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Detailed comparison between cosmic SNR and SFH

Mattila et al. (2012)Mattila et al. (2012)

Strolger+2015

● Consistent picture of SFH available from UV, optical and IR up to z ~ 8 
• Detailed comparison between CCSN rates and cosmic SF history can provide a 

useful consistency check and information on the mass range for CCSN progenitors 
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Fraction of CCSNe missed

● Consistent picture of SFH available from UV, optical and IR up to z ~ 8 
• Detailed comparison between CCSN rates and cosmic SF history can provide a 

useful consistency check and information on the mass range for CCSN progenitors 
● Systematic uncertainties in the CCSN rates significant at all redshifts 
● Fraction of CCSNe “missed” in the nuclear regions of U/LIRGs as a function of z ? 

Strolger+2015



   Existence of “dark” SNe in U/LIRGs 
  

LIRGs:  1011 L⊙
 < LIR < 1012 L⊙

SFR a few x 10-100 M⊙ yr-1 

a few x 0.1-1 CCSNe yr-1 

ULIRGs: 1012 L⊙
 < LIR < 1013 L⊙

SFR a few x 100-1000 M⊙ yr-1 

a few x 1-10 CCSNe yr-1

Magnelli+2009,2011

• (Ultra)luminous IR galaxies locally rare but at z ~1-2 dominate the star formation 
• Stars forming rapidly during a few x 100 Myr starburst episodes 
• Large numbers of massive short lived stars exploding as CCSNe 
• Missed by surveys due to large extinctions and concentration to nuclear regions 
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Adaptive Optics detection and study of 
SNe in LIRGs 
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Ulvestad (2009)

VLBA

L18 M. A. Pérez-Torres et al.: An extremely prolific supernova factory in the buried nucleus of the starburst galaxy IC 694

region of Arp 299-A (see Fig. 1) is heavily dust-enshrouded,
thus making the detections of SNe very challenging even at near-
infrared wavelengths. Yet, Arp 299 hosts recent and intense star-
forming activity, as indicated by the relatively high frequency of
supernovae discovered at optical and near-infrared wavelengths
in its outer, much less extinguished regions (Forti et al. 1993;
van Buren et al. 1994; Li et al. 1998; Yamaoka et al. 1998; Qiu
et al. 1999; Mattila et al. 2005).

The brightest component at infrared and radio wavelengths is
IC 694 (A in the top panel of Fig. 1; hereafter Arp 299-A), which
accounts for ∼50% of the total infrared luminosity of the sys-
tem (Alonso-Herrero et al. 2000; Charmandaris et al. 2002), and
∼70% of its 5 GHz radio emission (Neff et al. 2004). Numerous
H II regions populate the system near star-forming regions,
which implies that star formation has been occurring at a high
rate for past ∼10 Myr (Alonso-Herrero et al. 2000). Given that
IC 694 accounts for most of the infrared emission in Arp 299,
it is the region that is most likely to contain new SNe (Condon
1992). Since optical and near-infrared observations are likely to
miss a significant fraction of CCSNe in the innermost regions
of Arp 299-A due to high values of extinction (AV ∼ 34−40,
Gallais et al. 2004; Alonso-Herrero et al. 2009) and the lack of
the necessary angular resolution, radio observations of Arp 299-
A at high angular resolution, high sensitivity are the only way of
detecting new CCSNe and measuring directly and independently
of any model its CCSN and star formation rates. Very Long
Baseline Array (VLBA) observations carried out during 2002
and 2003 resulted in the detection of five compact sources (Neff
et al. 2004), one of which (A0) was identified as a young SN.

2. eEVN observations and results

We used the electronic European VLBI Network (e-EVN)
(Szomoru 2006) to image Arp 299-A at a frequency of 5 GHz
over 2 epochs, to directly detect recently exploded core-collapse
supernovae by means of the variability of their compact ra-
dio emission (see Appendix A for a detailed description of
our observing strategy, calibration and imaging procedures,
and source detection and techniques for flux density extrac-
tion). The attained off-source root-mean-square (rms) noise
level was 39 µJy/beam and 24 µJy/beam for the 8 April 2008
and 5 December 2008 observations, respectively, and enables
26 compact components to be detected above 5 rms (see Fig. 1).
Since the EVN radio image on 5 December 2008 is much deeper
than the one obtained on 8 April 2008, it is not surprising that
we detected a larger number of VLBI sources in our second
epoch (25) than in our first one (15). This allowed us to go back
to our first-epoch image and extract the flux density for the new
components (A15 through to A25 in Fig. 1), which show ≥5 rms
detections only in the December 2008 image. This procedure al-
lowed us to recover four components above 3σ (A15, A18, A22,
and A25), based on a positional coincidence with the peak of
brightness of our second epoch of greater than ∼0.5 milliarcsec,
i.e., much smaller than the synthesized interferometric beam.

Our results demonstrate that a very compact rich nuclear
starburst in Arp 299-A exists and, in general, are in excellent
agreement with independent results reported by Ulvestad (2009).
The angular size encompassed by the radio emitting sources in
Arp 299-A is smaller than 0.7′′ × 0.4′′, corresponding to a pro-
jected linear size of (150 × 85) pc. To facilitate comparisons,
we define here a fiducial supernova radio luminosity equal to
three times the image rms in the 8 April 2008 epoch, which cor-
responds to 2.9 × 1026 erg s−1 Hz−1. In this way, the radio lu-
minosities for the VLBI components range between 1.1 (A25)
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Fig. 1. Top: 5 GHz VLA archival observations of Arp 299 on
24 October 2000, displaying the five brightest knots of radio emission
in this merging galaxy. Middle and bottom: contour maps drawn at five
times the rms of our 5 GHz eEVN observations of the central 500 light
years of the luminous infrared galaxy Arp 299-A on 8 April 2008 and
5 December 2008, revealing a large population of relatively bright, com-
pact, non-thermal emitting sources. The size of the FWHM synthesized
interferometric beam was (0.6 arcsec × 0.4 arcsec) for the VLA ob-
servations, and (7.3 milliarcsec × 6.3 milliarcsec) and (8.6 milliarc-
sec × 8.4 milliarcsec) for the EVN observations on 8 April 2008 and
5 December 2008, respectively. To guide the reader’s eye, we show in
cyan the components detected only at the 5 December 2008 epoch.

and 7.3 (A1) and between 1.0 (A13) and 7.7 (A1) times the
fiducial value, for the VLBI observations on 8 April 2008 and
5 December 2008, respectively (see Table 1 for details).

3. Discussion

The radio emission from the compact sources detected from our
VLBI observations can be explained in principle within two
different physical scenarios: (i) thermal radio emission from
super star clusters (SSCs) hosting large numbers of young,

EVN

1 kpc
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Detection and study of nuclear SNe at NIR with AO

IC 883

● Monitored a sample of LIRGs with Gemini-N+ALTAIR/NIRI with LGS AO 
● In the near-IR K-band extinction strongly reduced and AO provides a 0.1” resolution 
● Investigate the properties and rates of SNe in the nuclear regions of LIRGs 
● SN detection and accurate photometry from AO imaging using image subtraction 

IC 883

Kankare,SM+2008,2012,2014; Ryder,SM+2014; Romero-Canizales+2014
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Detection and study of nuclear SNe at NIR with AO
● Monitored a sample of LIRGs with Gemini-N+ALTAIR/NIRI with LGS AO 
● In the near-IR K-band extinction strongly reduced and AO provides a 0.1” resolution 
● Investigate the properties and rates of SNe in the nuclear regions of LIRGs 
● SN detection and accurate photometry from AO imaging using image subtraction 
● Use SN NIR light curves and colours to find the likely SN types and extinctions 
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Detection and study of nuclear SNe at NIR with AO

1" - 485 pc

IN 2010cu .41tN 2010cu

SN 2011hi I SN 2011hi I

2010 Feb 24.6 UT

-¢
SN 2011 hi

I SN 2010cu

2011 Feb 11.6 UT Subtracted image

Table 1. Summary of supernovae discovered, or confirmed (SN 2010O, SN 2010P) by our Gemini North/ALTAIR laser
guide star program, including line-of-sight extinction and projected distance from the LIRG nucleus.

Supernova LIRG Host Extinction Projected Reference
AV (mag) distance (pc)

SN 2004iq IRAS 17138-1017 0–4 700 11
SN 2008cs IRAS 17138-1017 17–19 1500 11
SN 2010O IC 694 (Arp 299) 2 1100 12
SN 2010P NGC 3690 (Arp 299) 7 1200 12
SN 2010cu IC 883 0–1 200 13
SN 2011hi IC 883 5–7 360 13

Figure 2. 10′′ × 10′′ subsections of K-band Gemini ALTAIR/NIRI LGSAO discovery images of SN 2010cu (left panel)
and SN 2011hi (middle panel) and the subtraction between these two (right panel).13 The smooth subtraction of the
host galaxy IC 883 clearly demonstrates the good alignment and PSF match between the images and the two SNe can be
clearly detected as individual point sources thanks to the high-angular resolution provided by LGSAO. North is up and
east is to the left.

Our intensive monitoring of the LIRG Arp 299 has enabled us to place the first empirical, though still crude,
limits on the fraction of CCSN missed by optical surveys as a function of redshift14 (Fig. 3), which as mentioned
in Section 1 has implications for current and future CCSN surveys, and even for the diffuse supernova neutrino
background.15 Our corrections for the missing fractions of CCSN have been employed16,17 to show that most, if
not all of the missing supernovae might be accounted for by dust extinction alone. But at low redshift statistical
errors still dominate, so we need to increase the number of known CCSN in LIRGs before we can begin to
discriminate between dusty and intrinsically dim CCSN.

4. THE NATURE OF LIRGS

In addition to the CCSN discoveries we have made, one of the significant legacies that our work has delivered are
some of the sharpest, deepest images of LIRGs ever obtained from the ground. While the triggering mechanism
for prodigious star formation in LIRGs is believed to be mergers and interactions between two or more galaxies
concentrating significant quantities of gas into their nuclei, very few of the LIRGs in our CCSN sample have been
studied in any great detail individually. We have been using the best images from our Gemini/ALTAIR sample,
as well as from an earlier VLT/NaCo survey, to glean new insights into the nature of the LIRGs themselves.

4.1 A triple merger

The LIRG IRAS 191152124 has been dubbed the “Bird” on account of its shape, which in NaCo K-band images
resolves into two wings, a head, body, heart, and extended tail19 (Fig. 4). By combining this image with data
from the Hubble Space Telescope (HST) and Spitzer satellite, as well as optical longslit spectroscopy with the
Southern African Large Telescope, we reach the surprising conclusion that the Bird contains not two, but three

Proc. of SPIE Vol. 9148  91480D-5
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● Monitored a sample of LIRGs with Gemini-N+ALTAIR/NIRI with LGS AO 
● In the near-IR K-band extinction strongly reduced and AO provides a 0.1” resolution 
● Investigate the properties and rates of SNe in the nuclear regions of LIRGs 
● SN detection and accurate photometry from AO imaging using image subtraction 
● Use SN NIR light curves and colours to find the likely SN types and extinctions 
● Detect SNe within a few hundred pc to kpc nuclear regions with AV up to 18 mag 



SN follow-up in (circum)nuclear regions 



Gemini Altair/NIRI, K-band 
FWHM~0.1”

SN 2010O

SN 2010P

5th May 2010

1st May 2010

NOTCAM, Ks-band  
FWHM ~1”  

SN 2010O SN 2010P

18th Jan 2010

SN 2010O an amateur discovery, SN 2010P discovered in Ks-band 
with the Nordic Optical Telescope (NOT) at ~1” from the nucleus C' 
  

Arp 299

Kankare,SM+2014



SN 2010P: heavily obscured SN in Arp 2991070 C. Romero-Cañizales et al.

A

B1

C’ C

DE
CL

IN
AT

IO
N 

(J2
00

0)

RIGHT ASCENSION (J2000)
11 28 33.5 33.0 32.5 32.0 31.5 31.0 30.5

58 33 52
50
48
46
44
42
40
38
36

mi
lli 

arc
sec

milli arcsec

EP075B - 27.05.2012 (8.4 GHz)

Contour levs.: 18.4 x (-3,3,5) micro Jy/b
2.7 x 1.5 mas, PA=21.0

20 10 0 -10 -20

25

20

15

10

5

0

-5

-10

-15

-20

-25
milli arcsec

EP075C - 04.06.2012 (5.0 GHz)

Contour levs.: 16.5 x (-3,3,5,9,15) micro Jy/b
4.2 x 3.1 mas, PA=34.6

20 10 0 -10 -20 milli arcsec

EP075D - 14.06.2012 (1.7 GHz)

Cont.lev.: 15.4 x (-3,3,5,9,15,27) microJy/b
17.3 x 8.1 mas, PA=7.9

20 10 0 -10 -20

SN2010P
SN2010O

435 pc

1 pc

Contour levels = 63 x (−3,3,7,15,35,75,175) microJy/b

e−MERLIN − 04.07.2011 (4.7 GHz)

0.19 x 0.14 arcsec, PA=47.5

Figure 1. Top: e-MERLIN contour image of Arp 299 at a median central frequency of 4.7 GHz with an rms noise of 63 µJy beam−1. The main radio sites
are indicated with the letters A, B, C′ and C, the position of SN 2010O is represented by a cross, and SN 2010P is enclosed by a box. Bottom: EVN contour
images of SN 2010P at a median central frequency of 8.4, 5.0 and 1.7 GHz (from left to right). All the EVN maps are centred at α(J2000) = 11h28m31.s3605,
δ(J2000) = 58◦33′49.′′315. The rms noise in each EVN image is 18, 17 and 15 µJy beam−1, respectively. The beam size is shown in the lower left corner of
each contour image.

In Table 2 we report the parameters measured from our radio
maps at the position of SN 2010P (e-MERLIN and EVN maps
are shown in Fig. 1). We include the convolving beam, as well
as the attained rms and the flux density measurements in each
map. Since the SN remains unresolved in all the epochs, we take
its measured peak intensity as a good approximation for the flux
density, whose uncertainty includes the contributions of the rms and
a systematic 5 per cent uncertainty in the absolute flux calibration.6

For the images presented in Fig. 1 we modified the pixel size of
the maps (from epochs E6, E7 and E8) to match that of the lowest
resolution map obtained at 1.7 GHz, using the task OHGEO within
AIPS.

The luminosities obtained in the late time observations are typical
of normal CCSNe. The fact that the SN is detected ∼1 yr after ex-
plosion and that it has remained radio bright for about two years (the
time between epochs E2 and E13), indicates a slow radio evolution

6 We assume this conservative systematic error at all frequencies and for
measurements with all the different arrays included here, although the error
might be lower. For instance, in the radio observations of SN 2011dh with
the VLA, a 1 per cent systematic error was considered for ν < 20 GHz, and
only a 3 per cent error for ν < 20 GHz (Krauss et al. 2012).

and thus the presence of either a dense and/or extended circumstellar
medium (CSM).

At an age of 2.4 and 2.8 yr (epochs E6 to E8 and E10) the TB

values indicate that the radio emission is non-thermal at the three
different frequencies observed with the EVN, and corresponds to a
compact object of 2.0 × 0.6 mas2 (deconvolved size) at α(J2000) =
11h28m31.s3605 ± 0.2 mas, δ(J2000) = 58◦33′49.′′315 ± 0.2 mas
in our 8.4 GHz EVN map (E6), which provides the highest reso-
lution and thus the highest astrometric accuracy. The uncertainty
in position has been determined by adding in quadrature the full
width at half-maximum (FWHM) divided by 2 × S/N of the SN,
plus the uncertainty in position of the phase reference source
($α = 0.23 mas, $δ = 0.13 mas).7

We conservatively take the deconvolved size from epoch E6 to
set an upper limit to the size of the expanding ejecta of 1.3 mas in
diameter on average, which at a distance of 44.8 Mpc implies an
upper limit of 4.3 × 1017 cm in radius. For any SN progenitor, such
a size would imply that the distance from either the progenitor’s
centre or from the photosphere to the shock region are basically

7 L. Petrov, solution rfc_2012b (unpublished, available on the Web at
http://astrogeo.org/vlbi/solutions/rfc_2012b/).
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SNe 2010O and 2010P in Arp 299 – II. 1075

SSA model (Ṁ[ M⊙ yr−1]/vwind[10 km s−1] =(1.6–1.9) × 10−7)
is difficult to reconcile with the high luminosity of SN 2010P.

Whilst SSA might be important at early stages of SN 2010P
(where the existing data are scarce), we find that the FFA model fits
the available data better and we thus adopt FFA as the dominant
absorption mechanism for SN 2010P.

3.3.4 SN 2010P characterization and radio parameters

In Table 7 we show the fitting parameters for SN 2010P we obtained
when assuming FFA (Section 3.3.2), together with those of other
well-studied Type II radio SNe from the literature for comparison
purposes. We only included those fitting parameters relevant for
comparison with SN 2010P.

From Table 7 we note that Type IIb SNe have the steepest spectral
indices among the Type II SNe, as well as the lowest mass-loss rates,
and this is the case as well for SN 2010P. Other parameters such
as K1 and β vary greatly among SNe of the same type, thus cannot
be used to set further constraints. The value for parameter δ tends
to be smaller for Type IIL and IIn SNe, and the one we obtained
for SN 2010P is typical for Type IIb SNe, with the exception of
SN 2011hs, whose δ is significantly different from the value fitted
for other Type IIb SNe; however, this is consistent with the rapid
deceleration observed in the time evolution of the ejecta velocity
(Bufano et al. 2014).

Parameter K2 is indeed much larger for SN 2010P compared to
other Type IIb SNe. However, we note that such a high value has also
been obtained for SN 2001gd when assuming a pure FFA model for
its radio light curve (Stockdale et al. 2003), as we have assumed for
SN 2010P. Stockdale et al. (2007) improved on their results from
2003 by gathering a more complete data set of observations, and
combining SSA and FFA components in the parametrization of the
SN 2001gd light curves.

The fitted light curves we present in Fig. 3(b) assuming FFA
reproduce the optically thin behaviour we infer from our spectral
index measurements at 2.4 and 2.8 yr (see Fig. 2), and provide a
rough estimate for the time it took the SN to reach its peak at 5 GHz
(tpeak ∼ 464 d) and the corresponding peak luminosity at 5 GHz
(Lpeak ∼ 1.2 × 1027 erg s−1 Hz−1), which can be used to infer the
SN type (see Fig. 4). We note that SN 2010P lies close to Type IIL
SNe in that plot. However, the early optical spectrum of SN 2010P
(Paper I) does not show strong hydrogen features, as should be
observed in a typical Type IIL SN.

4 D ISCUSSION

The optical spectroscopy reported in Paper I indicates that 2010O is
a Type Ib SN, which are known to be bright at radio frequencies. In
fact, a peak luminosity <3 × 1026 erg s−1 Hz−1 (see Fig. 4) is quite
uncommon for Type Ib/c SNe (Soderberg 2007). Additionally, these
SNe evolve very rapidly and thus reach their peak luminosity within
a few tens of days (e.g. SN 2008D, Soderberg et al. 2008), so the
most likely explanation for the radio non-detection of SN 2010O
is that it reached its peak some time after the early-time MERLIN
observations by Beswick et al., and well before our observations
in 2011, so it went unnoticed owing to the lack of prompt radio
observations.

SN 2010P lies in a location with larger extinction than seen
towards SN 2010O (AV = 7 mag, Paper I) and at a ≈160 pc pro-
jected distance from the component C′, SN 2010P is the first radio
SN detected in the outskirts of a bright radio emitting component

Figure 4. Peak monochromatic luminosity versus time to peak from ex-
plosion date for different types of CCSNe (hypernovae and other pecu-
liar objects included). The first peak is used in case more than one has
been reported. The dashed line represents the upper limit in luminosity for
SN 2010O. References: Weiler et al. (2002) for SNe 1970G, 1979C, 1980K,
1983N, 1984L, 1986J, 1988Z, 1990B and 1994I; Pooley et al. (2002) for
1998S and 1999em; Wellons, Soderberg & Chevalier (2012) for 2004cc,
2004dk and 2004gq; van der Horst et al. (2011) for 2007uy and 2008D;
Schlegel et al. (1999) for 1978K; Weiler et al. (2007) for 1993J; Weiler
et al. (1998) for 1996cb; Bauer et al. (2008) for 1996cr; Weiler, Panagia &
Montes (2001) for 1998bw; Pérez-Torres et al. (2009a) for 2000ft; Stockdale
et al. (2007) for 2001gd; Ryder et al. (2004) for 2001ig; Berger, Kulkarni
& Chevalier (2002) for 2002ap; Chevalier, Fransson & Nymark (2006) for
2002hh; Soderberg et al. (2005) for 2003L; Soderberg et al. (2006) for
2003bg; Beswick et al. (2005) for 2004dj; Martı́-Vidal et al. (2007) for
2004et; Salas et al. (2013) for 2007bg; Soderberg et al. (2010) for 2007gr;
Roming et al. (2009) for 2008ax; Maeda (2012) for 2011dh (see also Horesh
et al. 2013); Bufano et al. (2014) for 2011hs.

in Arp 299, despite the intense radio monitoring. Its strong radio
emission 1.4 to 2.8 yr after explosion indicates a strong interaction
between the SN ejecta and the CSM. Whilst the early optical spec-
trum is consistent with the SN being either a Type Ib or IIb (Paper I),
the late-time radio detection rules out a Type Ib origin.

The parameters we obtained to fit the radio light curve of
SN 2010P are common for luminous Type II SNe (see Table 7).
Whilst the inferred peak luminosity and the time to reach the peak
are more comparable to those of Type IIL’s, its estimated mass-loss
rate to wind velocity ratio, Ṁ/vwind10 = (3.0–5.1) × 10−5, and its
inferred deceleration parameter (∼0.74), support better a Type IIb
nature with a slow evolution, and are consistent with the early op-
tical spectra lacking strong hydrogen features (Paper I). We note
that some Type IIn SNe have comparable mass-loss rate to wind
velocity ratios (see Table 7); however, these SNe are also an order
of magnitude more luminous than SN 2010P at their peak.

It has been suggested that Type IIb SNe can be divided into
two broad groups (Chevalier & Soderberg 2010) under the assump-
tion that SSA is the main absorption mechanism: (i) slowly evolving
SNe at radio frequencies (tpeak > 100 d) with a large (>0.1 M⊙) hy-
drogen mass envelope and slow ejecta velocity (∼10 000 km s−1),
expected from an extended progenitor (R ∼ 1013 cm); (ii) rapidly
evolving SNe (tpeak < 100 d) with a small hydrogen mass envelope
(<0.1 M⊙) and fast ejecta velocities (a factor of 3–5 larger than
in case (i), expected from a compact progenitor (R ∼ 1011 cm).
According to this interpretation, SN 2010P would come from an
extended progenitor since it took hundreds of days to reach its peak

MNRAS 440, 1067–1079 (2014)
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Table 7. Best χ2 fits for the parameters for
SNe 2010O and 2010P.

Extinction law AV t0 C χ̃2

(mag) (d) (mag)

SN 2010O

Cardelli law 1.9 11 −1.3 33.3
Calzetti law 2.0 11 −1.4 25.2

SN 2010P

Cardelli law 9.0 8 −1.6 23.4
Calzetti law 6.8 8 −1.2 40.6

to have a line-of-sight host galaxy extinction of AV = 7–9 mag,
depending on the adopted extinction law. The χ2-fit values are
reported in Table 7 and the absolute magnitude light curves of
SNe 2010O and 2010P are shown in Figs 2 and 3 including also
the template light curves (shifted with a constant C), that provided
the best fit. We also note that the non-detections of SNe 2010O
and 2010P in our ALTAIR/NIRI images of Arp 299 from 2009
December 3 and 5, respectively, are consistent with a relatively early
discovery of the two SNe, though not providing strong constraints.

When adopting for SN 2010O the best χ2-fit using the Cardelli
et al. (1989) extinction law with AV = 1.9 mag, a line-of-sight

extinction corrected colour (V−R) = 0.24 ± 0.09 mag is obtained
roughly 14 d from the assumed V-band peak. This is in excellent
agreement with the intrinsic colour of (V−R) = 0.26 ± 0.06 mag for
Type Ib/c SNe on day 10 post V-band maximum, derived empirically
by Drout et al. (2011).

4.2 Bolometric light curve of SN 2010O

An interpolated pseudo-bolometric UBVRIJHK light curve of
SN 2010O was created from available photometry assuming host
galaxy extinction of AV = 1.9 mag and the Cardelli et al. (1989) ex-
tinction law. The U-band contribution of SN 2010O was estimated
by upscaling the same bandpass magnitudes of SN 2007Y, based on
the BVRIJH χ2-comparison, as detailed in the previous section. The
U-band magnitudes of SN 2007Y were converted from the Swift Ul-
traviolet/Optical Telescope observations reported by Brown et al.
(2009) using the method presented by Li et al. (2006). The possi-
ble errors arising from this necessary approach of estimating the
U-band contribution from a comparison SN can be assumed to be
relatively small, as for Type Ib/c SNe, the total contribution of the
UV is only ∼5–15 per cent of the total flux (Valenti et al. 2008). To
derive the pseudo-bolometric light curve, fluxes from the extinction-
corrected magnitudes were integrated over the filter functions and
converted into luminosities.

Figure 2. Light curves of SN 2010O (points) compared with those of the Type Ib SN 2007Y (Stritzinger et al. 2009) in BVRIJH (lines) via χ2 fitting. The SN
absolute magnitudes have been corrected for the derived total line-of-sight extinctions adopting the Cardelli extinction law on the left and the Calzetti extinction
law on the right. The template light curves have been shifted in magnitude relative to SN 2010O by a constant C. The epoch is relative to the explosion date
derived as part of the fitting. The fitting parameters are reported in Table 7.

Figure 3. As Fig. 2 but for SN 2010P compared with the Type IIb SN 2011dh (Ergon et al. 2013) using χ2 fitting in IJHK bands. The template light curves
have been linearly extrapolated for illustrative purposes.
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SNe 2010O and 2010P in Arp 299 – I 1061

Figure 7. The optical spectrum of SN 2010O roughly 50 d from the maxi-
mum light. Similar to Fig. 5 the spectrum is dereddened and the wavelengths
corrected to the host galaxy rest frame.

4.4 Spectroscopic results for SN 2010P

The spectrum of SN 2010P was already shown in Mattila et al.
(2012) as a part of an investigation of the missing fraction of SNe in
LIRGs. In Section 4.1 the discovery date of SN 2010P was inferred
to be only 8 d after the explosion when comparing the light curves
of SN 2010P to those of SN 2011dh. Based on this, the epoch
of the spectrum corresponds to roughly 12 d after the bolometric
maximum of SN 2011dh, quite consistent with the spectral evolution
of several Type Ib/IIb SNe, as was shown in Fig. 5. Part of the
SN 2010P spectrum, bluewards from 6000 Å, was omitted from the
analysis due to unreliable relative flux calibration. The spectrum
shows a Ca II NIR triplet blend, He I λ7065 line and a weak Hα

feature, similar to such Type IIb SNe as 2000H, 2008ax and 2011dh.
Similar to the analysis of SN 2010O, a comparison between the

dereddened spectra of SN 2010P with the reference spectrum of
SN 2011dh at a similar epoch was carried out. The method yielded
an estimate of AV ≈ 6.1 or 7.1 mag for the host galaxy extinction of
SN 2010P assuming the Cardelli et al. (1989) or Calzetti et al. (2000)
extinction laws, respectively. The comparison is shown in Fig. 8.
Between the light-curve and spectrum comparisons of SN 2010P
there is a clear discrepancy in the derived extinctions if the Cardelli
et al. (1989) extinction law is adopted. However, if the Calzetti et al.
(2000) extinction law is adopted, even though it provides a worse
fit in the I band, the derived results from the light-curve and the
spectrum comparisons are in fact in pretty good agreement, even

Figure 8. Dereddened spectra of SN 2010P, assuming either Cardelli et al.
(1989) or Calzetti et al. (2000) extinction laws, are compared to the dered-
dened spectrum of SN 2011dh (Ergon et al. 2013) at a similar epoch.

if the methods and wavelength regions probed are quite different.
To conclude, we favour a host galaxy extinction of roughly 7 mag
in V band for SN 2010P and that the line-of-sight extinction law
is following that of Calzetti et al. (2000). The derived extinction is
also consistent, though slightly higher, than the initial estimate of
Mattila et al. (2012) and does not affect their results.

4.5 Na I D features

A commonly used method of estimating the host galaxy line-of-
sight extinction to SNe is to measure the equivalent width (EW)
of the Na I λλ5890, 5896 doublet and apply an empirical relation
inferred between extinction and the Na I D EW. However, recently
Poznanski et al. (2011) argued, based on a sample of hundreds of
low-resolution Type Ia SN spectra, that no strong correlation exists
between the extinction and the EW measured for Na I D. Nonethe-
less, the method is widely used to give an estimate for CCSNe in
the absence of a superior method. To carry out a comparison to our
host galaxy extinction estimates, Gaussian components (with the
same FWHM) were fitted to both the Na I D1 and D2 absorption
features in the spectra of SNe 2010O and 2010P, using the SPEC-
TOOL task in IRAF. This yielded EW(D1) ≈ 1.4 Å and EW(D2) ≈
1.1 Å for SN 20100 and EW(D1) ≈ 2.4 Å and EW(D2) ≈ 3.0 Å for
SN 2010P. Unreliable relative flux calibration of SN 2010P blue-
wards from 6000 Å does not prevent measuring Na I D EW as it is
normalized with the continuum. Following for example the com-
monly used relations of Turatto, Benetti & Cappellaro (2003) with
the Cardelli et al. (1989) extinction law, this suggests a host galaxy
extinction of AV = 1.2 mag (or AV = 3.8 mag with the steeper re-
lation) and AV = 2.6 mag (or AV = 8.4 mag) for SN 2010O and
SN 2010P, respectively. Both estimates for both SNe are in dis-
crepancy with our previously derived values for the host galaxy
line-of-sight extinction.

A selection of empirical Na I D EW versus AV relations is plot-
ted in Fig. 9 together with our derived results for SNe 2010O and
2010P. The relations of Barbon et al. (1990), Turatto et al. (2003) and
Poznanski et al. (2011) are based on SN data, whereas Richmond
et al. (1994) and Munari & Zwitter (1997) make use of stellar
spectra, and Poznanski, Prochaska & Bloom (2012) use the spectra
of galaxies. In particular, the logarithmic relations would suggest

Figure 9. Na I D EW and AV values of SNe 2010O and 2010P shown
together with a selection of empirical relations by Barbon et al. (1990),
Richmond et al. (1994), Munari & Zwitter (1997), Turatto et al. (2003) and
Poznanski et al. (2011, 2012).
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• Near-IR photometry from Gemini-N, NOT 
• Deep optical spectrum from Gemini-N 
• Similar to the Type IIb SN 2011dh but AV ~ 7 
• Radio follow-up from eMERLIN, VLA, EVN 
• The most slowly evolving Type IIb radio SN
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Nuclear supernovae with Gaia 



• Gaia able to produce SN detections also within the nuclear regions of galaxies 
• Can identify transients with 0.1-0.5 arcsec offset from the host galaxy nucleus 
• Of the detected ~1300 SNe yr-1 (m<19) ~200 at nuclear offset <1 arcsec 
• In normal galaxies expect the nuclear detections to be dominated by SNe Ia 
• In starburst galaxies and LIRGs expect a hidden population of nuclear CCSNe 

Detection and study of nuclear SNe with Gaia

Gaia transient detection e�ciency: hunting for nuclear transients 7

Figure 4. Top: Fraction of galaxy-transient pairs detected as two separate sources as function of their angular separation, ✓, and
di↵erence in magnitude mSN � mG (line colour). Galaxies are simulated using B/T = 1, which describes elliptical galaxies or compact
bulges. Bottom Left: On-board detection e�ciency for transients as function of angular separation and di↵erence in magnitude mSN�mG

(line colour). Dashed lines represent the detection probability for resolved objects and the solid lines for unresolved objects. The curves
are averaged values for bulges of magnitudes 16 to 20. The error bars are determined by the scatter on the average computed for each
bin. The results are only shown for bulges with an e↵ective radius (re) of 1 arcsec for clarity. The detection probability is computed as
the number of detections over the total number of scans (or potential detections). Due to di↵erent scanning angles, some of the simulated
object may fall into gaps between the CCDs. Therefore, the detection e�ciency per simulated object is lower than 100%. Bottom Right:
Di↵erence in magnitude between the transient input magnitude, mSN, and the on-board detected magnitude, GVPA, for bulge-transient
pairs as function of angular separation. Same magnitude di↵erence bins are used as in the left subfigure. Dashed lines represent the
magnitude change for resolved objects and the solid lines for unresolved objects.

c� 2015 RAS, MNRAS 000, 1–14

Blagorodnova...SM+2015



Detection of nuclear SNe in LIRGs

• MC simulations by Thomas Reynolds (PhD student, Turku): 
• Sample of ~320 IR bright galaxies and LIRGs (d < 150 Mpc) 
• CCSN rates from galaxy IR luminosities, relative SN rates 
• SN absolute magnitude distributions + template SN light curves 
• Extinctions from smooth exponential distribution of SNe/dust in a spiral disk 
• ‘Missing’ SN fraction similar to the LIRG Arp 299 
• Real cadence of Gaia observations, assume SNe brighter than 19 mag detected 

1448 W. Li et al.

Figure 3. Same as Fig. 1 but for the SNe II. A single average light curve is constructed for the subclasses of SNe II-P, II-L and IIb, while three light curves
(fast, average and slow) are for SNe IIn. The fast SN IIn light curve (dash–dotted line) is plotted relative to days since maximum brightness. The right-hand
panels show an example fit for each subclass.

II-L if it declines by more than 0.5 mag in the R band during the
first 50 d after explosion.

The left-hand panels of Fig. 3 show how the light curves of the
SNe II are constructed. The top panels show the light curves of
15 SNe II-P (dots) in our photometry data base that have been
published by Poznanski et al. (2009). As seen here, and also noted
by Hamuy (2003), SNe II-P vary in the durations of their plateau
phase. We use the average light curve (solid line) as the template.
The second panel shows the light curves of five SNe II-L in our
unpublished photometry data base; again, an average is derived as
the template. Due to the lack of data, the late-time behaviour of the
SN II-L template is not well constrained and may have relatively
large uncertainty. The third panel shows the light curves of three
SNe IIb: the prototypical SN IIb 1993J (Richmond et al. 1994),
and the unfiltered light curves of SNe 2003gu and 2005em from
our photometry data base. We use the smoothed light curve of SN
1993J as the template. The rising portion of the first peak is not
well observed, so our manual construction is quite arbitrary after
considering the earliest non-detections and detections (e.g. Wheeler
et al. 1993).

The bottom-left panel of Fig. 3 shows the construction of the
template light curves for SNe IIn. Eight well-observed SNe IIn from

our photometry data base are plotted, displaying a great degree of
heterogeneity. This mirrors what has been reported in the literature
about the photometric behaviour of this class of objects: SNe IIn
can range from very slowly evolving objects such as SN 1988Z (e.g.
Turatto et al. 1993) and SN 1995G (Pastorello et al. 2002), to more
typical objects like SN 1994W (Sollerman, Cumming & Lundqvist
1998), to very rapidly evolving objects such as SN 1998S (Fassia
et al. 2000). We use the light curve of SN 1998S (dash–dotted line)
as the template of a fast-declining SN IIn, that of SN 2003dv (dashed
line) as the template for a slow-evolving SN IIn, and the average of
the remaining seven objects (solid line) for the average SN IIn.

Table 2 lists the data for our template light curves. Only three
representative SN Ia light curves are listed, and only parts of the
light curves are shown. The entire set of light curves is available
electronically (see Suppporting Information).

2.3 Photometry of the LF SNe

It is important to collect photometry for every SN in the LF sample to
study the light-curve shape and derive the peak absolute magnitude;
otherwise, the sample will not be complete. Since our unfiltered
survey images are most closely matched to the R band, we use the

C⃝ 2011 The Authors, MNRAS 412, 1441–1472
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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~69-92% missing SNe

Li+2011

Riello & Patat 2005

Mattila+2012



• MC simulations by Thomas Reynolds (PhD student, Turku): 
• Expected intrinsic number of CCSNe ~150 SNe yr-1  
• Can detect 240 SNe over 3 yrs if no SNe missed in nuclear regions 
• Detect ~20-80 SNe over 3 yrs if similar missing fraction as found in Arp 299

Detection of nuclear SNe in LIRGs



Gaia15aem z ~0.05

Follow-up spectroscopy for nuclear transients

• Ground-based imaging and spectroscopy crucial  to confirm and classify 
• Use the 2.5m Nordic Optical Telescope (NOT), La Palma 
• Optical imaging and spectroscopy in ToO mode 
• Near-IR imaging run once a month 
• Nordic Transient Explorer (NTE) instrument will offer simultaneous optical 

+ near-IR spectroscopic and imaging capabilities in early 2018 !!
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• Supernovae in the (circum)nuclear regions of galaxies missed due to 
searches lacking a sufficient spatial resolution (and extinction) 

• The rates and properties of nuclear SNe especially in U/LIRGs remained 
largely unexplored - important for detailed comparison between CCSN rates 
and cosmic SFR 

• Near-IR observations using AO correction successfully used for the 
detection and study of a number of dust obscured nuclear SNe in LIRGs 

• Gaia has the potential to provide a significant sample of SNe within the 
unobscured nuclear regions of galaxies over the whole sky but spectral 
classification and follow-up tricky

Summary 



More information: 
http://www.astro.utu.fi   
and facebook 
Apply by 29 Jan 2016 !

http://www.astro.utu.fi

