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Cosmic star formation history
• Consistent picture available from UV (e.g. Galex), optical (e.g. HST) and IR (e.g., Spitzer, 

Herschel, sub-mm) observations up to z ~ 8 
• Peaked at z ~ 1.9, declined exponentially at z < 1  



Cosmic star formation history
• Consistent picture available from UV (e.g. Galex), optical (e.g. HST) and IR (e.g., Spitzer, 

Herschel, sub-mm) observations up to z ~ 8 
• Peaked at z ~ 1.9, declined exponentially at z < 1  
• One of the most fundamental observables is astrophysical cosmology - a benchmark against 

which to compare galaxy formation and evolution models



Cosmic star formation history from SN rates

Dahlen et al. (2004)

•  Core-collapse SNe come from massive stars 
   (≥8 M⊙) with short lifetimes (< ~50 Myr) 

•  Can assume a direct relation between the                                                                        CCSN 
core-collapse SN rate and SFR: 

  

for core-collapse SN progenitors between 8 and 
50 M⊙ and the Salpeter IMF

IR corrected UV

uncorrected UV~ 0.007 M⊙
-1
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Dahlen et al. (2004)

•  Core-collapse SNe come from massive stars 
   (≥8 M⊙) with short lifetimes (< ~50 Myr) 

•  Can assume a direct relation between the                                                                        CCSN 
core-collapse SN rate and SFR: 

  

for core-collapse SN progenitors between 8 and 
50 M⊙ and the Salpeter IMF

• SNe can provide an independent determination of the cosmic star formation rates 
• Information on the progenitor lower and upper mass cut offs for luminous core-collapse SNe

IR corrected UV

uncorrected UV~ 0.007 M⊙
-1
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  “Dark” SNe in LIRGs and ULIRGs 
  

Horiuchi+2011

ULIRGs

LIRGs

• Are significant numbers of core-collapse SNe ‘missed’ in galaxies even locally? 
• (Ultra)luminous IR galaxies locally rare but at z ~1-2 dominate the star formation 

• Stars forming rapidly during a few x 100 Myr long starburst episodes, large numbers of 
massive short lived stars exploding as core-collapse SNe  

       

  



11

~4000

~30

Expected vs. detected CCSNe 
(estimates in Kool+2017)

First results from GeMS/GSAOI for project SUNBIRD 3

LIRG RA Dec. Distance log LIR rCCSN Epochs
(J2000) (J2000) (Mpc) (L�) (yr�1) #

NGC 1204 03 04 40.5 -12 20 26 64 10.96 0.25 1
ESO 491-G020 07 09 47.0 -27 34 10 43 10.97 0.25 1
MCG +02-20-003 07 35 42.5 +11 42 36 72 11.13 0.37 1
IRAS 08355-4944 08 37 02.3 -49 54 32 115 11.62 1.12 2
NGC 3110 10 04 02.7 -06 28 35 79 11.36 0.14† 4
ESO 264-G036 10 43 07.0 -46 12 43 99 11.34 0.59 4
ESO 264-G057 10 59 02.4 -43 26 33 82 11.15 0.38 1
NGC 3508 11 03 00.1 -16 17 23 61 10.97 0.25 2
ESO 440-IG058 12 06 53.0 -31 57 08 111 11.45 0.51⇤ 4
ESO 267-G030 12 14 12.6 -47 13 37 96 11.26 0.49 5
NGC 4575 12 37 52.1 -40 32 20 63 11.03 0.29 2
IRAS 17138-1017 17 16 36.3 -10 20 40 83 11.49 0.75⇤ 5
IRAS 18293-3413 18 32 40.2 -34 11 26 85 11.74 1.97⇤ 4

Table 1. SUNBIRD GeMS/GSAOI LIRG sample. Distances are from the NASA/IPAC Extragalactic Database (NED2), Virgo/GA
corrected. CCSN rates are based on the empirical relation with LIR from Mattila & Meikle (2001), unless otherwise indicated: CCSN
rate based on SED fits from Herrero-Illana et al. (2017), denoted by ⇤, or this work, denoted by †. Values of log LIR are from Sanders
et al. (2003), adjusted for updated distances. Final column shows number of epochs obtained with GeMS/GSAOI.

requiring f25/f60 < 0.2 (e.g. Farrah et al. 2005). The only
exception is IRAS 08355-4944 with f25/f60 = 0.24 which is
included in the sample based on SED fitting results, where it
was shown to have a high SF rate of ⇠85 M� yr�1 (Dopita
et al. 2011), typical for a SF dominated LIRG.

2.2 Observing strategy

The near-IR observations were obtained with GeMS/GSAOI
on the Gemini South telescope. GSAOI is a near-IR AO
imaging camera fed by GeMS and records images in a 8500⇥
8500 field-of-view (FOV) with a pixel scale of 0.019700 pixel�1,
delivering close to di↵raction limited images between 0.9 -
2.4 µm. An optimal uniform AO correction across the FOV
of GeMS requires three natural guide stars (NGS) in addi-
tion to the 5-point sodium laser guide star (LGS) pattern.
The minimum requirement for AO correction at the time of
the observations was at least one NGS of su�cient bright-
ness (mR < 15.5 mag) available within the 10 patrol field
of the wave front sensor probes and one on-detector guide
window star (mH < 13.5 mag) within the 4000 FOV of any
of the four GSAOI detectors at all dither positions.

The SN search was conducted in Ks-band, as this is
where, compared to J and H, AO performs best and extinc-
tion due to dust is lowest. Each target was imaged with a 9
step dither pattern for 120s at each position with a step size
large enough (>500) to cover the gaps between the detectors.
The targets were typically centred on one of GSAOI’s four
arrays, with orientation depending on the galaxy and the lo-
cations of the NGS. Employing the e�cient cadence strategy
from Mattila & Meikle (2001) for near-IR CCSN searches,
we aimed to observe each galaxy twice each semester. In
practice we achieved this cadence for half of the sample
while the remainder of the sample galaxies was observed
less frequently, due to seasonal weather variations, sodium
layer return, and interruptions due to aircraft and satellite
avoidance (see Table 1). If a night did not allow for cover-
age of all observable targets, priority was given to galaxies
with a high expected SN rate and those for which at least
one GeMS/GSAOI epoch was already available. Expected

SN rates were based on the empirical relation from
(Mattila & Meikle 2001):

rSN = 2.7⇥ 10�12 ⇥ LIR/L� yr�1 (1)

The targets in our sample with just one epoch were checked
for SNe against archival high-resolution VLT/NACO (Nas-
myth Adaptive Optics System Near-Infrared Imager and
Spectrograph, 0.05500 pixel�1; Lenzen et al. 2003; Rousset
et al. 2003) AO images, obtained by members of the SUN-
BIRD collaboration as part of a predecessor program (Ran-
driamanakoto et al. 2013) and available for the whole sam-
ple.

Our total sample of LIRGs covered with GeMS/GSAOI
so far consists of 13 galaxies up to a distance of 115 Mpc.
Even though for some LIRGs there were only one or two
NGS available and AO correction was not optimal, across
our full data set a typical point-spread function (PSF) of
⇠0.0700 - 0.1200 FWHM was achieved.

2.3 Multi-wavelength follow up

Following a potential SN detection inKs, the source was first
checked for proper motion between exposures, to exclude a
passing minor planet3. Follow up with GeMS/GSAOI in H
and J was done as soon as possible, which due to observ-
ing constraints typically occurred in the next GeMS/GSAOI
observing window. As these observing windows were two to
three months apart, rapid follow up of the SN candidate
in the near-IR/optical was done with other instruments:
in JHK with NACO on the VLT, or contemporaneously
with the Nordic Optical Telescope (NOT, Djupvik & An-
dersen 2010) in r’ - and i’ -band with ALFOSC4 (Andalu-
cia Faint Object Spectrograph and Camera, 0.1900 pixel�1)

2 The NASA/IPAC Extragalactic Database (NED) is operated
by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space
Administration.
3 http://www.minorplanetcenter.net/cgi-bin/checkmp.cgi
4 The data presented here were obtained in part with ALFOSC,
which is provided by the Instituto de Astrofisica de Andalu-
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  “Dark” SNe in LIRGs and ULIRGs 
  

500 pc

M 82 (starburst galaxy) 

as seen by MERLIN+VLA

• Are significant numbers of core-collapse SNe ‘missed’ in galaxies even locally? 
• (Ultra)luminous IR galaxies locally rare but at z ~1-2 dominate the star formation 

• Stars forming rapidly during a few x 100 Myr long starburst episodes, large numbers of 
massive short lived stars exploding as core-collapse SNe  

• Missed by surveys due to large extinction and concentration to nuclear (1 kpc) regions 

       

  

Erik’s talk!



Core-collapse SN rate in the very nearby volume

CCSN within 15 Mpc 
CCSNe within 6-15 Mpc

• Include CCSNe discovered in 2000-2011 within 15 Mpc to avoid missing intrinsically 
faint or dust obscured events 

• Significant excess of SNe within ~6 Mpc caused by local SFR overdensity 
• SN rate 1.5 ± 0.4 x 10-4 SNe yr-1 Mpc-3 (between 6-15 Mpc)  

• Corresponding SFR 0.021 ± 0.006 M⊙ yr-1 Mpc-3 (for Salpeter IMF) 
• Consistent with the best fit SFR at z=0                                                                          

0.015 M⊙ yr-1 Mpc-3 (Madau & Dickinson 2014)                                                                                                 

Mattila et al. (2012)



• Concentrate on 13 SNe within 12 Mpc with host galaxy i < 60 
• Compare with predictions from a MC simulations (Riello & Patat 2005; Kankare et 

al. in prep.) 
• 2/13 have AB  > 5 (expect ~0.3%) 
• Missing SN fraction: 15% (5-36%)

The SN budjet of “normal” galaxies

observed

predicted

Mattila et al. (2012)
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SPIRITS 15c and SPIRITS14buu in IC 2163 3
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Figure 1. The bottom panel shows color-composite, archival HST/WFPC2 imaging of the interacting galaxy pair of IC 2163 and
NGC 2207 from 1998 in three filters (F439W in blue, F555W in green, and F814W in red). The positions of SPIRITS 15c and SPIRITS 14buu
in dusty spiral arms of IC 2163 are indicated with the crosshairs. The right panels of the top and middle rows show zoom-ins of the F555W
image to the regions indicated by the cyan squares for SPIRITS 15c and SPIRITS 14buu, respectively. The white circles show the 3- and
5-σ uncertainties on the position of transients. We are unable to identify an individual star as a candidate progenitor in either case. The
left three panels in the top and middle rows show the 30′′ × 30′′ region indicated by the white zoom-in box. The first panels from the
left are the Spitzer/IRAC discovery science frames at [4.5] from 2015 February 4.4 (top row; SPIRITS 15c) and 2014 January 13.9 (middle
row; SPIRITS 14buu), the second are the reference images from 2005 February 22.7 (PID3544; PI D. M. Elmegreen), and the third are the
science− reference subtraction images, clearly showing the new, transient sources. We note in the SPIRITS 15c discovery and subtraction
images that the apparent variability of the galaxy nucleus and the apparent new source directly to the west of SPIRITS 15c are likely
spurious.

Spitzer InfraRed Intensive Transients Survey

• 3-yr survey of 194 galaxies within 20 Mpc with Spitzer/IRAC at 3.6 and 4.5 µm 
• First year with monthly cadence, then weekly cadence down to 20 mag at 3.6 µm 
• 300 hours / Spitzer cycle (PI: Mansi Kasliwal)

Jencson et al. (2017)
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Spitzer InfraRed Intensive Transients Survey

• 3-yr survey of 194 galaxies within 20 Mpc with Spitzer/IRAC at 3.6 and 4.5 µm 
• First year with monthly cadence, then weekly cadence down to 20 mag at 3.6 µm 
• 300 hours / Spitzer cycle (PI: Mansi Kasliwal)
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Figure 2. The optical (gri; AB magnitudes; left panel), and IR (Y JHK, [3.6], and [4.5]; Vega magnitudes; right panel) light curves
of SPIRITS 15c (points) and the Type IIb SN 2011dh (lines). Unfilled points with downward arrows indicate upper limits. Error bars
are shown but are sometimes smaller than the points. Time on the x-axis is given as the number of days since the earliest detection of
SPIRITS 15c on 2014 August 21.4 (MJD = 56890.4). The light curves of SN 2011dh are shifted in apparent magnitude to the distance
of SPIRITS 15c, with applied total reddening characterized by E(B − V )MW + E(B − V )host = 0.72 mag, or AV ≈ 2.2 magnitudes of
extinction assuming a standard RV = 3.1 extinction law (Fitzpatrick 1999; Chapman et al. 2009; Schlafly & Finkbeiner 2011). The phase
of the SN 2011dh light curves is set so that the earliest detection of SN 2011dh coincides with the most constraining non-detection preceding
the outburst of SPIRITS 15c. For comparison, we also show the expected decay rate for a light curve powered by the radioactive decay of
56Co (see Gehrz 1988; Gehrz & Ney 1990).

By t = 120.8 days, SPIRITS 15c had faded beyond de-
tection with Swope/CCD, but was still detected in the
Baade/IMACS image at 21.4± 0.1 mag.
At t = 105.9 days, SPIRITS 15c was detected in the

NIR with H = 17.84±0.06 mag (−14.91±0.4 mag abso-
lute), and a red NIR color with Y −H = 1.04±0.09 mag.
The transient then faded in the NIR by 1 mag at nearly
constant color over the next 54.8 days. All of our pho-
tometric measurements for SPIRITS 15c are summarized
in Table 1 and the light curves are shown in Figure 2.

2.3. Another transient discovery: SPIRITS 14buu

During the analysis of our imaging data, a second tran-
sient was serendipitously noticed in IC 2163 at a right
ascension and declination of 06h16m27.s2,−21◦22′29.′′2
(J2000), located in a spiral arm directly on the other
side of the galaxy from SPIRITS15c. This transient was
active in January 2014 SPIRITS Spitzer/IRAC data be-
fore the implementation of our automated image subtrac-
tion and candidate identification pipeline. It was retroac-
tively assigned the name SPIRITS14buu. We show the
[4.5] discovery image in Figure 1.
The earliest detection of this event is in the P60 r-

and i-band images taken on 2013 December 24.3 (MJD
= 56650.3). It was not detected in the Ks NOTCam
image on 2013 December 16.1 to Ks > 16.6 mag (>
−16.2 mag absolute), but this limit is not deep enough

to constrain the age of SPIRITS 14buu. The optical
and IR light curves of SPIRITS 14buu are given in Ta-
ble 2 and shown in Figure 3. In the r- and i-bands,
the source displays a plateau lasting at least 80 days at
i = 19.2 ± 0.1 mag (Mi = −13.7 mag absolute) and
with r − i = 0.7 ± 0.2 mag. The source is undetected
in g-band indicating g − i ! 1.7 mag. Following the
plateau, the optical light curves fall off steeply, dropping
in i-band by ! 1.1 mag in " 24 days. A luminous NIR
counterpart was detected during the optical plateau with
H = 17.44 ± 0.07 (MH = −15.3 absolute). The source
shows red NIR colors with Y − H = 0.76 ± 0.09 and
J −H = 0.4± 0.1 mag, and a slow decline in the NIR of
≈ 0.2 mag over 65 days.
SPIRITS14buu was also detected as a luminous MIR

source with Spitzer/IRAC. The observed MIR peak oc-
curred at 17 days after the earliest detection of this event
at 16.7 ± 0.1 mag (−16.1 absolute) in both bands. At
[4.5], the light curve declines slowly by 0.6±0.1 mag over
145.8 days, extending well past the time of the plateau
fall-off in the optical. At [3.6], the source fades more
quickly developing a red [3.6]−[4.5] color of 1.2±0.2 mag
by 166.4 days after the earliest detection. The source
faded beyond detection in both bands by 407.1 days.
We further describe the characteristics of this tran-

sient and discuss possible physical interpretations below
in § 4.2.

Av ~ 2.2 (Rv = 3.1)

Jencson et al. (2017)
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Spitzer InfraRed Intensive Transients Survey

• 3-yr survey of 194 galaxies within 20 Mpc with Spitzer/IRAC at 3.6 and 4.5 µm 
• First year with monthly cadence, then weekly cadence down to 20 mag at 3.6 µm 
• 300 hours / Spitzer cycle (PI: Mansi Kasliwal)

8 Jencson et al.
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Figure 4. The NIR spectra of SPIRITS 15c taken with Baade/FIRE on t = 205 days (blue) and Keck/MOSFIRE on t = 222 days (black)
shifted to the rest frame of the the location of SPIRITS 15c measured in an ALMA CO velocity map of IC 2163 (vCO,helio = 2827 km s−1,
Elmegreen et al. 2016). The Keck/MOSFIRE spectrum is multiplied by a factor of 5 and the Baade/FIRE spectrum is shifted up by
10−16 erg s−1 cm−2 Å−1 for clarity. We also show late-time spectra of SN 2011dh for comparison (cyan and magenta), shifted up by
2 × 10−16 erg s−1 cm−2 Å−1, where the phases marked on the plot are set as in Figure 2. Dashed vertical lines show the locations of
atomic transitions identified in the spectra of SN 2011dh by Ergon et al. (2014, 2015) and Jerkstrand et al. (2015). Dotted vertical lines
mark the band heads of the ∆v = 2 vibrational overtones of 12C16O, which may contribute to excess flux observed between 2.3 and 2.5 µm.

SPIRITS15c was observed spectroscopically in the
NIR at t = 205 and 222 days during the IR decline
phase of the transient. As seen in Figure 4, a promi-
nent feature in both spectra is the broad emission line
near 1.083 µm, likely due to He i. The full-width at half-
maximum (FWHM) velocity of this line at t = 166 days
is ≈ 8400 km s−1. The line profile is shown in Figure 6
with a clear double-peaked structure, possibly indicating
a high-velocity, bi-polar outflow, or a toroidal geome-
try. It is possible though, that the redshifted peak is
due instead to contamination from the [Si i] feature at
1.099 µm. The blueward peak also appears relatively
weaker compared to the red side in the second epoch,
and the full profile has narrowed to a FWHM velocity of
≈ 7600 km s−1. The lower S/N of the second spectrum,
however, adds difficulty in evaluating the significance of
the profile evolution between the two epochs. In the
FIRE spectrum, the narrow (FWHM ≈ 300 km s−1),

redshifted dip in the profile is likely an artifact. This
dip is only two pixels wide and is narrower than a res-
olution element (RFIRE = 500). Moreover, it is not
detected in the higher resolution MOSFIRE spectrum
(RMOSFIRE = 3400).
The flux in this line appears to have faded by a fac-

tor of more than 10 during the 17 days between the first
and second epochs. Extrapolating from the observed Y -
band decay rate of 0.020±0.005 mag day−1 between 106
and 161 days, however, we would only expect the flux to
have faded by a factor of≈ 1.4. We caution that the spec-
tral flux calibrations using standard star observations are
somewhat uncertain, and we do not have contemporane-
ous photometric data to verify the fading of this line. Slit
losses due to a misalignment may also contribute to the
apparent drop in flux of the He i line rather than true
variability in this feature. This could also explain the
lack of detection of the continuum emission or any other

Jencson et al. (2017)



17

Spitzer InfraRed Intensive Transients Survey

• 3-yr survey of 194 galaxies within 20 Mpc with Spitzer/IRAC at 3.6 and 4.5 µm 
• First year with monthly cadence, then weekly cadence down to 20 mag at 3.6 µm 
• 300 hours / Spitzer cycle (PI: Mansi Kasliwal)
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Figure 7. Comparison of the SED evolution of SPIRITS 15c
(black circles) and SN 2011dh (cyan ‘X’-symbols). Unfilled
points with downward arrows represent upper-limits. The band-
luminosities for SPIRITS 15c are corrected for Galactic extinction
to IC 2163 from NED (Fitzpatrick 1999; Schlafly & Finkbeiner
2011; Chapman et al. 2009). The points for are SN 2011dh drawn
from a linear interpolation of the SN 2011dh light curves, and red-
dened by the assumed excess extinction in SPIRITS 15c character-
ized by E(B− V )host = 0.65 with a standard RV = 3.1 extinction
law. Error bars for SPIRITS 15c are shown, but are sometimes
smaller than the plotting symbols. The phase, set as in Figure 2,
of each SED is listed along the right side, and each SED is shifted
up by a factor of 10 from the one below for clarity.

We make a similar comparison between the SED of
SPIRITS15c and the reddened SED of SN 2011dh at sev-
eral phases in Figure 7. As in the light curve comparison,
we find that applying extinction with E(B − V ) = 0.72
to the SED of SN 2011dh at t = 39 and 63 days
does a good job reproducing the observed optical gri
band-luminosities of SPIRITS15c. The IR Y JH , and
[4.5] band-luminosities, however are significantly over-
luminous compared to the reddened SN 2011dh between
t = 106 and 307 days. Again, the most apparent discrep-
ancy in this comparison is the significant over-prediction
of the luminosity of SPIRITS 15c at [3.6].
Because SPIRITS 15c appears over-luminous in some

bands, and under-luminous in others compared to the
reddened light curves and SED of SN 2011dh, a phase
shift in the light curves of SN 2011dh cannot account for
the observed discrepancies. Furthermore, using a steeper
or shallower extinction law to redden the observations of
SN 2011dh would be unable to rectify all of the observed
discrepancies at once.

4.1.4. SPIRITS15c in the context of SNe IIb

The designation IIb indicates an SN that transi-
tions spectroscopically from a hydrogen-rich SN II to a

hydrogen-poor SN Ib. These events are believed to arise
from the core collapse of massive stars that have been
stripped of almost all of their hydrogen envelope. In ad-
dition to SN 2011dh, well-studied examples of SNe IIb
include SN 1993J, SN 2008ax.
The progenitor of SN 1993J was shown to be a yellow,

extended supergiant star of 12–17 M⊙, similar to that
of SN 2011dh, and it was proposed to have lost most
of its hydrogen envelope to a blue, compact companion
star (Podsiadlowski et al. 1993; Shigeyama et al. 1994;
Woosley et al. 1994; Blinnikov et al. 1998; Maund et al.
2004; Stancliffe & Eldridge 2009). The progenitor ob-
servations of SN 2008ax by Crockett et al. (2008) were
less conclusive, but Tsvetkov et al. (2009) proposed a
13 M⊙ star with an extended, low-mass hydrogen en-
velope based on hydrodynamical modeling of the SN op-
tical light curves. As mentioned above in § 4.1.2, we do
not rule out a progenitor similar to those of other SNe IIb
based on pre-explosion HST imaging.
Ergon et al. (2014) showed that these SNe had simi-

lar optical light curve and color evolution in the first 50
days. All three reached peak luminosity at ≈ 20 days
post explosion, and evolved to redder colors with time.
They noted some differences between the three events,
such as a factor of 3 spread in peak luminosity and a
≈ 0.4 mag spread in their optical colors, but these dif-
ferences could be accounted for within the systematic
uncertainties in the distance and extinction to each SN.
The assumption of E(B − V )host = 0.65 mag for SPIR-
ITS15c brings its optical light curves and color evolution
into good agreement with the observed properties of well-
studied SNe IIb.
The IR light curves of SPIRITS 15c are not as well

matched by a reddened version of SN 2011dh, but it is
not as straight forward to draw a direct comparison be-
tween the two events at these wavelengths. SN 2011dh
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3.0±0.2 mag color of SPIRITS 15c at a phase of 167 days
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2016).
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Figure 5. The optical to IR SED of SPIRITS 15c at multiple
epochs during the evolution of the transient. Band-luminosities
(λLλ), calculated assuming a distance to IC 2163 of 35.5 Mpc and
correcting for Galactic reddening characterized by E(B − V ) =
0.072 mag, are shown at t = 38.6 (circles), 62.9 (hexagons), 105.9
(squares), 160.7 (diamonds), and 167.0 days (stars). Best-fit,
single-component blackbody curves are shown as black dashed, dot-
ted, dash-dotted, solid, and long-short dashed lines, respectively,
with their corresponding temperatures labeled. Since the final two
epochs are nearly contemporaneous (∆t = 6.3 days), we show the
sum of these two blackbody components as the solid gray curve.

features in the MOSFIRE spectrum.
The identification of the 1.083 µm line is somewhat un-

certain because we do not detect the He i line at 2.058 µm
in either spectrum. It is possible that there is a contri-
bution to the red wing of the 1.083 µm feature from the
Pa γ 1.094 µm line, but we do not detect Pa β or Pa δ
(1.282 and 1.005 µm, respectively), indicating that H i
is absent from the spectrum at this phase. We also note
the 1.083 µm He i line profile may be contaminated by
emission from the [Si i] transitions at 1.082 and 1.099 µm.
Also shown in Figure 4 are the NIR spectra of the Type

IIb SN 2011dh at phases of ≈ 170 days, which show dis-
tinct similarity to those of SPIRITS 15c. In addition to
the broad, prominent He i line at 1.083 µm, several other
lines identified in the spectrum of SN 2011dh are also
present in the spectrum of SPIRITS15c. These include
the Ca ii IR triplet, the blended O i and [Co ii] feature
near 0.93 µm, the [Co ii] feature near 1.02 µm, the Mg i
line at 1.504 µm, and the feature near 1.64 µm due to
either [Fe ii] or [Si i]. We discuss a detailed comparison
between the NIR spectra of SPIRITS15c and SN 2011dh
below in § 4.1.1.

4. DISCUSSION

Here we discuss possible physical interpretations of
SPIRITS15c and SPIRITS 14buu and compare them to
other classes of transients discovered in recent years.

4.1. SPIRITS15c as an obscured SN: comparison to
SN 2011dh

We examine the possibility that SPIRITS 15c is an SN
explosion with significant obscuration by dust. We com-
pare the properties of SPIRITS15c to the well studied
Type IIb explosion in M51, SN 2011dh, based on the
similarity of their NIR spectra at late phases (§ 4.1.1).
Throughout this section, following (Ergon et al. 2014),

−10000 −5000 0 5000

Velocity (km s−1)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

f λ
(s

ca
le

d
)

H
e

I

[S
i

I]

[S
i

I]

SN 2011dh

166 days

SPIRITS 15c

205 days

SPIRITS 15c

222 days

Figure 6. The observed velocity profile of the He i line at
1.0830 µm in the spectra of SN 2011dh at a phase of 166 days
(top) and SPIRITS 15c at phases of 205 (middle) and 222 days
(bottom). The phase of the SN 2011dh spectrum is set as in Fig-
ure 2. The profiles are scaled and shifted arbitrarily in flux for
clarity.

we adopt a distance to M51 of 7.8 Mpc, and a redden-
ing along the line of sight to SN 2011dh of E(B − V ) =
0.07 mag assuming a standard RV = 3.1 Milky Way ex-
tinction law as parametrized by (Fitzpatrick 1999).

4.1.1. NIR spectrum comparison

The NIR spectrum of SPIRITS15c at t = 205 d shows
distinct similarity to the NIR spectra of SN 2011dh at
similar phases. We show a direct comparison between
the spectra of these objects in Figure 4, where the phase
of the SN 2011dh spectra is set so that the earliest detec-
tion of the SN coincides with the most constraining non-
detection preceding the outburst of SPIRITS 15c. The
SN 2011dh spectra, originally published in Ergon et al.
(2015), were obtained from the Weizmann Interactive Su-
pernova data REPository (WISeREP, Yaron & Gal-Yam
2012)6. To aide in the comparison, we mark the features
identified in the spectra of SN 2011dh by Ergon et al.
(2015) and Jerkstrand et al. (2015) in the figure.
A prominent feature in the spectra of both objects

is the strong, broad (! 8000 km s−1) He i emission
at 1.083 µm, shown in detail in Figure 6. This line
is detected in both spectra of SPIRITS 15c at t = 205

6 WISeREP spectra are available here:
http://wiserep.weizmann.ac.il/

Jencson et al. (2017)
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Spitzer InfraRed Intensive Transients Survey

• 3-yr survey of 194 galaxies within 20 Mpc with Spitzer/IRAC at 3.6 and 4.5 µm 
• First year with monthly cadence, then weekly cadence down to 20 mag at 3.6 µm 
• 300 hours / Spitzer cycle (PI: Mansi Kasliwal) 
• Spitzer discovery of two obscured SNe; in addition 9 optically discovered CCSNe 

• Suggest a missing fraction of 2/11 ~ 18% 
• More recently more Spitzer discoveries suggesting up to 50% missing fraction 

(Jakob Jencson @ Dynamic IR sky workshop, Caltech)

Jencson et al. (2017)
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ABSTRACT 
We consider the problem of uniquely confirming that the luminosity source of starburst galaxies is a young 

population of massive stars. Unambiguous detection of the supernova explosions associated with a massive 
stellar population would provide proof of the starburst hypothesis. High spatial resolution narrow-band infra- 
red imaging of starburst galaxies directly detects the cobalt synthesized in Type II supernova explosions. 
Coupled with observations of other infrared lines and continuum, progenitor masses can be at least roughly 
estimated. A statistically large sample of starburst supernovae will lead to an average starburst initial mass 
function. Standard candles can also be constructed, based on both individual and populations of supernovae. 
With current and planned instruments, K-band supernovae can be found out to cosmological distances. 
Subject headings: galaxies: general — stars: supernovae 

I. INTRODUCTION 
The energy source powering the luminous infrared galaxies 

discovered by IRAS is widely held to be a population of 
massive stars. A natural consequence of this idea is that the 
pace of star formation must be exceedingly rapid. Candidate 
tests of the starburst hypothesis must therefore probe both the 
presence and formation rate of massive stars. 

The gas consumption rate (Scoville and Young 1983) for an 
IRAS galaxy of luminosity 1011 L© implies a supernova rate of 
0.5 yr_1. Yet no super novae have been observed in these so- 
called starburst galaxies, most likely because of the heavy 
obscuration of the explosions by dust. Direct detection of these 
explosions will be a strong confirmation of the starburst 
hypothesis. In the nearby starburst galaxies M82 and NGC 
253, supernova remnants are picked up by observing the flux 
variation in compact radio sources using the Very Large 
Array (Kronberg et al. 1985; Antonucci and Ulvestad 1988). 
This is not feasible for more distant systems because exception- 
ally long integration times are needed to achieve the signal-to- 
noise ratio required to detect flux changes. 

Here we show that supernovae in starburst galaxies can be 
directly observed in the mid-infrared using imaging arrays, 
providing a robust test of the starburst hypothesis. Further- 
more, the precursor masses can eventually be determined by 
application of refinements to current theory, allowing a direct 
determination of the initial mass function in starbursts. The 
broad-band light curve, which is powered by 56Co decay, can 
be used as a standard candle since the amount of cobalt pro- 
duced is simply related to the initial stellar mass. 

The unambiguous identification of luminous objects as Type 
II supernovae can be made by utilizing the varying 10.52 gm 
line of Co ii. This species arises only by explosive nucleo- 
synthesis and has a very short half-life (77 days). There is no 
observed interstellar Co n line. Infrared lines of Co n, Ni n, 
Ar ii, and [Fe n] have been observed in SN 1987A with equiva- 
lent widths of several tenths of a micron (Rank et al. 1988; 
Erickson et al. 1988; Moseley et al. 1988). The technical soph- 
istication of detectors, increasingly large collecting areas avail- 
able, and relative freedom from interstellar extinction indicate 
that the effort to detect these species in starburst systems 

1 Davis Fellow. 

should be concentrated in the infrared. Broad-band imaging at 
K (2.2 gm) can also be used to find supernovae within several 
weeks or months of maximum and to follow their light curves. 

In § II we review the observational data concerning the 
mid-infrared emission lines of SN 1987A. We then show that 
the 56Co 10.52 gm line is detectable with current instruments 
to a distance of 10 Mpc, and with instruments under construc- 
tion, to 50 Mpc. In § III we demonstrate that K-band imaging 
can easily detect supernovae in systems like Arp 220 and NGC 
6240. The prospects for supernova detections with future 
instruments, both ground-based and orbiting, are discussed in 
§ IV. Finally, we conclude with a summary, § V. 

II. NARROW-BAND 10 MICRON IMAGING OF SUPERNOVAE 
a) SN I987A 

We are led to utilize the infrared portion of the spectrum 
because of the large amounts of dust which obscure the activity 
of starburst galaxies at optical wavelengths. Observations of 
SN 1987A several hundred days after the explosion show 
strong infrared lines of Co n at 10.52 gm, Ar n at 7.0 gm, and 
Ni ii at 6.6 gm with strengths ~10~10 ergs cm-2 s_1 (Rank 
et al. 1988). These correspond to line luminosities of order 
104 L©. Although the lines were unresolved, we take their 
line widths to be ~ 108 cm s - L 

b) Line Emission 
We now turn to the question of experiment design concen- 

trating only on the Co n line at 10.52 gm. We have calculated 
the sensitivity to this line of various telescopes outfitted with 
the candidate SIRTF Infrared Array Camera described by 
McKelvey et al. (1987). For the various backgrounds we have 
taken the results of Werner and Erickson (1987), Deul and 
Wollencroft (1988), and Soifer et al. (1984). Our results are 
shown in Figure 1, where the integration time in seconds is 
plotted against distance for a number of telescopes for a 3 a 
detection of the line. 

Because of the high atmospheric and instrumental thermal 
background, there is no advantage to using an aircraft obser- 
vatory like the KAO or SOFIA (Stratospheric Observatory for 
Far-Infrared Astronomy) unless one wishes to detect lines that 
are otherwise not observable from the ground, like [Fe n] 17.9 
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No. 2, 1989 IR SUPERNOVAE IN STARBURSTS 

TABLE 1 
K-Band Supernova Detection Limits 

Instrument Telescope 3 a in 1 hra dGpc
b Reference 

Rochester   IRTF 3.2 x 10 5 1.1 1 
CIRRUS   Pic du Midi 2 m 3.7 x 10’3 0.1 2 
Rockwell HgCdTe   Steward 1.5 m 1.4 x 10”5 1.7 3 
IRCAM-1   UKIRT 3.8 x 10"5 1.0 4 
Prime Focus IR Camera   Hale 5 m 6.7 x 10"5 0.8 5 

a Injanskys. b Assumes supernova K-flux is 40dMpc ” 2 Jy and is unextincted. 
References.—(1) Forrest et al. 1985; (2) Tiphene et al. 1987; (3) Rieke, Rieke, and Montgomery 

1987; (4) McLean 1987; (5) Hester 1988. 
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few percent fluctuations in total light be made. Table 1 gives an 
indication of integration times required using various present 
instruments to achieve a 3 <7 detection for the imaging experi- 
ment. 

b) 4 Meter Simulation 
In Figure 2 we show a simulated observation of a starburst 

galaxy containing a supernova near maximum K light. A 4 m 
telescope with a present-day detector and a 20 minute integra- 
tion was assumed. The starburst is 50 Mpc distant and has a 
luminosity of 1011 L0, and there are 2.5 mag of X-band extinc- 
tion to the supernova. An observation 3 months later would 
show the decline in luminosity detected at the 10 <7 level, 
assuming the shape of the K light curve of SN 1987A (Menzies 
et al. 1987; Catchpole et al. 1987a, b; Whitelock et al. 1988). 

Fig. 2.—Simulation of a 1 hr K-band detection experiment on a 4 m using 
a good present-day detector. The starburst has a luminosity of 1011 L0 and is 
50 Mpc distant. The image corresponds to near maximum light of the super- 
nova (arrow) which suffers 2.5 mag of K-band extinction. Contour intervals are 
5 <7; axes are pixel numbers (each pixel = 0"35). 

IV. FUTURE INSTRUMENTATION 
a) 56Co Imaging 

Looking to the future, when a 10 gm interferometer could be 
operating as part of ESO’s Very Large Telescope, a modest 
extension of sensitivity is possible for the line detection experi- 
ment. The system labeled VLT in Figure 1 has four 8 m tele- 
scopes with baselines up to 150 m. The detector is assumed to 
be noise-free and to have an improved quantum efficiency so 
that the aperture times detector efficiency is 0.1. We have 
assumed that the interferometer correlates before detection, so 
the uncorrelated part of the instrumental thermal background 
does not contribute to the noise; such a detector will have a 
“ system temperature ” of « 100 K. With this instrument one 
could easily reach Arp 220 and NGC 6240 and find supernovae 
at distances as great as 100 Mpc. 

Following ISO the next orbital opportunity will be SIRTF. 
With a much smaller aperture SIRTF will modestly improve 
upon the VLT in one half-orbit integration. SIRTF has a much 
larger beam, but the background is now due to the host galaxy 
rather than instrumental and atmospheric. SIRTF has the 
potential to be significantly more sensitive than ISO if nar- 
row enough filters are included. The camera on ISO will 
look through a CVF with ÔÀ/À = 0.02, while the opportunity 
still exists for SIRTF to have a bandpass-matched filter, 
AÀ/À. = 0.003. 

b) K-Band Imaging 
Hubble Space Telescope.—Within a few years InSb detectors 

will be available with quantum efficiencies of 0.5 which have 
negligible readout noise and dark current. Such a detector used 
in a second generation Hubble Space Telescope instrument 
will allow detection of unreddened supernovae at cosmological 
distances. For example, take SN 1987A as prototypical, then 
100 days after the explosion its photon luminosity is roughly 
constant per logarithmic frequency interval from V to K, with 
about 2 x 1052 photons per Av/v = 0.1. Taking a total 
quantum efficiency of 0.1, the K signal from a distant isolated 
and unobscured supernova will be (10 times brighter than 
SN 1987A) 

n = 0.8(1 + z)~1z~2h0
2 s_1 , (1) 

where h0 is the Hubble constant in units of 100 km s-1. The 
zodiacal FC-band background is 0Ae~ per 0"2 pixel (Werner 
and Erickson 1987), so a 10 <7 detection can be made in a 
half-hour’s integration out to z = 1.2, while the 3 C7 limit is 
z = 2.2. 

In a starburst system, the K background is provided by red 
supergiants, which individually have a K-band photon lumin- 
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does not contribute to the noise; such a detector will have a 
“ system temperature ” of « 100 K. With this instrument one 
could easily reach Arp 220 and NGC 6240 and find supernovae 
at distances as great as 100 Mpc. 

Following ISO the next orbital opportunity will be SIRTF. 
With a much smaller aperture SIRTF will modestly improve 
upon the VLT in one half-orbit integration. SIRTF has a much 
larger beam, but the background is now due to the host galaxy 
rather than instrumental and atmospheric. SIRTF has the 
potential to be significantly more sensitive than ISO if nar- 
row enough filters are included. The camera on ISO will 
look through a CVF with ÔÀ/À = 0.02, while the opportunity 
still exists for SIRTF to have a bandpass-matched filter, 
AÀ/À. = 0.003. 
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Hubble Space Telescope.—Within a few years InSb detectors 

will be available with quantum efficiencies of 0.5 which have 
negligible readout noise and dark current. Such a detector used 
in a second generation Hubble Space Telescope instrument 
will allow detection of unreddened supernovae at cosmological 
distances. For example, take SN 1987A as prototypical, then 
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constant per logarithmic frequency interval from V to K, with 
about 2 x 1052 photons per Av/v = 0.1. Taking a total 
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stellar population would provide proof of the starburst hypothesis. High spatial resolution narrow-band infra- 
red imaging of starburst galaxies directly detects the cobalt synthesized in Type II supernova explosions. 
Coupled with observations of other infrared lines and continuum, progenitor masses can be at least roughly 
estimated. A statistically large sample of starburst supernovae will lead to an average starburst initial mass 
function. Standard candles can also be constructed, based on both individual and populations of supernovae. 
With current and planned instruments, K-band supernovae can be found out to cosmological distances. 
Subject headings: galaxies: general — stars: supernovae 

I. INTRODUCTION 
The energy source powering the luminous infrared galaxies 

discovered by IRAS is widely held to be a population of 
massive stars. A natural consequence of this idea is that the 
pace of star formation must be exceedingly rapid. Candidate 
tests of the starburst hypothesis must therefore probe both the 
presence and formation rate of massive stars. 

The gas consumption rate (Scoville and Young 1983) for an 
IRAS galaxy of luminosity 1011 L© implies a supernova rate of 
0.5 yr_1. Yet no super novae have been observed in these so- 
called starburst galaxies, most likely because of the heavy 
obscuration of the explosions by dust. Direct detection of these 
explosions will be a strong confirmation of the starburst 
hypothesis. In the nearby starburst galaxies M82 and NGC 
253, supernova remnants are picked up by observing the flux 
variation in compact radio sources using the Very Large 
Array (Kronberg et al. 1985; Antonucci and Ulvestad 1988). 
This is not feasible for more distant systems because exception- 
ally long integration times are needed to achieve the signal-to- 
noise ratio required to detect flux changes. 

Here we show that supernovae in starburst galaxies can be 
directly observed in the mid-infrared using imaging arrays, 
providing a robust test of the starburst hypothesis. Further- 
more, the precursor masses can eventually be determined by 
application of refinements to current theory, allowing a direct 
determination of the initial mass function in starbursts. The 
broad-band light curve, which is powered by 56Co decay, can 
be used as a standard candle since the amount of cobalt pro- 
duced is simply related to the initial stellar mass. 

The unambiguous identification of luminous objects as Type 
II supernovae can be made by utilizing the varying 10.52 gm 
line of Co ii. This species arises only by explosive nucleo- 
synthesis and has a very short half-life (77 days). There is no 
observed interstellar Co n line. Infrared lines of Co n, Ni n, 
Ar ii, and [Fe n] have been observed in SN 1987A with equiva- 
lent widths of several tenths of a micron (Rank et al. 1988; 
Erickson et al. 1988; Moseley et al. 1988). The technical soph- 
istication of detectors, increasingly large collecting areas avail- 
able, and relative freedom from interstellar extinction indicate 
that the effort to detect these species in starburst systems 

1 Davis Fellow. 

should be concentrated in the infrared. Broad-band imaging at 
K (2.2 gm) can also be used to find supernovae within several 
weeks or months of maximum and to follow their light curves. 

In § II we review the observational data concerning the 
mid-infrared emission lines of SN 1987A. We then show that 
the 56Co 10.52 gm line is detectable with current instruments 
to a distance of 10 Mpc, and with instruments under construc- 
tion, to 50 Mpc. In § III we demonstrate that K-band imaging 
can easily detect supernovae in systems like Arp 220 and NGC 
6240. The prospects for supernova detections with future 
instruments, both ground-based and orbiting, are discussed in 
§ IV. Finally, we conclude with a summary, § V. 

II. NARROW-BAND 10 MICRON IMAGING OF SUPERNOVAE 
a) SN I987A 

We are led to utilize the infrared portion of the spectrum 
because of the large amounts of dust which obscure the activity 
of starburst galaxies at optical wavelengths. Observations of 
SN 1987A several hundred days after the explosion show 
strong infrared lines of Co n at 10.52 gm, Ar n at 7.0 gm, and 
Ni ii at 6.6 gm with strengths ~10~10 ergs cm-2 s_1 (Rank 
et al. 1988). These correspond to line luminosities of order 
104 L©. Although the lines were unresolved, we take their 
line widths to be ~ 108 cm s - L 

b) Line Emission 
We now turn to the question of experiment design concen- 

trating only on the Co n line at 10.52 gm. We have calculated 
the sensitivity to this line of various telescopes outfitted with 
the candidate SIRTF Infrared Array Camera described by 
McKelvey et al. (1987). For the various backgrounds we have 
taken the results of Werner and Erickson (1987), Deul and 
Wollencroft (1988), and Soifer et al. (1984). Our results are 
shown in Figure 1, where the integration time in seconds is 
plotted against distance for a number of telescopes for a 3 a 
detection of the line. 

Because of the high atmospheric and instrumental thermal 
background, there is no advantage to using an aircraft obser- 
vatory like the KAO or SOFIA (Stratospheric Observatory for 
Far-Infrared Astronomy) unless one wishes to detect lines that 
are otherwise not observable from the ground, like [Fe n] 17.9 
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TABLE 1 
K-Band Supernova Detection Limits 

Instrument Telescope 3 a in 1 hra dGpc
b Reference 

Rochester   IRTF 3.2 x 10 5 1.1 1 
CIRRUS   Pic du Midi 2 m 3.7 x 10’3 0.1 2 
Rockwell HgCdTe   Steward 1.5 m 1.4 x 10”5 1.7 3 
IRCAM-1   UKIRT 3.8 x 10"5 1.0 4 
Prime Focus IR Camera   Hale 5 m 6.7 x 10"5 0.8 5 

a Injanskys. b Assumes supernova K-flux is 40dMpc ” 2 Jy and is unextincted. 
References.—(1) Forrest et al. 1985; (2) Tiphene et al. 1987; (3) Rieke, Rieke, and Montgomery 

1987; (4) McLean 1987; (5) Hester 1988. 
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few percent fluctuations in total light be made. Table 1 gives an 
indication of integration times required using various present 
instruments to achieve a 3 <7 detection for the imaging experi- 
ment. 

b) 4 Meter Simulation 
In Figure 2 we show a simulated observation of a starburst 

galaxy containing a supernova near maximum K light. A 4 m 
telescope with a present-day detector and a 20 minute integra- 
tion was assumed. The starburst is 50 Mpc distant and has a 
luminosity of 1011 L0, and there are 2.5 mag of X-band extinc- 
tion to the supernova. An observation 3 months later would 
show the decline in luminosity detected at the 10 <7 level, 
assuming the shape of the K light curve of SN 1987A (Menzies 
et al. 1987; Catchpole et al. 1987a, b; Whitelock et al. 1988). 

Fig. 2.—Simulation of a 1 hr K-band detection experiment on a 4 m using 
a good present-day detector. The starburst has a luminosity of 1011 L0 and is 
50 Mpc distant. The image corresponds to near maximum light of the super- 
nova (arrow) which suffers 2.5 mag of K-band extinction. Contour intervals are 
5 <7; axes are pixel numbers (each pixel = 0"35). 

IV. FUTURE INSTRUMENTATION 
a) 56Co Imaging 

Looking to the future, when a 10 gm interferometer could be 
operating as part of ESO’s Very Large Telescope, a modest 
extension of sensitivity is possible for the line detection experi- 
ment. The system labeled VLT in Figure 1 has four 8 m tele- 
scopes with baselines up to 150 m. The detector is assumed to 
be noise-free and to have an improved quantum efficiency so 
that the aperture times detector efficiency is 0.1. We have 
assumed that the interferometer correlates before detection, so 
the uncorrelated part of the instrumental thermal background 
does not contribute to the noise; such a detector will have a 
“ system temperature ” of « 100 K. With this instrument one 
could easily reach Arp 220 and NGC 6240 and find supernovae 
at distances as great as 100 Mpc. 

Following ISO the next orbital opportunity will be SIRTF. 
With a much smaller aperture SIRTF will modestly improve 
upon the VLT in one half-orbit integration. SIRTF has a much 
larger beam, but the background is now due to the host galaxy 
rather than instrumental and atmospheric. SIRTF has the 
potential to be significantly more sensitive than ISO if nar- 
row enough filters are included. The camera on ISO will 
look through a CVF with ÔÀ/À = 0.02, while the opportunity 
still exists for SIRTF to have a bandpass-matched filter, 
AÀ/À. = 0.003. 

b) K-Band Imaging 
Hubble Space Telescope.—Within a few years InSb detectors 

will be available with quantum efficiencies of 0.5 which have 
negligible readout noise and dark current. Such a detector used 
in a second generation Hubble Space Telescope instrument 
will allow detection of unreddened supernovae at cosmological 
distances. For example, take SN 1987A as prototypical, then 
100 days after the explosion its photon luminosity is roughly 
constant per logarithmic frequency interval from V to K, with 
about 2 x 1052 photons per Av/v = 0.1. Taking a total 
quantum efficiency of 0.1, the K signal from a distant isolated 
and unobscured supernova will be (10 times brighter than 
SN 1987A) 

n = 0.8(1 + z)~1z~2h0
2 s_1 , (1) 

where h0 is the Hubble constant in units of 100 km s-1. The 
zodiacal FC-band background is 0Ae~ per 0"2 pixel (Werner 
and Erickson 1987), so a 10 <7 detection can be made in a 
half-hour’s integration out to z = 1.2, while the 3 C7 limit is 
z = 2.2. 

In a starburst system, the K background is provided by red 
supergiants, which individually have a K-band photon lumin- 
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 Seeing-limited near-IR searches 
  

• In the near-IR (AK ~ 0.1 AV) extinction strongly reduced compared to optical observations 
• A number of K-band searches carried-out in starbursts and U/LIRGs under natural seeing: 

• 40 starburst galaxies within 45 Mpc with WHT in 2001-2005 (Mattila+) 
• 40 LIRGs within 300 Mpc with NTT & TNG in 1999-2001 (Maiolino+02; Mannucci+03) 
• 30 LIRGs within 200 Mpc with VLT/HAWK-I in 2010-2011 (Miluzio+2013) 

SN 2005U in Arp 299A

Mattila+2001,2004,2005



 Seeing-limited near-IR searches 
  

• In the near-IR (AK ~ 0.1 AV) extinction strongly reduced compared to optical observations 
• A number of K-band searches carried-out in starbursts and U/LIRGs under natural seeing: 

• 40 starburst galaxies within 45 Mpc with WHT in 2001-2005 (Mattila+) 
• 40 LIRGs within 300 Mpc with NTT & TNG in 1999-2001 (Maiolino+02; Mannucci+03) 
• 30 LIRGs within 200 Mpc with VLT/HAWK-I in 2010-2011 (Miluzio+2013) 

A&A 554, A127 (2013)

To summarize, during the search we discovered six SNe. Four
received spectroscopic classifications: one as a type Ia and three
as core collapse events, a type IIn, a type IIP, and a type Ic. For
the other two, based on the sparse photometry, we argue that they
are most likely core collapse SNe, with a best fit as types IIP and
Ic, respectively.

2.5. Search detection limit

To derive the SN rate from the number of detected events it is
crucial to obtain an accurate estimate of the magnitude detection
limit for each of the search images and for different locations in
the images. As shown in Fig. 2, the detection efficiency is influ-
enced by the sky conditions at the time of observations (namely
seeing and transparency) and by the transient position inside the
host galaxy.

The magnitude limit for SN detection has been estimated
through artificial star experiments. The procedure we adopted
was the following:

1. fake SNe of different magnitudes are simulated with the PSF
derived from isolated field stars;

2. the image is segmented into a number of intensity contour
levels. We took denser contours in the nuclear regions be-
cause the magnitude limit changes rapidly with background
intensity;

3. one fake SN of specific magnitude is randomly placed inside
a chosen intensity contour;

4. the image with the fake SN is processed through the image
difference and transient detection pipeline;

5. if the fake SN results in a detected transient, the experiment
is repeated with a fainter artificial star until we have a null
detection. The fainter magnitude for which the fake SN is de-
tected defines the magnitude limit for the given background
intensity level;

6. Steps 2 to 5 were repeated for each contour level three times
to enhance the statistical significance of the results. The aver-
age value for each contour level has been adopted as the mag-
nitude discovery limit for the given background intensity.

To illustrate the results, a plot of the magnitude limit ver-
sus background counts for four observations of the galaxy
NGC 7130 is shown in Fig. 7. Each epoch is labeled with the im-
age seeing, while the errorbar shows the range of limiting magni-
tudes for the three experiments. The top x-axis shows the linear
distance in Kpc from the galaxy center.

It can be seen that, as expected, the magnitude limit is lower
in the nuclear regions, which for a typical galaxy, correspond
to 1.5–2.0 kpc. Epochs with different seeing have similar magni-
tude limits in the galaxy outskirts (typically K ∼ 19 mag), while
in the nuclear region when seeing is poorer the magnitude limit
is brighter (in the worst case even 5–6 mag brighter than in the
galaxy outskirts).

3. SN search simulation

To evaluate the significance of the detected events we elabo-
rated a simulation tool that returns the number and properties
of expected events based on specific features of our SN search,
including a number of parameters describing our current knowl-
edge of SBs and SN properties. The tool uses a MonteCarlo ap-
proach that simulates the stochastic nature of SN explosions. By
collecting several MonteCarlo experiments with the same input
parameters, we can test whether the observed events are within
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Fig. 7. Magnitude limit vs. background intensity for four different ob-
servations of NGC 7130. The points are labeled with the respective im-
age seeing. Errorbars show the range of the magnitude limits from the
three different experiments.

the expected distribution. On the other hand, by varying some
of the input parameters, we can test the influence of specific as-
sumptions.

3.1. The simulation tool

Our MonteCarlo (MC) simulation tool was built in a Python
environment and makes use of standard values taken from the
literature for the different inputs. For those that are more con-
troversial, we give references with some discussion. The basic
ingredients of the simulation are:

– relevant data for the selected SBs, namely: redshift, galactic
extinction, infrared fluxes from IRAS catalogs at 25, 60, and
100µ, B magnitude corrected for internal extinction5, Hubble
morphological type. These data were retrieved from NED;

– information describing the SN properties for each of the
SN types considered here: SNe Ia and core collapse events,
including SNe IIP, IIL, IIn, and Ib/c. K-band template
light curves were constructed starting from B template light
curves (Cappellaro et al. 1997) and B − K k-corrections for
the given galaxy redshift (Botticella et al. 2008). We note that
the results of this procedure agree closely with the K tem-
plate light curves of Mattila & Meikle (2001). For the SN
luminosity functions we adopted those of Li et al. (2011b)
as reference, but we also tested for the possible presence of
a significant population of faint core collapse, which may be
suggested by the analysis of very nearby SNe (Horiuchi et al.
2011). From the LOSS project we also adopted the relative
rates for the different SN types (Li et al. 2011a);

– details of the search campaign: log of observations, magni-
tude detection limit for each observation as a function of the
host galaxy background intensity;

– the number of SNe expected from a given star formation
episode. For core collapse SNe, this is determined only by
the adopted mass range of the progenitors and IMF slope. In
fact, for our purposes, we can neglect the very short time de-
lay from CC progenitor formation to explosion. For type Ia
SNe, we need to consider the realization factor, which is the
fraction of events in the proper mass range, which occurs in

5 The galaxy internal extinction was retrieved from HyperLeda
(Paturel et al. 2003).
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(a) SN 2010bt (b) SN 2010gp

(c) SN 2010hp (d) PSN2010 in IC 4687

(e) SN 2011ee (f) PSN 2011 in IC 1623A

Fig. 3. K-band finding charts for the SNe of our list. The inserts show the transients as they appear in the difference image.
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PSN2011 
(IC 1523A) Miluzio+2013
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(a) SN 2010bt (b) SN 2010gp

(c) SN 2010hp (d) PSN2010 in IC 4687

(e) SN 2011ee (f) PSN 2011 in IC 1623A

Fig. 3. K-band finding charts for the SNe of our list. The inserts show the transients as they appear in the difference image.
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To summarize, during the search we discovered six SNe. Four
received spectroscopic classifications: one as a type Ia and three
as core collapse events, a type IIn, a type IIP, and a type Ic. For
the other two, based on the sparse photometry, we argue that they
are most likely core collapse SNe, with a best fit as types IIP and
Ic, respectively.

2.5. Search detection limit

To derive the SN rate from the number of detected events it is
crucial to obtain an accurate estimate of the magnitude detection
limit for each of the search images and for different locations in
the images. As shown in Fig. 2, the detection efficiency is influ-
enced by the sky conditions at the time of observations (namely
seeing and transparency) and by the transient position inside the
host galaxy.

The magnitude limit for SN detection has been estimated
through artificial star experiments. The procedure we adopted
was the following:

1. fake SNe of different magnitudes are simulated with the PSF
derived from isolated field stars;

2. the image is segmented into a number of intensity contour
levels. We took denser contours in the nuclear regions be-
cause the magnitude limit changes rapidly with background
intensity;

3. one fake SN of specific magnitude is randomly placed inside
a chosen intensity contour;

4. the image with the fake SN is processed through the image
difference and transient detection pipeline;

5. if the fake SN results in a detected transient, the experiment
is repeated with a fainter artificial star until we have a null
detection. The fainter magnitude for which the fake SN is de-
tected defines the magnitude limit for the given background
intensity level;

6. Steps 2 to 5 were repeated for each contour level three times
to enhance the statistical significance of the results. The aver-
age value for each contour level has been adopted as the mag-
nitude discovery limit for the given background intensity.

To illustrate the results, a plot of the magnitude limit ver-
sus background counts for four observations of the galaxy
NGC 7130 is shown in Fig. 7. Each epoch is labeled with the im-
age seeing, while the errorbar shows the range of limiting magni-
tudes for the three experiments. The top x-axis shows the linear
distance in Kpc from the galaxy center.

It can be seen that, as expected, the magnitude limit is lower
in the nuclear regions, which for a typical galaxy, correspond
to 1.5–2.0 kpc. Epochs with different seeing have similar magni-
tude limits in the galaxy outskirts (typically K ∼ 19 mag), while
in the nuclear region when seeing is poorer the magnitude limit
is brighter (in the worst case even 5–6 mag brighter than in the
galaxy outskirts).

3. SN search simulation

To evaluate the significance of the detected events we elabo-
rated a simulation tool that returns the number and properties
of expected events based on specific features of our SN search,
including a number of parameters describing our current knowl-
edge of SBs and SN properties. The tool uses a MonteCarlo ap-
proach that simulates the stochastic nature of SN explosions. By
collecting several MonteCarlo experiments with the same input
parameters, we can test whether the observed events are within

 14
 14.5

 15
 15.5

 16
 16.5

 17
 17.5

 18
 18.5

 19
 19.5

 0  2000  4000  6000  8000  10000  12000  14000

>5 2 1 0.3 0

M
ag

 li
m

counts

Kpc

0.76"
0.57"
0.47"
0.44"

Fig. 7. Magnitude limit vs. background intensity for four different ob-
servations of NGC 7130. The points are labeled with the respective im-
age seeing. Errorbars show the range of the magnitude limits from the
three different experiments.

the expected distribution. On the other hand, by varying some
of the input parameters, we can test the influence of specific as-
sumptions.

3.1. The simulation tool

Our MonteCarlo (MC) simulation tool was built in a Python
environment and makes use of standard values taken from the
literature for the different inputs. For those that are more con-
troversial, we give references with some discussion. The basic
ingredients of the simulation are:

– relevant data for the selected SBs, namely: redshift, galactic
extinction, infrared fluxes from IRAS catalogs at 25, 60, and
100µ, B magnitude corrected for internal extinction5, Hubble
morphological type. These data were retrieved from NED;

– information describing the SN properties for each of the
SN types considered here: SNe Ia and core collapse events,
including SNe IIP, IIL, IIn, and Ib/c. K-band template
light curves were constructed starting from B template light
curves (Cappellaro et al. 1997) and B − K k-corrections for
the given galaxy redshift (Botticella et al. 2008). We note that
the results of this procedure agree closely with the K tem-
plate light curves of Mattila & Meikle (2001). For the SN
luminosity functions we adopted those of Li et al. (2011b)
as reference, but we also tested for the possible presence of
a significant population of faint core collapse, which may be
suggested by the analysis of very nearby SNe (Horiuchi et al.
2011). From the LOSS project we also adopted the relative
rates for the different SN types (Li et al. 2011a);

– details of the search campaign: log of observations, magni-
tude detection limit for each observation as a function of the
host galaxy background intensity;

– the number of SNe expected from a given star formation
episode. For core collapse SNe, this is determined only by
the adopted mass range of the progenitors and IMF slope. In
fact, for our purposes, we can neglect the very short time de-
lay from CC progenitor formation to explosion. For type Ia
SNe, we need to consider the realization factor, which is the
fraction of events in the proper mass range, which occurs in

5 The galaxy internal extinction was retrieved from HyperLeda
(Paturel et al. 2003).
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 Seeing-limited near-IR searches 
  

Miluzio+2013

Handful of SNe recovered but mostly outside the IR bright and heavily obscured nuclear 
regions; higher spatial resolution at near-IR wavelength required to probe these regions

• In the near-IR (AK ~ 0.1 AV) extinction strongly reduced compared to optical observations 
• A number of K-band searches carried-out in starbursts and U/LIRGs under natural seeing: 

• 40 starburst galaxies within 45 Mpc with WHT in 2001-2005 (Mattila+) 
• 40 LIRGs within 300 Mpc with NTT & TNG in 1999-2001 (Maiolino+02; Mannucci+03) 
• 30 LIRGs within 200 Mpc with VLT/HAWK-I in 2010-2011 (Miluzio+2013) 



Perez-Torres et al. (2009)

Herrero-Illana et al. (2012)

High spatial resolution in the IR or radio 
required for the detection and study of 
SNe within the nuclear regions of galaxies  
 Arp 299Arp 299 (LIRG)         Gemini-N/Altair 

                                   JHK-band

10 pc

1 kpc

   Correction for the “dark” SNe in U/LIRGs 
  

Miguel’s talk !



High resolution (AO) near-IR searches in LIRGs

Very Large Array (VLA) 
PI: M. Perez-Torres

VLT NACO  
PI: S. Mattila

Mattila+2007, 2012; Kankare,SM+2008,2012,2014; Perez-Torres+2007; Ryder+2014; Herrero-Illana+17; 
Romero-Canizales+2011,2012,2014; Väisänen+2008a,b; Randriamanakoto+2013a,b; Kool+2017

Gemini-N, Gemini-S, 
Keck II PI: S. Ryder

● Use AO to provide ~0.1” resolution in the near-IR K-band for the SN detection and study 
● Observe the most promising LIRGs within ~120 Mpc (0.1” corresponds to <60pc) 

● ESO VLT + NACO (AO with NGS) 
● Gemini-N + ALTAIR/NIRI (AO with LGS) 
● Gemini-S + GeMS/GSAOI (MCAO with LGSs) 
● Keck II + NIRC2 (AO with LGSs) 

Talks by Tom, Erik, Miguel !



VLT NACO Ks-band epoch 1 VLT NACO epoch 2 subtracted image

SN 2004ip

IRAS 18293-3413

High resolution (AO) near-IR searches in LIRGs
● Use AO to provide ~0.1” resolution in the near-IR K-band for the SN detection and study 
● Observe the most promising LIRGs within ~120 Mpc (0.1” corresponds to <60pc) 

● ESO VLT + NACO (AO with NGS) 
● Gemini-N + ALTAIR/NIRI (AO with LGS) 
● Gemini-S + GeMS/GSAOI (MCAO with LGSs) 
● Keck II + NIRC2 (AO with LGSs) 

● Follow-up in JHK (AO) photometry and radio (e.g. VLA) to confirm the SN nature and 
estimate extinctions from the near-IR colours 

Mattila+2007; Perez-Torres+2007



subtracted image
VLA X-band 

IRAS 18293-3413

High resolution (AO) near-IR searches in LIRGs

VLT NACO Ks-band epoch 1 VLT NACO epoch 2

IRAS 18293-3413

High resolution (AO) near-IR searches in LIRGs
● Use AO to provide ~0.1” resolution in the near-IR K-band for the SN detection and study 
● Observe the most promising LIRGs within ~120 Mpc (0.1” corresponds to <60pc) 

● ESO VLT + NACO (AO with NGS) 
● Gemini-N + ALTAIR/NIRI (AO with LGS) 
● Gemini-S + GeMS/GSAOI (MCAO with LGSs) 
● Keck II + NIRC2 (AO with LGSs) 

● Follow-up in JHK (AO) photometry and radio (e.g. VLA) to confirm the SN nature and 
estimate extinctions from the near-IR colours 

Mattila+2007; Perez-Torres+2007



IC 883IC 883
Kankare,SM+2012

High resolution (AO) near-IR searches in LIRGsHigh resolution (AO) near-IR searches in LIRGs
● Use AO to provide ~0.1” resolution in the near-IR K-band for the SN detection and study 
● Observe the most promising LIRGs within ~120 Mpc (0.1” corresponds to <60pc) 

● ESO VLT + NACO (AO with NGS) 
● Gemini-N + ALTAIR/NIRI (AO with LGS) 
● Gemini-S + GeMS/GSAOI (MCAO with LGSs) 
● Keck II + NIRC2 (AO with LGSs) 

● Follow-up in JHK (AO) photometry and radio (e.g. VLA) to confirm the SN nature and 
estimate extinctions from the near-IR colours 



Estimate CCSN rates from the IR SEDs

• 5-38μm Spitzer spectra (Alonso-Herrero et al. 2009) 
   12, 25, 60 and 100μm IRAS photometry 
• Fit the SEDs with AGN models of Efstathiou &  
   Rowan-Robinson (1995) and starburst models of 
   Efstathiou et al. (2000) 
• Estimate the CCSN rate using the stellar population 

models of Bruzual & Charlot (2003), starburst age 
and SFR from the SED models 

0.76 yr-1

0.20 yr-1

0.33 
yr-1

~0.3-0.6 
yr-1

Mattila et al. (2012)

starburst

AGN

starburst



   How many of the U/LIRGs at high-z are starbursting? 
  

• U/LIRG population at high-z dominated by disk galaxies forming stars in 
'normal' extended (main sequence) mode (Elbaz et al. 2011) 

• Kartaltepe et al. (2011) combined deep Herschel and HST/WFPC3 near-IR 
imaging (CANDELS) of GOODS-S to study U/LIRGs at z ~ 1.5-3.0 

• ~42% are starbursts with sSFR > 3 x sSFR(main sequence) 
• Assume similar missing SN fraction as observed for Arp 299 

Kartaltepe et al. (2011)

main sequence

redshift sSFR/MS
1.5            2.0            2.5            3.0       5       10     15                25



Dark supernovae in LIRGs 331

Figure 2. Left: The fraction of SNe missed by rest-frame optical searches as a function of
redshift (from Mattila et al. 2012). Black line shows the best (nominal) estimate together with
low and high missing fraction models as blue and red lines, respectively. Right: Average observed
core-collapse SN rates (stars) from Strolger et al. (2015) as a function of redshift compared with
the expectations from the cosmic SFH (lines) and assuming a Salpeter IMF and stars with
initial masses between 8 and 20 solar masses resulting in luminous core-collapse SNe (green line
= no missing SNe; black, blue and red lines correspond to the nominal, low and high missing
fractions, respectively). This demonstrates that the measured core-collapse SN rates between z
= 0 and 2 are consistent with those expected from the cosmic SFH if taking into account the
missing SNe in U/LIRGs.

likely classification as type II-P SNe based on the near-IR light curves (Romero-Cañizales108
et al. 2012). Neither of the two objects were detectable in ground-based seeing-limited109
images highlighting the importance of high spatial resolution for the detection and study110
of SNe within the LIRG innermost nuclear regions. Also, SN 2010P discovered within the111
C’ component of Arp 299 suffered from a high extinction of AV = 7. An optical spectrum112
from Gemini-N provided a best match with the type IIb SN 2011dh (Kankare et al. 2014)113
whereas our radio follow-up showed it to be the most distant and most slowly evolving114
type IIb radio SN detected to date (Romero-Cañizales et al. 2014).115

More recently, we have expanded our efforts to make use of laser guide star AO with116
NIRC2 on the Keck telescope, as well as the Gemini Multi-Conjugate Adaptive Optics117
System (GeMS) on the Gemini-South telescope. The combination of improved angular118
resolution and increased field of view yielded by GeMS has already allowed the detection119
of three likely SNe (AT 2013if, 2015ca and 2015cb) within the nuclear regions of the120
LIRGs IRAS 18293-3413, NGC 3110 and IRAS 17138-1017. Near-IR and radio follow-up121
observations were obtained for all the three objects confirming their nature as core-122
collapse SNe (Kool et al. 2017, in prep.). In addition, our work has already resulted123
in some of the sharpest and deepest images of LIRGs ever obtained from the ground124
allowing also detailed studies of their star formation properties and super star cluster125
populations (Randriamanakoto et al. 2013a,b).126

4. Implications of missing core-collapse SNe to cosmic SFH127

Our combined use of high angular resolution near-IR and radio observations has allowed128
an empirical determination of the fraction of core-collapse SNe missed within the nuclear129
regions of U/LIRGs in the local Universe. With a number of assumptions we extrapolated130
these estimates up to cosmological redshifts (Mattila et al. 2012). For a volume-limited131
rest-frame optical SN survey we find the missing SN fraction to increase from its average132
local value of ∼19% to ∼38% at z∼1.2 and then stay roughly constant up to z = 2 (see133
Fig. 2). The uncertainties in the correction factors for the missing SNe are still substantial134
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(100%)
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0.33 yr-1 

(100%)

Mattila+2012

0.20 yr-1 

(100%)

~83% missing SNe

SNe missed by rest-frame optical surveys
● Estimate the fraction of “missing” SNe in dusty galaxies as a function of redshift 

● 15% missed in 'normal' galaxies, 83% in local U/LIRGs (100% nuclear; 37% circumn.) 
● 83% missed in starbursting and 37% in non-starbursting high-z U/LIRGs 
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et al. 2012). Neither of the two objects were detectable in ground-based seeing-limited
images highlighting the importance of high spatial resolution for the detection and study
of SNe within the LIRG innermost nuclear regions. Also, SN 2010P discovered within the
C’ component of Arp 299 su↵ered from a high extinction of AV = 7. An optical spectrum
from Gemini-N provided a best match with the type IIb SN 2011dh (Kankare et al. 2014)
whereas our radio follow-up showed it to be the most distant and most slowly evolving
type IIb radio SN detected to date (Romero-Cañizales et al. 2014).
More recently, we have expanded our e↵orts to make use of laser guide star AO with

NIRC2 on the Keck telescope, as well as the Gemini Multi-Conjugate Adaptive Optics
System (GeMS) on the Gemini-South telescope. The combination of improved angular
resolution and increased field of view yielded by GeMS has already allowed the detection
of three likely SNe (AT 2013if, 2015ca and 2015cb) within the nuclear regions of the
LIRGs IRAS 18293-3413, NGC 3110 and IRAS 17138-1017. Near-IR and radio follow-up
observations were obtained for all the three objects confirming their nature as core-
collapse SNe (Kool et al. 2017, in prep.). In addition, our work has already resulted
in some of the sharpest and deepest images of LIRGs ever obtained from the ground
allowing also detailed studies of their star formation properties and super star cluster
populations (Randriamanakoto et al. 2013a,b).

4. Implications of missing core-collapse SNe to cosmic SFH

Our combined use of high angular resolution near-IR and radio observations has allowed
an empirical determination of the fraction of core-collapse SNe missed within the nuclear
regions of U/LIRGs in the local Universe. With a number of assumptions we extrapolated
these estimates up to cosmological redshifts (Mattila et al. 2012). For a volume-limited
rest-frame optical SN survey we find the missing SN fraction to increase from its average
local value of ⇠19% to ⇠38% at z⇠1.2 and then stay roughly constant up to z=2 (see Fig.
2). The uncertainties in the correction factors for the missing SNe are still substantial

Figure 2. Left: The fraction of SNe missed by rest-frame optical searches as a function of
redshift (from Mattila et al. 2012). Black line shows the best (nominal) estimate together with
low and high missing fraction models as blue and red lines, respectively. Right: Average observed
core-collapse SN rates (stars) from Strolger et al. (2015) as a function of redshift compared with
the expectations from the cosmic SFH (lines) and assuming a Salpeter IMF and stars with
initial masses between 8 and 20 solar masses resulting in luminous core-collapse SNe (green line
= no missing SNe; black, blue and red lines correspond to the nominal, low and high missing
fractions, respectively). This demonstrates that the measured core-collapse SN rates between
z=0 and 2 are consistent with those expected from the cosmic SFH if taking into account the
missing SNe in U/LIRGs.
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Figure 2. Left: The fraction of SNe missed by rest-frame optical searches as a function of
redshift (from Mattila et al. 2012). Black line shows the best (nominal) estimate together with
low and high missing fraction models as blue and red lines, respectively. Right: Average observed
core-collapse SN rates (stars) from Strolger et al. (2015) as a function of redshift compared with
the expectations from the cosmic SFH (lines) and assuming a Salpeter IMF and stars with
initial masses between 8 and 20 solar masses resulting in luminous core-collapse SNe (green line
= no missing SNe; black, blue and red lines correspond to the nominal, low and high missing
fractions, respectively). This demonstrates that the measured core-collapse SN rates between z
= 0 and 2 are consistent with those expected from the cosmic SFH if taking into account the
missing SNe in U/LIRGs.

likely classification as type II-P SNe based on the near-IR light curves (Romero-Cañizales108
et al. 2012). Neither of the two objects were detectable in ground-based seeing-limited109
images highlighting the importance of high spatial resolution for the detection and study110
of SNe within the LIRG innermost nuclear regions. Also, SN 2010P discovered within the111
C’ component of Arp 299 suffered from a high extinction of AV = 7. An optical spectrum112
from Gemini-N provided a best match with the type IIb SN 2011dh (Kankare et al. 2014)113
whereas our radio follow-up showed it to be the most distant and most slowly evolving114
type IIb radio SN detected to date (Romero-Cañizales et al. 2014).115

More recently, we have expanded our efforts to make use of laser guide star AO with116
NIRC2 on the Keck telescope, as well as the Gemini Multi-Conjugate Adaptive Optics117
System (GeMS) on the Gemini-South telescope. The combination of improved angular118
resolution and increased field of view yielded by GeMS has already allowed the detection119
of three likely SNe (AT 2013if, 2015ca and 2015cb) within the nuclear regions of the120
LIRGs IRAS 18293-3413, NGC 3110 and IRAS 17138-1017. Near-IR and radio follow-up121
observations were obtained for all the three objects confirming their nature as core-122
collapse SNe (Kool et al. 2017, in prep.). In addition, our work has already resulted123
in some of the sharpest and deepest images of LIRGs ever obtained from the ground124
allowing also detailed studies of their star formation properties and super star cluster125
populations (Randriamanakoto et al. 2013a,b).126

4. Implications of missing core-collapse SNe to cosmic SFH127

Our combined use of high angular resolution near-IR and radio observations has allowed128
an empirical determination of the fraction of core-collapse SNe missed within the nuclear129
regions of U/LIRGs in the local Universe. With a number of assumptions we extrapolated130
these estimates up to cosmological redshifts (Mattila et al. 2012). For a volume-limited131
rest-frame optical SN survey we find the missing SN fraction to increase from its average132
local value of ∼19% to ∼38% at z∼1.2 and then stay roughly constant up to z = 2 (see133
Fig. 2). The uncertainties in the correction factors for the missing SNe are still substantial134
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SNe missed by rest-frame optical surveys
● Estimate the fraction of “missing” SNe in dusty galaxies as a function of redshift 

● 15% missed in 'normal' galaxies, 83% in local U/LIRGs (100% nuclear; 37% circumn.) 
● 83% missed in starbursting and 37% in non-starbursting high-z U/LIRGs 



   Effects of missing SNe on cosmic CCSN rates 
  

•  Melinder 2012 and Dahlen 2012 core-collapse SN rates corrected for the “missing” SNe  
•  SN rates at z ~ 0.4-1.1 consistent with those expected from the cosmic SFR 
•  Systematic uncertainties in the CCSN rates significant at all redshifts 
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   Effects of missing SNe on cosmic CCSN rates 
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•  Melinder 2012 and Dahlen 2012 core-collapse SN rates corrected for the “missing” SNe  
•  SN rates at z ~ 0.4-1.1 consistent with those expected from the cosmic SFR 
•  Systematic uncertainties in the CCSN rates significant at all redshifts 
  
 



36

No missing fraction correction 
8-40 M⊙ stars produce bright CC SNe
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Nominal missing fraction correction 
8-40 M⊙ stars produce bright CC SNe
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Nominal missing fraction correction 
8-20 M⊙ stars produce bright CC SNe

Madau & Dickinson (2014)

Botticella+ 2012; 
Mattila+ 2012; 
Smartt+ 2009; 
Cappellaro+ 1999; 
Li+ 2011; 
Taylor+ 2014; 
Botticella+ 2008; 
Cappellaro+ 2015; 
Bazin+ 2009; 
Graur+ 2011; 
Melinder+ 2012; 
Dahlen+ 2012 
Strolger+2015



4 Seppo Mattila et al.

et al. 2012). Neither of the two objects were detectable in ground-based seeing-limited
images highlighting the importance of high spatial resolution for the detection and study
of SNe within the LIRG innermost nuclear regions. Also, SN 2010P discovered within the
C’ component of Arp 299 su↵ered from a high extinction of AV = 7. An optical spectrum
from Gemini-N provided a best match with the type IIb SN 2011dh (Kankare et al. 2014)
whereas our radio follow-up showed it to be the most distant and most slowly evolving
type IIb radio SN detected to date (Romero-Cañizales et al. 2014).
More recently, we have expanded our e↵orts to make use of laser guide star AO with

NIRC2 on the Keck telescope, as well as the Gemini Multi-Conjugate Adaptive Optics
System (GeMS) on the Gemini-South telescope. The combination of improved angular
resolution and increased field of view yielded by GeMS has already allowed the detection
of three likely SNe (AT 2013if, 2015ca and 2015cb) within the nuclear regions of the
LIRGs IRAS 18293-3413, NGC 3110 and IRAS 17138-1017. Near-IR and radio follow-up
observations were obtained for all the three objects confirming their nature as core-
collapse SNe (Kool et al. 2017, in prep.). In addition, our work has already resulted
in some of the sharpest and deepest images of LIRGs ever obtained from the ground
allowing also detailed studies of their star formation properties and super star cluster
populations (Randriamanakoto et al. 2013a,b).

4. Implications of missing core-collapse SNe to cosmic SFH

Our combined use of high angular resolution near-IR and radio observations has allowed
an empirical determination of the fraction of core-collapse SNe missed within the nuclear
regions of U/LIRGs in the local Universe. With a number of assumptions we extrapolated
these estimates up to cosmological redshifts (Mattila et al. 2012). For a volume-limited
rest-frame optical SN survey we find the missing SN fraction to increase from its average
local value of ⇠19% to ⇠38% at z⇠1.2 and then stay roughly constant up to z=2 (see Fig.
2). The uncertainties in the correction factors for the missing SNe are still substantial

Figure 2. Left: The fraction of SNe missed by rest-frame optical searches as a function of
redshift (from Mattila et al. 2012). Black line shows the best (nominal) estimate together with
low and high missing fraction models as blue and red lines, respectively. Right: Average observed
core-collapse SN rates (stars) from Strolger et al. (2015) as a function of redshift compared with
the expectations from the cosmic SFH (lines) and assuming a Salpeter IMF and stars with
initial masses between 8 and 20 solar masses resulting in luminous core-collapse SNe (green line
= no missing SNe; black, blue and red lines correspond to the nominal, low and high missing
fractions, respectively). This demonstrates that the measured core-collapse SN rates between
z=0 and 2 are consistent with those expected from the cosmic SFH if taking into account the
missing SNe in U/LIRGs.
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Figure 2. Left: The fraction of SNe missed by rest-frame optical searches as a function of
redshift (from Mattila et al. 2012). Black line shows the best (nominal) estimate together with
low and high missing fraction models as blue and red lines, respectively. Right: Average observed
core-collapse SN rates (stars) from Strolger et al. (2015) as a function of redshift compared with
the expectations from the cosmic SFH (lines) and assuming a Salpeter IMF and stars with
initial masses between 8 and 20 solar masses resulting in luminous core-collapse SNe (green line
= no missing SNe; black, blue and red lines correspond to the nominal, low and high missing
fractions, respectively). This demonstrates that the measured core-collapse SN rates between z
= 0 and 2 are consistent with those expected from the cosmic SFH if taking into account the
missing SNe in U/LIRGs.

likely classification as type II-P SNe based on the near-IR light curves (Romero-Cañizales108
et al. 2012). Neither of the two objects were detectable in ground-based seeing-limited109
images highlighting the importance of high spatial resolution for the detection and study110
of SNe within the LIRG innermost nuclear regions. Also, SN 2010P discovered within the111
C’ component of Arp 299 suffered from a high extinction of AV = 7. An optical spectrum112
from Gemini-N provided a best match with the type IIb SN 2011dh (Kankare et al. 2014)113
whereas our radio follow-up showed it to be the most distant and most slowly evolving114
type IIb radio SN detected to date (Romero-Cañizales et al. 2014).115

More recently, we have expanded our efforts to make use of laser guide star AO with116
NIRC2 on the Keck telescope, as well as the Gemini Multi-Conjugate Adaptive Optics117
System (GeMS) on the Gemini-South telescope. The combination of improved angular118
resolution and increased field of view yielded by GeMS has already allowed the detection119
of three likely SNe (AT 2013if, 2015ca and 2015cb) within the nuclear regions of the120
LIRGs IRAS 18293-3413, NGC 3110 and IRAS 17138-1017. Near-IR and radio follow-up121
observations were obtained for all the three objects confirming their nature as core-122
collapse SNe (Kool et al. 2017, in prep.). In addition, our work has already resulted123
in some of the sharpest and deepest images of LIRGs ever obtained from the ground124
allowing also detailed studies of their star formation properties and super star cluster125
populations (Randriamanakoto et al. 2013a,b).126

4. Implications of missing core-collapse SNe to cosmic SFH127

Our combined use of high angular resolution near-IR and radio observations has allowed128
an empirical determination of the fraction of core-collapse SNe missed within the nuclear129
regions of U/LIRGs in the local Universe. With a number of assumptions we extrapolated130
these estimates up to cosmological redshifts (Mattila et al. 2012). For a volume-limited131
rest-frame optical SN survey we find the missing SN fraction to increase from its average132
local value of ∼19% to ∼38% at z∼1.2 and then stay roughly constant up to z = 2 (see133
Fig. 2). The uncertainties in the correction factors for the missing SNe are still substantial134
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Core-collapse SN rates are consistent with those expected from the cosmic SFR 
Systematic uncertainties in the SN rates significant at all redshifts

Madau & Dickinson (2014)

8-20 M⊙ stars produce bright CC SNe



40Smartt+2015



Summary 
• Supernovae in the (circum)nuclear regions of galaxies missed due to extinction, 

searches lacking a sufficient spatial resolution and/or due to ‘observer bias’ 

• High spatial resolution near-IR and radio observations provide a powerful combination 
for the detection and detailed study of heavily obscured nuclear SNe in U/LIRGs 

• Detailed comparison between SN rates and cosmic SF history can provide a useful 
consistency check and information on the mass range for core-collapse SN progenitors 

• JWST and ELT can extend these studies well beyond the peak of the cosmic SFR 

JWST (ELT)
           HST


