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Abstract. This paper (see also Moskvitin et al. 2010, Astroph. Bull., 65,
230, arXiv:1008.0773) describes the aims, objectives and first results of the
observational program for the study of core-collapse supernovae (CCSNe).
This work is done within the framework of an international cooperation
program on the CCSNe monitoring at the 6-m BTA telescope of the SAO
RAS and other telescopes. We study both the early (SN type determination,
redshift estimation, and a search for manifestations of a wind envelope) and
the nebular phases (the effects of explosion asymmetry) of CCSNe. The
SNe associated with cosmic gamma-ray bursts (GRBs) are of particular
interest. An interpretation of our observational data along with the data
obtained on other telescopes is used to test the existing theoretical models
of both the SN explosion and the surrounding circumstellar medium.
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1. Introduction

Core-collapse supernovae are usually considered as massive stars (a star on the main
sequence with more than 8 solar masses) at the final stages of evolution, followed by
a core collapse and a powerful explosion (types Ib, Ic and II). An interest towards
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these SNe is primarily driven by the fact that they are suppliers of heavy elements
into the interstellar environment, and hence play an important role in the processes
of star formation in the galaxies. In addition, compact objects are formed precisely
in the process of core-collapse SN explosions, giving a chance to investigate the state
of superdense matter, as well as the conditions for the formation of such objects as
pulsars and micro-quasars.

Despite the ongoing active research of the SN phenomenon worldwide, we are
very far from understanding the processes before and during the explosion. A new
look at the problem appeared after it was found that at least some of the type Ibc
SNe are associated with cosmic gamma-ray bursts (GRBs) (Li 2008). This discovery
allows tracing these events straight from its onset, previously done in case of a few
isolated instances. Nevertheless, there are many problems that still do not have any
decisive answers.

2. Problem definition

2.1 Explosion asymmetry

Observations demonstrate that in a statistically significant number of cases (30–40%)
an expansion of the SN envelope may be asymmetrical (different from spherically
symmetric explosions) (Kawabata et al. 2002; Trundle et al. 2009; Maeda et al. 2008;
Modjaz Challis & Matheson 2008; Taubenberger et al. 2009). Model calculations
explain the observational data within the torus or disk-shaped geometry of matter
ejection during the explosion (Maeda et al. 2002).

In this case, the line profiles in the nebular (more than 150 days after the maxi-
mum) SN stage serve as good indicators. The following lines are usually used to study
the line profiles: the [FeII] blend around 5200 Å, [OI] 6300, 6363 Å and [CaII] 7291,
7324 Å. The key problems needed to be fully examined are the underlying physical
mechanisms and stellar properties responsible for the explosion asymmetry. To an-
swer this question, we perform spectral observations at the BTA for a detailed study
of the line profiles. A set of statistics of such events is very important to be able to
make any conclusions. An analysis of the existing data shows a variety of possible
explosion geometry variants (Taubenberger et al. 2009). Spectropolarimetric observa-
tions, now possible with the BTA, (Afanasiev & Moiseev 2005) allow to examine the
explosion geometry and tracing the distribution of various elements in the outburst.

2.2 Early phase and outburst interaction with surrounding stellar and circum-
stellar matter

In some rare cases, the observations of SNe can be performed at very early phases:
for example, SN 1993J (van Driel et al. 1993), SN 2006aj (Campana et al. 2006), SN
2008D (Modjaz et al. 2009), etc. An interpretation (and previously detailed modeling,
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see, e.g., (Blinnikov et al. 1998)) of the light curves of CCSNe in the ultraviolet,
visible light and X-rays allowed to discover an earlier predicted effect of heating and
acceleration of the progenitor star’s envelope by the shock wave and an egress of this
shock onto the surface of the star (a “shock breakout”) (Colgate 1968). The most
important implication of early observations of CCSNe is a possibility of direct, model
independent, estimations of the size of the emitting region, and, hence, the size of
the presupernova (Campana et al. 2006). It is extremely important to understand the
evolution of supernova and the mechanism of the explosion itself. It is known that
unlike TypeII SNe, there are no visible hydrogen lines in the spectra of Type Ibc SNe.
It is believed that the type Ib/c SN progenitor stars during the evolution loose their
hydrogen envelopes, and in the case of type Ic SNe, their helium envelopes as well
(Nomoto & Mashimoto 1988). It would be natural to expect the manifestations of
this envelope in the spectra, especially in the early ones, as evidenced by Elmhamdi
et al. (2006). Elmhamdi et al. (2006) interpret the absorption feature near 6300 Å as
a shifted hydrogen line Hα of the envelope, while their method allows estimating the
hydrogen mass as well.

Interestingly, the fact of existence of supernovae changing their type in the course
of time (e.g., SN1987K and SN1993J (Elmhamdi et al. 2006)) can be fairly explained
within the framework of a simple model. According to the present-day perceptions,
the most widely recognized type Ibc SN progenitors are: (a) relatively low-mass stars
(8 − 20M�) in binary systems (that loose their envelopes as a result of mass transfer)
(Podsiadlowski, Joss & Hsu 1992), and (b) Wolf-Rayet stars (loosing their envelopes
due to the stellar wind). A direct observational task is to find the answer to the ques-
tion: which evolutionary scenario of the type Ibc SN progenitor stars is preferable? In
light of the fore-said, a task for the BTA is the earliest possible spectroscopy followed
by mandatory monitoring of such events. We consider that one of the most impor-
tant components of this task is the detection of the Hβ line, which would become a
decisive argument in favor of the discussed models.

2.3 A wide SNe luminosity spread

The brightness of type II SNe at maximum (for example, the events SN 2005ap, SN
2006gy and SN 2008es) can reach M = −22m (Drake et al. 2010; Miller et al. 2009).
However, it was found that the luminosity of SNe of this type can be MB = −14m and
even fainter. In this respect, questions arise: how many such weak flares occur, which
percentage of them do we miss, and what effect will the registration of such events
have on the overall rate of SN explosions in the galaxies?

In this context, another question seems natural: what are the underlying mech-
anisms behind these powerful explosions and does it differ from the “classical” sce-
nario? Within the framework of the stated program, we carry out spectral monitoring
of such events at the BTA 6.0m accompanied by multi-color photometry on the 1-
meter Zeiss-1000 telescope of the SAO-RAS and on other telescopes as a part of



106 A. S. Moskvitin et al.

ongoing international collaboration. The aim is to build detailed light curves in dif-
ferent filters to be further used to estimate the mass and total energy of the progenitor,
as well as for a comparison of the observed characteristics (velocity, line width, etc.)
in the spectra of SNe with different luminosities.

2.4 Supernovae at moderate and high redshifts

Direct association of SNe with optical afterglows of GRBs is important in understand-
ing these explosions in great detail. However, spectroscopically such an association
was carried out only for the nearby events: GRB 980425 / SN 1998bw (z = 0.0085),
GRB 030329 / SN 2003dh (z = 0.1687), GRB 031203 / SN 2003lw (z = 0.1055),
GRB 060218 / SN 2006aj (z = 0.0335) (Kaneko et al. 2007) and GRB 100316D /

SN 2010bh (z = 0.059). Apparently, at the optical wavelengths, such association can
be reliably done for the events at redshifts up to z ∼ 0.5, when the brightness of SNe
(especially at peak brightness) will still dominate in the overall radiation. It appears
to be interesting to compare the properties of SNe associated with GRBs with normal
SNe. The most interesting problem in this context is: why not all the nearby GRBs
are associated with SNe (Della Valle et al. 2006)? Is this an effect of observational
selection linked with the above mentioned luminosity difference, or is it a distinction
in the nature of the phenomena? Within our observational program we perform spec-
troscopic observations of distant SNe from early time to quite late phases to measure
the velocities and width of detected lines in their spectra (the estimates of the total
explosion energy).

It is obvious that the study of SNe at high redshifts is very important for the un-
derstanding of the star formation history, in particular, for an independent evaluation
of the star formation rate in the Universe (Dahlen et al. 2004), the evolution of the
initial mass function, etc. Modern specialized surveys can detect type IIn SNe (the
brightest in the ultraviolet) up to the redshifts z ∼ 2 (Cooke 2008, 2009). In this case
a perceivable task for the BTA would be to get a multicolor photometric observations,
and construction of detailed light curves. From the data of optical broadband pho-
tometry we may estimate the redshift and type of SNe (see, Poznanski et al. (2002);
Kessler et al. (2010)).

In the light of above discussions, the main observational objective of the program
is spectral and photometric monitoring of CCSNe. Very early time observations of
SNe were recently became possible, thanks to the constantly updated and accessible
on-line data, obtained in the course of specialized sky surveys (Drake et al. 2009).

3. Observational strategy

The estimated number of SNe, observable from SAO every year (δ > −10◦) is 158
SNe: Ia—52%, Ib—3%, Ic—5%, Ibc—2%, IIn—7%, IIP—6%, other type II—25%
(evaluation was done for 2008 from the CRTS data). The classification of objects
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as core-collapse SNe is possible at early stages using the color estimates (Drake et
al. 2009; Poznanski et al. 2002; Kessler et al. 2010). Since the main purpose of the
program is to study CCSNe, we expect a small percentage of type Ia SNe in our data
as well. According to the estimates of the detection rate, we expect about 1–2 CCSNe
events a week for our studies.

The program observations are performed since 2009 in the framework of interna-
tional cooperation for the studies of core-collapse SNe on more than 10 telescopes
in the USA, Italy, Spain, India and Russia. In the SAO-RAS the main observa-
tions are conducted on the 6-m BTA telescope with a multi-mode device SCORPIO1

(Afanasiev & Moiseev 2005), which is optimal for the program owing to the capabil-
ity of fast switching between the observational modes. A large telescope is needed to
achieve the required quality of the data, as the expected apparent magnitudes of the
objects vary from 15m to 25m. The observational strategy of the program is catego-
rized as follows:

1) the early phase (the “shock breakout”), R = 15m − 19m: spectroscopy with a
resolution of 5−10 Å (VPHG550G, VPHG550R, VPHG1200R, VPHG1200G,
VPHG1200B grisms), UBVRC IC photometry;

2) the early phase (SNe at moderate and high redshifts), R = 21m − 25m: BVRC IC

photometry, for the brightest events—spectroscopy with a resolution of 10 −
15 Å (VPHG400, VPHG550G, VPHG550R);

3) the late phase (nebular), R = 17m−22m: for bright events (R = 17m−19m) spec-
troscopy with a resolution of 5−10 Å (VPHG550G, VPHG550R, VPHG1200R),
UBVRC IC photometry.

The list of potential objects includes both the “scheduled for study” and recently
discovered events (the main sources of data are the CRTS2, CBET3 and ATEL4 cat-
alogs). The selection of objects in a particular night is determined by the task and
conditions of observations.

The data reduction is done in a standard way. The spectra obtained are compared
with the SNID (Blondin & Tonry 2007), the spectral library of the nearby SNe and the
SNe class is confirmed, then the object type, the phase relative to the peak brightness
and redshift of the SN are determined and are published in the form of CBET or ATEL
telegrams. The spectra may be used for a more detailed analysis, e.g. with the SYNOW
code (Branch et al. 2002). The photometric data can be used for the absolute calibra-
tion of the spectra by flux, the construction of light curves and for the estimations of
physical parameters of SNe.

1http://www.sao.ru/hq/lsfvo/devices/scorpio/scorpio.html
2http://nesssi.cacr.caltech.edu/catalina/AllSN.html
3http://www.cfa.harvard.edu/iau/cbet/RecentCBETs.html
4http://www.astronomerstelegram.org
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Figure 1. The spectra of SN 2008iy, obtained with the BTA+Scorpio on April 23 (the black
line) and September 25 (the grey line), 2009. The object’s redshift, measured from the BTA
spectra z = 0.041 is consistent with the data cited in (Miller et al. 2009).

4. Results

The observational program at the BTA has been carried out since the first half of 2009.
Also, we perform the photometry of core-collapse SNe on the Zeiss-1000 telescope of
the SAO RAS as a follow-up program. During 2009-2010, total 44 objects were ob-
served, and for 12 newly detected SN candidates we determined the types, phases after
maximum, and the redshifts. The discovery of two more SNe were confirmed pho-
tometrically. We completed the study of five SNe: 2008gz, 2008in, 2009bw, 2009ay,
2009de and the observations of three more objects (SNe 2008iy, 2009jf, 2010jl) are
ongoing.

Here we briefly describe the most interesting results. The detailed investigation
of SN 2008gz reported by Roy & Kumar (2012) is presented in a separate article of
this issue.

4.1 Unusually slowly evolving type IIn SN 2008iy

One of the most interesting SN studied in the framework of the program is SN 2008iy
(Drake et al. 2008; Mahabal et al. 2009; Catelan et al. 2009). It is intriguing fact that
its spectra, obtained at intervals of about 5 months, changed very little (see Fig. 1).
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Figure 2. U, B, V, R, I light curves (dots with bars) of SN 2009bw in comparison with the B,
V light curves of SN 1986L (dashed blue and green lines).

There comes a question on the nature of this object. The light curve of SN 2008iy
shows a record long ascend—about a year in duration, and a very slow decline after
the maximum (Miller et al. 2010). The active phase of the outburst lasts as long as
several years. A decisive clue to the nature of this object may be the detection of
spectral features typical of the nebular phase of SNe.

4.2 Type II Supernovae SN 2009ay and SN 2009bw

Along with our Italian colleagues we studied the spectral evolution of nearby type II
supernovae SN 2009ay and SN 2009bw, and noted an unusual behavior of brightness
of these two type II-P SNe at late phases (around the “plateau” on the light curves, see
Fig. 2). Extensive photometric data were obtained for both objects; for SN 2008bw
we also obtained the spectra using the 6.0m BTA and other telescopes. Accepting the
distances to host galaxies of SN 2009ay and SN 2009bw from NED database we can
consider that absolute magnitudes are & −18.0m and & −17.2m respectively (without
host galaxy extinction corrections).

4.3 Cosmological Peculiar Type Ic Supernova SN 2009de

SN 2009de (CSS090102:130037+175057 and PSN K0901-1) (Drake et al. 2009b)
was discovered in the context of the CRTS survey (Drake et al. 2009c) and was stud-
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Figure 3. Comparison of SN 2009de spectra with those from SN 1998bw / GRB 980425, SN
1997ef, SN 2007gr, SN 2007bi, SN 2006aj / GRB/XRF 060218) and SN 2008D / XRF 080109.

ied photometrically and spectroscopically with the telescopes of this survey, as well
as with the Palomar 60, Hale telescope (Palomar 200), 6-m BTA, 1-m telescope Zeiss-
1000 of SAO RAS and Keck I. The first spectrum was taken by Palomar 200/DBSP
on 2009 Feb. 25, ∼ 50 days after the maximum. It was compared with the library
of spectra of nearby SNe known as “SNID”. The type was determined well, but the
redshift estimation was wrong due to low S/N. We observed SN 2009de spectroscop-
ically with the BTA/Scorpio at phase ∼ 84 days after the maximum and made the
same cross-correlation with the “SNID” database. The fitting of broad SN features
corresponds to z = 0.319 which is close to the redshift determined by estimation of
the host galaxy emission lines z = 0.311.

The spectra from BTA/Scorpio (SN + host) and Keck I/LRIS (only emission lines
of the host) were used to confirm the redshift of this SN. The spectra showed the
presence of the [OII] 3727 Å, Hβ, [OIII] 4958, 5006 Å, and Hα narrow emission lines
(see Fig. 6).

The spectra of SN 2009de were compared with those from other luminous and
interesting Ib-c events: SN 1998bw (associated with GRB 980425), SN 1997ef, SN
2007gr, SN 2007bi, SN 2006aj (associated with GRB/XRF 060218) and SN 2008D
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(associated with XRF 080109). The late spectra of SN 2009de resemble the behavior
of “slowly” evolving SN 2007bi (Gal-Yam et al. 2009; Young et al. 2010) (see Fig.
3).

The light-curve of SN 2009de significantly differs from ones of usual SNe type
Ic and also resembles the light-curve of SN 2007bi (see Fig. 4).

Figure 4. Comparison of light curves of SNe 2009de, 2006gy (IIn, M = −22m), 1993J (IIb,
MV = −17.6m), 1998bw (Ic, MV = −19.4m), 2005ap (II, z = 0.28, M = −22.7m), 1994I (Ic,
MV = −18.1m), 1990N (Ia, M = −19.4m), 2008D (MV = −17.0m), 2007bi (Ic, MV = −21.3m).

According to the determined redshift and maximum light curve magnitude we
estimate the absolute magnitude M ∼ −21.8 which is comparable with MR = −21.3
for SN 2007bi.

The study of such objects is important for the cosmological studies as outlined in
this observing program. In near future, we are planning to obtain deep images using
BTA with the aim of detecting and studying the spectral energy distribution of the SN
2009de host galaxy. Using the results of observations of SN 2009de with the BTA, it
is known that the galaxy magnitude is Rc = 24.45±0.13 and Ic > 24.0. The calibration
of the data was done using the nearby stars (see Fig. 5). The magnitudes quoted are
given in the Vega system, and they were not corrected for the Galaxy extinction.
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Figure 5. Rc-band image of SN 2009de (marked with square), obtained with the BTA/Scorpio
on 2009 April, 23.890. Standard stars are marked with circles.

Possibly, like other bright SNe (SN 2007bi; SN 2006gy: (Smith et al. 2007);
SN2005ap: (Quimby et al. 2007) SN2008es: (Miller et al. 2009)) SN 2009de can
be attributed to so-called pair-instability SNe (Barkat, Rakavy & Sack 1967; Bond.,
Arnett & Carr 1984). However the observed light-curves could be explained using
models for the usual core collapse SNe. The model families should include a very
massive progenitor star of MMS ≈ 100 − 230M�, low metallicity Z ∼ Z�/100. More-
over, these models need high values of Ekin ∼ 1052 ergs, Me j ≈ 40M� & M56Ni ≈ 6M�
(for SN2007bi-like SN: Moriya et al. 2010).

5. Conclusions

We believe that the data obtained in the context of our international monitoring pro-
gram will significantly improve the understanding of yet largely mysterious connec-
tion of gamma-ray bursts with core-collapse supernovae (Sonbas et al. 2008; Moskvitin
et al. 2010b). In an attempt to answer the questions on the nature of the progenitors
and the explosion mechanisms of SNe and GRBs and their similarities and distinc-
tions, it is necessary to conduct observations of such events both at the most early
phases (close to the onset of the explosion) and at the later epochs (a link with asym-
metry). Statistical estimates of the rate of SNe and GRBs explosions and a comparison
of these data with the star formation rates play an important role towards understand-
ing their correlation. Hence, a separate objective emerges to study the regions of host
galaxies of these explosions.

At this stage, in addition to the early observations of new objects, we have to
continue the observations of individual objects for their detailed study. In particular,
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Figure 6. Identification of the host galaxy emission lines in the spectrum of SN 2009de, ob-
tained with the BTA. We identified the [OII] 3727 Å, Hβ, [OIII] 4959, 5007 Å lines, the traces
of the Hα line were confirmed in the spectrum of the host galaxy recently obtained with the
Keck I telescope (Drake 2010). Redshift estimation, z = 0.311, is close to the value determined
by fitting the broad features of the SN spectrum with the SNID code.

it is important to study the properties of the host galaxies of SN 2008iy and SN 2009de
using broadband photometry.
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