntynosi
events of its class (Pastorello eflal. 2015e).

Following |Pastorello et al. (2015d), we estimated the light
curve decline rates in the different bands for ASASSN-15éth
the results listed in Tablg 2. ASASSN-15ed has a rapid dedin-
ing the first 3-4 weeks in all bands, with the blue band lighves
declining faster than those in the red bands {tHzand decline rate
during the first 25 d after maximumnp_25(u) ~ 0.17 mag d* —
is twice as fast as theband,yo—25(z) ~ 0.08 mag dh). From 25
d to 50 d, the light curves flatten. At these phases, the deddite
is 0.08-0.09 mag d' in all bands (theB-band light curve seems
to decline more rapidly, but the decay rate is computed wiih t

© 2015 RAS, MNRASO00,[THI3
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Figure 2. Multi-band light curves of ASASSN-15ed. Phase 0 is coineideith the epoch of the-band maximum light, JD = 24570874 0.6.

Table 2. Light curve parameters for ASASSN-15ed.

Filter  peak magnitude 75725 i '

Y2550 V>50
B — 14.96+ 0.26  10.88+ 1.07 -
1% 17.10+0.11 10.64+ 0.18 9.51+ 0.24 -
u — 16.95+ 0.38 — -
g - 12.08+ 0.26 8.58+ 0.14 -
r 16.914-0.10 11.37+ 0.23 7.704+ 0.26 26.32+ 2.47
) - 11.43+ 0.28 7.81+0.18 18.24+ 1.57
z — 8.27+ 0.31 5.864+ 0.23 16.81+ 2.19

*in mag/10@ units

points only). Later on, at phases later than 50 d, the lightecu
steepens. For these late phases, decline rate measuremezats
only made for the red bands, since now the SN luminosity dedli
below the detection threshold at bluer wavelengths. In-thand,
the light curve decline rate at phases above 50 d is extrefasty
beingvy>s0(r) ~ 0.26 mag d*, while it is slightly slower in the
i andz bands (0.17-0.18 magd). This remarkable weakening in
the optical luminosity at late phases is not unprecedentegiNe

© 2015 RAS, MNRAS000, IHI3

Ibn (Mattila et al! 2008; Smith et al. 2008) and is likely arggure
of dust formation.

3.2 Photometric Comparison with Other He-rich SNe

In order to better understand ASASSN-15ed in the context of
He-rich core-collapse SNe, we calculated a pseudo-bolanet
light curve using the collected optical photometry. Theugke
bolometric luminosity was computed at the epochs whdrand
observations were available. When photometric points vnete
available in a given filter at some epochs, the contributibthe
missing observations was estimated through an interpolati the
magnitudes at adjacent epochs. As pre-maximum photometsy w
available only in ther and V' bands, the early flux contributions
from the other bands was computed by extrapolating the colou
information using the available multi-band photometry @aaly-
time data of SN 2010al.

The fluxes were corrected for the extinction reported in Sec-
tion[2, and then integrated using the trapezoidal rule. Hsewed
fluxes were finally converted to luminosity using the hostaggl
distance adopted in this paper. The resulting pseudo-teiham
light curve of ASASSN-15ed is shown in Figuré 3 (top panel),
and the data are listed in Talgfle]A1 in the Appendix. It mayi§ign
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Figure 3. Top - Pseudo-bolometric light curve of ASASSN-15ed3(V griz bands), compared with those of a sample of reference sttippeelope SNe.
As comparison objects, we show SNe lbn 201@aBV RI bands;u = 34.27 mag, EB — V') = 0.06 magmmw) ZOOM et
[2008h,BV RI bands; = 31.73 mag, EB — V) = 0.25 mag;) and 2006jd{BV RI bands;: = 32.01 mag, EB — V) = 0.04 mag|_Pastorello et/al. 2007;
[Foley et al[ 2007; Pastorello_ef/al. 2008a; Anupamalét aBp@e peculiar SN Ib 1991DKV R bandsy = 36.24 mag, EB — V) = 0.05 mag}_Benetti et Al.
m) the normal SNe Ib 2005hg BV ri bands;u = 34.80 mag, EB — V') = 0.09 mag) and 2009iz(BV ri bands;: = 33.92 mag, EB — V') = 0.07 mag;

@4); the luminous, broad-lined Type Ic SN889 (U BV RI bands;u = 32.74 mag, EB — V') =0.06 magm@m, and references
therein). Bottom - Comparison of thie@ — V' colour evolution for the same set of SNe.
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The metamorphosis of ASASSN-15ed from SN Ibn to SN1b

Table 3. Log of spectroscopic observations of ASASSN-15ed.

Date JD Phase (&) Instrumental configuration Exposure time (s) Rarfg)s ( Resolution (3)
2015/03/11  2457092.97 +5.6 2.4-m Hiltner + OSMOS + VPH x 3200 3980-6860 34
2015/03/12  2457093.61 +6.2 1.82-m Copernico + AFOSC + gm4 0024 3360-8200 14
2015/03/13  2457094.65 +7.3 1.82-m Copernico + AFOSC + gm4  x21D0 3470-8190 14
2015/03/14  2457095.64 +8.2 1.82-m Copernico + AFOSC +gm4  x 1800 3500-8190 14
2015/03/15  2457096.58 +9.2 3.58-m TNG + LRS + LRB 2400 325608 10
2015/03/16  2457097.99 +10.6 1.5-m FLWO + FAST + 300 gpm 1800 47037410 5.7
2015/03/17  2457098.96 +11.6 1.5-m FLWO + FAST + 300 gpm x B200 3470-7410 5.7
2015/03/19  2457100.56 +13.2 1.82-m Copernico + AFOSC + gm4 6003 3450-8190 14
2015/03/19  2457101.02 +13.6 2.0-m FTN + FLOYDS 3600 3200000 13
2015/03/23  2457105.00 +17.6 2.0-m FTN + FLOYDS 3600 3200000 13
2015/03/24  2457105.51 +18.1 1.82-m Copernico + AFOSC + gm4 6003 3550-8190 14
2015/03/26  2457107.57 +20.2 3.58-m TNG + LRS + LRR 3600 510860 14
2015/03/28  2457109.67 +22.3 10.4-m GTC + OSIRIS + R1000B x 1B00 3630-7880 7.0
2015/04/05  2457117.73 +30.4 10.4-m GTC + OSIRIS + R1000R X 690 5100-10400 7.7
2015/04/28  2457140.57 +53.2 10.4-m GTC + OSIRIS + R1000R 0180 5100-10400 7.7

 The phases are with respect to thband maximum light (JD = 2457087.4).

icantly differ from a “true” bolometric light curve, partidarly at
early phases when the contribution from the unobserved UMd$a

if considering only the optical bands. In this case, howeties
late-time optical deficit was balanced by a strong IR excess (

can be dominant, as seen in other SNe Ibn (e.g. SN 2010al, seeDi Carlo et al! 2008; Mattila et al. 2008; Smith etlal. 2008iet

Pastorello et al. 2015a), and at late phases when the aatirilnf
the IR flux might be large in the case of dust condensatioe (hk
SN 20006jc, Mattila et al. 2008; Smith et al. 2008).

We compared the quasi-bolometric light curve of ASASSN-
15ed to those for a wide sample of stripped envelope SNe, in-
cluding three SNe Ibn (2002a0, 2010al and 2006jc), two waks
SNe Ib (2005hg and 2009iz), the luminous and fast-evolviNdts
1991D and the prototypical hypernova (Type Ic) SN 1998bw- Re
erences for the data are reported in the caption of Figlrees. W
note that the peak luminosity of ASASSN-15ed largely exseed
that of other stripped-envelope SNe shown in the figure, thiéh
possible exception of the puzzling SN 1991D (Benetti &t @D2).

SN 1991D was spectroscopically classified as a relativeiynab

SN Ib, but was remarkably luminous and had an unusually fast-
evolving light curve. The pseudo-bolometric peak lumibnosf SN
1991D has to be regarded as a lower limit, since the epoch »f ma
imum light is not well constrained, and the quasi-boloneetight
curve has been computed accounting for the contributiowlefys
three optical bandsH, V' and R), as the SN was not imaged with
other filters.

Another interesting property of the pseudo-bolometridtlig
curves of ASASSN-15ed and other SNe Ibn shown in Figlire 3 is
the fast and almost linear post-peak decline up to phaS8-60 d,
without flattening on to th& Co tail. Again, the steep luminosity
decline is similar to that observed in SN 1991D. However, M S
1991D, we note a clear flattening 2 months after peak, which

may be consequence of dust formation in a cool dense shell. Un
fortunately, ASASSN-15ed was not observed in the NIR basals,
we cannot determine whether its weak late-time luminositgiuie

to a very small synthesizeNi mass, or to dust condensation.

In Figurd 3 (bottom), we also show tti2—V colour evolution
of ASASSN-15ed along with those of the same SNe as mentioned
above. Typical non-interacting stripped envelope SNe irsample
have a rather similar colour evolution, with— V" increasing from
~ 0.3 mag to nearly 1 mag during the rise to maximum and the
subsequent- 25 d. At later phases, theB — V' colour behaviour
is more heterogeneous, wifhi— V' colours varying in the interval
0.8-1.5 mag.

The colour evolution of SNe Ibn is somewhat different. Al-
though a few of them (e.g. SNe 2002a0 and 2006jc) have a véry fla
colour evolution, others (including ASASSN-15ed and SN@01L
— while being very blue at early times become redder more
rapidly with time, placing their behaviour between thoseSdfe
Ib/c and the most extreme SNe Ibn. We remark, however, tleat th
late-time B — V' colour of SN 2006jc was affected by the major
weakening of the optical flux at blue wavelengths due to dust f
mation, which largely affected thB and V' magnitude estimates.
Interestingly, ASASSN-15ed and SN 2010al are the two exaspl
of SNe Ibn which spectroscopically develop broad P-Cygme li
profiles at later phases in their spectra (cf. Sedfich 4.8¢ Spec-
troscopic metamorphosis and ti& — V' colour transition from
blue colours typical of SNe Ibn to red colours expected in-non

is not observed in ASASSN-15ed or the other SNe Ibn discussed interacting stripped-envelope SNe happen nearly at the sane
herdd Instead, ASASSN-15ed began an even steeper decline start{Figure[3, bottom). All of this suggests that these two SNeti@n-

ing ~ 2 months after maximum, and confirmed by detection limits
at phases- 64 d.

Although the lack of a clear light curve flattening on to the
56Co decay rate would argue against a significant amouf iF
synthesized in the explosion, we note that the quasi-bdidene
light curve of ASASSN-15ed is very similar to that of SN 2006j

5 A late-time light curve flattening was observed only in thg@ybn SN
OGLE-2012-SN-006, but was attributed to strong ejecta-ABferaction
(Pastorello et al. 2015c).

© 2015 RAS, MNRAS000, [THI3

sitional objects between SNe Ib/c and more typical SNe Ibn.

4 SPECTROSCOPY

We obtained spectroscopic observations using OSMOS on4hke 2
m Hiltner Telescope of the MDM Observatory on Kitt Peak (Ari-
zona, USA), FAST on the 1.5-m Tillinghast Telescope of Fred L
Whipple Observatory at Mt. Hopkins (Arizona, USA), FLOYDS o
the 2.0-m Faulkes Telescope North (FTN) of the LCOGT network
at Haleakala Observatory (Hawaii, USA), AFOSC on the 1.82-m
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log F,+ const.

3000 4000 5000 6000 7000 8000 9000
wavelength (&)

Figure 4. Spectral sequence of ASASSN-15ed. The spectra have beshiftabrrected, but no reddening correction has beeriethplThe phases indicated
on left are with respect to the epoch of thdvand maximum. The spectrum at phase +53.2 d has been srdamiing a boxcar with size 9 pixels.

Copernico Telescope of Mt. Ekar (Asiago, Italy), LRS on th&83 checked against broad-band photometry obtained on thestear
m TNG and OSIRIS on the the 10.4-m GTC, both operated at La night (ideally, the same night) and, when necessary, asgctctor
Palma (Spain). was applied. The spectra of standard stars were also usedéztc

Spectroscopic observations of ASASSN-15ed were carried the SN spect_ra from the@nd OH telluric bands.
out between 2015 March 11 (5.6 d after maximum) and April 28 Information on th? flna] spectra of ASASSN-15ed, and the
(phase~ 53 d), and cover the post-peak SN luminosity decline. The MStrumental configurations is listed in Table 3, and thecspeare
data were processed using standard IRAF tasks, with thesioci shown in Figuré}.
of bias, flat and overscan corrections. Optimized one-dgioeral
spectra were extracted from the two-dimensional frames/eWa

- - 41 ectral Evolution
length calibration was performed using reference arc spexi- Sp

tained with the same instrumental set-up. The accuracyeofitive- Early-time spectra (phases from +5.6 d to +7.3 d) are charact
length calibration was verified measuring the position ghhisky ized by an almost featureless blue continuum, with a tentpesra
lines, and— if necessary- a shift in wavelength was applied. The T, ~ 11000 K, and only weak narrow P-Cygni lines of He | are
flux calibration was performed through the spectroscopseola- detected. Such a smooth continuum was observed in othegyoun

tion of at least one flux standard star observed during theesam SNe Ibn (e.g. in SN 2000€r; Pastorello €l al. 2008a) and was pr
night as the SN. The flux calibration of the SN spectrum was the posed to originate in a thin cool dense shell (CHligai 200@ymF

© 2015 RAS, MNRASD00, [THI3
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the position of the minimum of the absorption componentsesse
timate that the gas producing the narrow lines is moving atiab
1200-1300 km s'. We also note that the narrow P-Cygni He |
features become weaker with time, and are only barely dstect
in later spectra (up to about 3 weeks after maximum), with ve-
locities that are marginally higher, but always less tha@0Lkm
s~ 1. The negligible velocity evolution of the narrow comporsent
suggests that these features are likely produced in theouketi
He-rich CSM. We note that He-rich gas moving at 1200-1500 km
s~! is compatible with mass-loss from a Wolf-Rayet (WR) star
(e.g.,. Torres et al. 1986; Prinja et al. 1990; Hamann et &0620

In particular, these pre-SN wind velocities are compatiith
those observed in winds of WNL stars (Crowther et al. 1995a,b
Hainich et all 2014).

In our intermediate-age spectra (from 9.2 d to 11.6 d), very
broad and shallow undulations become visible in the blue-spe
tral regions, with emission components peaking at abou6 402
4600A and 5330A (rest wavelengths). These features are likely
due to blends of Fe Il features. Subsequent spectra (ph&s2s 1
d to 18.1 d) show other broad emission features peaking attabo
6200A and 64504, very likely line blends that become stronger
with time.

At later epochs (from 20.2 d to 30.4 d), higher S/N spectra

T T
| SN 2010al (4.2¢)
ASASSN-15ed (7.3¢)
SN 2000er (5.7¢)
SN 1991D (5-104)

T
i ‘

="

_‘
>

“3

log F, + const.

L e L s B

0 5000 6000
Wavelength (4)

Figure 6. Comparison of an early-time spectrum of ASASSN-15ed ob-

were obtained using TNG and GTC. These spectra clearly show tained 7.3 d after maximum with spectra of the Type lbn SNedaDand

prominent He | lines (e.g. He X 4471, X 5876 and\ 7065) with
broad P-Cygni profiles at an inferred velocity of 6000-7060k *

(as determined from the wavelength of the P-Cygni minimui).
careful inspection of lower S/N spectra at earlier phasegests
that there was some evidence of broad He | lines at epochslgs ea
as +13.2d.

From 20.2 d after maximum onwards, a very broad emis-
sion feature peaking at 8400-87@0emerges, and becomes the
strongest feature in the spectra of ASASSN-15ed. This featu
identified as the NIR Ca Il triplet. Deblending the composenit
the triplet, we obtain an ejection velocity of about 8500 km for
the gas where the lines form.

We note that the NIR Ca Il triplet is likely generated in the
outermost ejecta, as this velocity is significantly lardgrartthe bulk
velocity deduced from the position of the broad He | absomti
components. The NIR Ca Il blend is the most prominent splectra
feature in our latest low S/N GTC spectrum, obtained 53.2tef af
maximum light.

4.2 Broad lines: comparison with SN 2010al

One of the most intriguing spectroscopic properties of ASANS
15ed is the transformation from almost featureless earlg-spec-
tra where only narrow P-Cygni profile lines of He | were visibl
to the later spectra dominated by very broad P-Cygni liresl i

to those observed in SNe Ib (cf. Sect[onl4.3). To our knowdedg
a similar spectral metamorphosis has previously obsermbdio
SN 2010all(Pastorello etlal. 2015a) and in SN 2015G (Fras#r et
in preparation).

In Figurel®, we show the temporal evolution of selected spec-
tral features in a few representative spectra of ASASSNt15e
(top panel) and SN 2010al (bottom panel). Approximatehe¢hr
weeks after maximum, the spectra of ASASSN-15ed show arrathe
sharp transition from being dominated by narrow lines<(t500
km s7!) to showing purely broad lines (% 6500 km s!). Al-
though the relatively broad P-Cygni component is weak iretimdy
spectra of ASASSN-15ed, it is clearly detected at those lepoc
and shows very little velocity evolution. The co-existerafdwo

2000er, the peculiar SN Ib 1991D and the typical SN Ib 2009girailar
phases. All spectra have been Doppler and reddening cedreasing the
information available in the literature_(Benetti etlal. 20@astorello et al.
20084, 201%a: Modjaz etlal. 2014). For SN 2009iz, the inféionaon
the reddening, redshift and epoch of theband maximum is taken from
Bianco et al.|(2014). The phases of the five objects are vel&i the max-
imum light. The dashed vertical lines mark the expectedtjppos of the
He I lines.

line components with modest velocity evolution suggesistiese
features arise from different emitting regions: the brodde | P-
Cygni features are likely a signature of the SN ejecta, withike
narrow He | P-Cygni lines are generated in the unperturbed, H
rich CSM. At early phases, the photosphere’s location ikiwithe
dense shell, above which the narrow lines form. The sheitlige
photoionized by early ejecta-CSM interaction in the inn&Mre-
gions and/or by the initial shock breakout. Once recombitieel
shell becomes transparent and the underlying SN ejectagiad
emerge: in this phase, the spectrum is dominated by broaghRiC
lines.

SN 2010al shows a smooth transition, with spectral lines tha
become progressively broader with time and only one vslocit
component is apparent observed at each epoch. In the eadirap
of SN 2010al, the narrow He | P-Cygni lines are likely prodiice
in a circumstellar shell, and indicate the presence of gasngat
about 1000-1100 km™g. With time, the He | lines become pro-
gressively broader, reachingv1900-2300 km s! at~20 d after
maximum, and 5000-6000 knmv'$ at 1.5 months after maximum.
This gradual transition may suggest the existence of sl@wing
CSM which is shocked by the SN ejecta. However, this interpre
tation does not explain the presence of the broad blueeshitb-
sorption component. An alternative possibility is the satenario
invoked for ASASSN-15ed, with the narrow line emitting r@gi
dominating the spectrum at early phases and the broad limte-co
bution from the SN ejecta emerging at later phase when the CSM
becomes transparent. In this case, the peculiar line \gleeolu-
tion would result from the convolved line profile of the twoiging
regions, with their relative intensities that change wiitiet.

© 2015 RAS, MNRASO00,[THI3
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Figure 7. Comparison of a spectrum of ASASSN-15ed obtained 30.4 d af-
ter maximum with spectra of the Type Ibn SNe 2010al and 200280
peculiar SN Ib 1991D and the typical SN Ib 2005hg at comparpbhses.
For SN 2005hg, the information on the reddening, redshift epoch of
the V-band maximum is taken from Bianco et al. (2014). The spetof
SN 2002a0 (taken from Pastorello etlal. 2008a) has been bewasing a
boxcar of 5 pixels, that of SN 1991D (from Matheson et al. 2Qsing a
boxcar of 7 pixels, and the +25.8 d spectrum of SN 2005hg (o€ al.
2014) using a boxcar of 3 pixels. The spectra have been Dopptred-
dening corrected. The phases of the five objects (reportbdaickets) are
in days after the maximum light.

4.3 Comparison with Typelb SN spectra

In Figure[6, we compare an early-time spectrum of ASASSNd15e
(phase = 7.3 d) with spectra of two SNe Ibn for which earlyetim
observations are available (SNe 2000er and 20L0al; Pistetal.
2008a| 2015a), with the peculiar Type Ib SN 1991D (Benettiet
2002), and the normal SN Ib 2009iz (Modjaz el al. 2014). Tlde re
dening and redshift estimates adopted in the comparisothase

of the reference papers. The spectra of SNe Ibn and SNe Ib are

markedly different at early phases, since the He I linesh Wit
Cygni profiles, are very narrow (1000-1500 km'$ in Type lbn
SNe. As we have remarked in Sectionl4.1, the velocity of these
narrow components in SNe lbn is indicative of the expansien v
locity of the CSM. In addition, in early spectra of SNe Ibratigres
attributable to other ions are very weak. In Type Ib SN speete
clearly see broad lines with P-Cygni profiles, indicatingttthe
bulk of the material ejected by the SN is moving with velastof
several thousands kns, and we clearly identify lines of Fe Il and
intermediate-mass elements (IME), along with the prontitél
features.

In Figurel 7, a relatively late GTC spectrum of ASASSN-15ed
(phase = 30.4 d) is compared with roughly coeval spectra ®f th
Type Ibn SNe 2002a0 and 2010al (Pastorello gt al. 2008a,a3015
the peculiar SN 1b 1991D (Matheson etlal. 2001) and the canoni
cal SN Ib 2005hg (Modjaz et al. 2014). At these later epocheeth
is more similarity between the spectra of our sample of She Ib
and the two SNe Ib. Although in some SNe lbn, the narrow He |
lines are still visible at late phases (e.g. in SN 2011hw.tBeti al.

© 2015 RAS, MNRAS000, THI3

2012] Pastorello et al. 2015a), the late spectra of SNe ksemted
here have He | lines with intermediate to broad componeras th
largely dominate over the narrow components. The majoeudiff
ence among these spectra is that P-Cygni lines in SNe Ibn have
more symmetric profiles, while in SNe Ib the absorption datés

over the emission. In addition, the shallow absorption conents

in the late spectra of SNe Ibn are broader than those of Siéeidh,
gesting a higher kinetic energy per mass unit in the SN efecta
the former.

In conclusion, although the spectral appearance of ASASSN-
15ed (and, to a lesser extent, even SN 2010al) changes wid ti
evolving from an SN Ibn caught at early phases (such as SNe2000
Pastorello et al. 2008a) to a Type Ib SN, some difference irsna
at late phases, with the NIR Ca Il triplet being remarkabigrsger,
and the P-Cygni profiles of the He | lines being broader inghe®
transitional SNe Ibn. Nonetheless, ASASSN-15ed and SN &010
belong to a rare sub-group of SNe Ibn whose spectra show agrad
transition to broad-line spectra of a Type Ib SN.

5 DISCUSSION AND SUMMARY

In this paper, we have presented photometric and specpiasco
data of ASASSN-15ed, initially classified as a Type Ibn SNwHo
ever, the monitoring campaign showed a major spectral gaalu
with narrow He | lines disappearing at late phases, and biemd
tures with P-Cygni profiles becoming more prominent withetim
(see Sectionl4). Although the spectroscopic evolution ABSN-
15ed suggests a transitional case from a Type Ibn to a Typdl]b S
its light curve is still markedly different from those of SN In
particular,

e With a peak magnitude af/,, ~ —20, it is one of the most
luminous SNe Ibn. At maximum it is far more luminous than
the average SNe |b (about17.5 + 0.3 mag, Richardson et al.
2014), although similarly bright SNe Ib do exist (Benettaét
2002 Elias-Rosa et al. 2015).

e It has a very fast, almost linear photometric decline aftarm
imum, faster than those of SNe Ib and lasting about 50 d (Sele Ta
and FiguréB).

e During observed period, there is no evidence for the presenc
of a late-time light curve flattening on to tA&Co decay tail. In fact,
about two months post-maximum there is a remarkable inereas
in the decline rate of the optical light curves, never praslyg ob-
served —to our knowledge —in SNe Ib. This may either sugest t
a very tiny amount of®Ni was synthesized in the explosion or that
dust has formed in the SN environment, in analogy with SN R006
(DiCarlo et all 2008; Mattila et &l. 2008; Smith etlal. 2008).

The evolution of ASASSN-15ed is somewhat reminiscent of
the Type Ibn SN 2010al (Pastorello etlal. 2015a). The spedtra
both objects were characterized by a blue continuum witkersup
imposed narrow P-Cygni lines of He | during the initial phase
Later on, broad P-Cygni components emerged for the He I.lines
ASASSN-15ed, the velocities of these components remaighigu
constant, while they increase with time in SN 2010al. In latbes,
this is interpreted as a signature of the SN ejecta. Howevgino-
tosphere receding through the ejecta is expected to prdihee
velocities that decline with time. In SN 2010al, the oppasiend
of the velocity profile is puzzling. As discussed in Secfiod, 4he
presence of a circumstellar shell may be an important ingnédo
explain its evolution, with the velocity evolution represieg the
combined contribution of two different line-forming reg® This
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would imply that, although SN 2010al and ASASSN-15ed become
spectroscopically similar to SNe Ib at later phases, thequree of

a significant amount of H-depleted CSM has a key role in the evo
lution of these two objects. For this reason, we believe their
classification as transitioning Type Ibn/lb SNe is well mated,
and supported by the observations.

What is still puzzling is the mechanism powering the early-
time light curve of ASASSN-15ed. The initial shock breakmay
contribute to the light output at early phases. This proeessid
also provide the initial flash ionization of the thick CSM Bhe
However, given the large radflisf the thick shell, a quick recom-
bination of this material has to be delayed until the epotkgéch
the transition to a Type Ib is observed. A continuous iomiraof
the shell could be maintained via interaction of the SN @jedth
an inner circumstellar wind. With the conversion of kinegitergy
into thermal energy in the shock-heating processes, thisdxadso
explain the high luminosity of ASSASN-15ed. Intermediatieith
spectral lines typically arising from the shocked gas ofittter-
acting SNe may also be reprocessed in the outer CSM, rergainin
unobserved as long as the shell is optically thick. Once tipply
of ionizing radiation ceases because the inner ejecta-Cfidviic-
tion decreases in strength (or stops entirely), the shetimbines
and the underlying Type Ib spectrum becomes visible. Baged o
this scenario, we expect that once the SN ejecta will reazbater
high-density circumstellar shell, a flattening in the lighirve of
ASASSN-15ed will be observed.

Our attempt to link these transitioning SNe to a specific-stel
lar progenitor is the ultimate goal in constraining theituna. Al-
though ASASSN-15ed and SN 2010al are very luminous at maxi-
mum, they do not have a luminous light curve at late times vead
do not observe the classicdICo decay tail. This may be a conse-
guence of significant dust formatBnthough we cannot rule out
that a very modest amount 8fNi is ejected in the explosion. In
the latter case, the tiny’Ni mass would link these transitioning
SNe Ibn/lb to moderate-mass progenitors that had lost thags
via binary interaction, or to very massive stars that eftat@dest
56Ni masses because of fall-back of stellar mantle materigbon
the core.

Unfortunately, the large distances of these SNe make the de-

tection of the progenitor stars in pre-SN archive imagesissible.
In addition, as the CSM has a predominant role in the SN eaoiut

We have observed so far a large diversity in SN Ibn, includ-
ing double-peaked light curves (iPTF13beo; Gorbikov e2@l4),
late-time light curve flattening (e.g. LSQ13ccw; Pastareli al.
2015c), and extremely fast post-peak luminosity declineg.(
LSQ13ccw; Pastorello et ial. 2015b). ASASSN-15ed, whicheexp
rienced a spectroscopic metamorphosis from a Type Ibn tgpa Ty
Ib SN, is a new and unprecedented contribution to the Typ&Nn
z00. Current and future SN surveys, such as ASAS-SN, wilh&r
increase the number of SN Ibn discoveries, including vearimg
objects, which will hopefully put more stringent consttaion the
nature of their progenitors.
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APPENDIX A: PSEUDO-BOLOMETRICLIGHT CURVE
OF ASASSN-15ED.

In Table[Al, we present pseudo-bolometric data for ASASSN-
15ed. We report in column 1 the phases fromytHeand maximum,
while in column 2 the values of lod for individual epochs, with
associated uncertainties.
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Table Al. Pseudo-bolometric data for ASASSN-15ed.

Phase logl
(days from peak) (ergsh)
—12.96 <42.85
—7.97 <42.91
—3.64 43.232 0.066
0.56 43.336 0.067
3.61 43.236 0.066
5.55 43.155 0.066
6.23 43.112 0.065
7.25 43.042 0.064
7.29 43.032 0.064
8.23 42.992 0.065
8.55 42.976 0.065
9.22 42.957 0.064
9.25 42.953 0.064
9.57 42.932 0.064
10.60 42.877 0.064
11.25 42.836 0.063
13.23 42.730 0.065
16.51 42.564 0.065
18.11 42.475 0.069
18.46 42.456 0.067
19.46 42.400 0.067
22.28 42.321 0.063
22.39 42.317 0.063
22.39 42.313 0.064
24.18 42.234 0.074
25.20 42.193 0.069
26.18 42.154 0.068
30.21 42.038 0.068
30.35 42.032 0.069
33.33 41.942 0.070
35.26 41.880 0.069
37.21 41.812 0.070
37.27 41.803 0.069
40.22 41.676 0.070
44.14 41.573 0.069
48.25 41.459 0.069
50.21 41.394 0.068
52.14 41.285 0.070
53.26 41.174 0.069
55.11 40.990 0.076
64.26 <40.73
66.28 <40.66
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