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Madau (1997)

“The knowledge of the star formation rate (SFR) throughout the universe as a function of space 
and time is one of the primary goal of galaxy formation and evolution studies”

• How does the distribution of SFR evolve 
with redshift, are high-z galaxies forming stars 
more rapidly than quiescent spirals at z ~ 0 ? 

• Are high-z galaxies obscured by dust in 
analogy with luminous IRAS starbursts ? 

• Is there a characteristic epoch of star and 
elements formation in galaxies ?



• Consistent picture available from UV, optical 
and IR observations up to z ~ 8  

• Are the data consistent with a universal IMF? 

• Account for all the metals produced by the 
star-formation activity since Big Bang? 



Madau & Dickinson (2014)

• Consistent picture available from UV, optical 
and IR observations up to z ~ 8  

• Are the data consistent with a universal IMF? 

• Account for all the metals produced by the 
star-formation activity since Big Bang? 



Sullivan et al. (2013)



Sullivan et al. (2013)

“The average frequency of occurrence of supernovae is 
about one supernova per extra-galactic nebula per six 
hundred years”, Zwicky (1938)



severe selection effects against Type II SNe fainter than MV ¼ ¹16
(Woltjer 1997).

(ii) In the interval 0 ! z ! 1, the predicted rate of SN Ia is a
sensitive function of the characteristic delay time-scale between the
collapse of the primary star to a WD and the SN event. Accurate
measurements of SN rates in this redshift range will improve our
understanding of the nature of SN Ia progenitors and the physics of
the explosions. Ongoing searches and studies of distant SNe should
soon provide these rates, allowing a universal calibration of the
Type Ia phenomenon.

(iii) While Type Ia rates at 1 ! z ! 2 will offer valuable infor-
mation on the star formation history of the Universe at an earlier
epoch, the full picture will only be obtained with statistics on Type
Ia and II SNe at redshifts 2 < z < 4 or higher. At these epochs, the
detection of Type II events must await the NGST. A SN II has a
typical peak magnitude MB ! ¹17 (e.g. Patat et al. 1994): placed at
z ¼ 3, such an explosion would give rise to an observed flux of
15 nJy (assuming a flat cosmology with q0 ¼ 0:5 and H0 ¼ 50 h50

km s¹1 Mpc¹1) at 1:8 "m. At this wavelength, the imaging
sensitivity of an 8-m NGST is 1 nJy (104 s exposure and 10j

detection threshold), while the moderate resolution (l=Dl ¼ 1000)
spectroscopic limit is about 50 times higher (105 s exposure per
resolution element and 10j detection threshold) (Stockman et al.
1998). The several-week period of peak rest frame blue luminosity
would be stretched by a factor of ð1 þ zÞ to a few months. Fig. 3
shows the cumulative number of Type II events expected per year
per 4 × 4 arcmin2 field. Depending on the history of star formation
at high redshifts, the NGST should detect between 7 (in the merging
model) and 15 (in the monolithic collapse scenario) Type II SNe per
field per year in the interval 2 < z < 4. The possibility of detecting
Type II SNe at z # 5 from an early population of galaxies has been
investigated by Miralda-Escudé & Rees (1997). By assuming these
are responsible for the generation of all the metals observed in the
Lyman-a forest at high redshifts, a high baryon density
(Qbh2

50 ¼ 0:1), and an average metallicity of 0:01 Z!, Miralda-
Escudé & Rees estimate the NGST should observe about 16 SN II
per field per year with z # 5. Note, however, that a metallicity
smaller by a factor "10 compared to the value adopted by these
authors has been recently derived by Songaila (1997). For compari-
son, the models discussed in this Letter predict between 1 and 10
Type II SNe per field per year with z # 4.
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Figure 3. Predicted cumulative number of Type Ia and II(þb/c) SNe above a

given redshift z in a 4 × 4 arcmin2 field. Solid line: Type II SNe. Dashed-

dotted line: Type Ia SNe with t ¼ 0:3 Gyr. Dotted line: Type Ia SNe with

t ¼ 1 Gyr. Dashed line: Type Ia SNe with t ¼ 3 Gyr. The effect of dust

extinction on the detectability of SNe is negligible in these models. (a)

Model predictions of the ‘merging’ scenario of Fig. 1a. (b) Same for the

‘monolithic collapse’ scenario of Fig. 1b.

Madau, Della Valle & Panagia (1998)

“ Accurate measurements of the frequency of SN events in the range 0 < z < 1 will be 
valuable probes of the nature of Type Ia progenitors and the evolution of the stellar 
birth rate in the Universe. The Next Generation Space Telescope should detect of 
order 20 Type II SNe per 4 × 4 arcmin field per year in the interval 1 < z < 4 “

CCSNe

SNe Ia



Cosmic star formation history from CCSN rates

Dahlen et al. (1999, 2004)

● Core-collapse SNe come from massive stars 
   (≥8 M⊙) with short lifetimes (< ~40 Myr) 
● Direct relation between the SNR and SFR                                                                   

  

● SNe can provide independent determination of the cosmic star formation rates

IR
corrected UV

uncorrected UV

~ 0.007 M⊙
-1



Cosmic star formation history from CCSN rates

Horiuchi et al. (2011)

● Measured cosmic CCSN rate x2 lower than predicted from the measured SFRs 
● Suggested resolutions 
● ~50% of CCSNe optically faint or dark ? 
● Problems in our understanding of the star formation and/or SN rates ?

~ 0.007 M⊙
-1



Core-collapse SN rate in the very nearby volume

CCSNe within 0-15 Mpc 
CCSNe within 6-15 Mpc

● 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)  

● Consistent within the errors with the SFR at z=0 (Madau & Dickinson 2014)                                                               
● CCSN rates within 11 Mpc well matched by the Ha and FUV derived SFRs 

(Botticella+ 2012; Xiao & Eldridge 2015) 
                                                                                         

Mattila et al. (2012)

discovered in 2000-2011

Madau & Dickinson (2014)



• Concentrate on 13 SNe within 12 Mpc with host galaxy i < 60 
• Compare with predictions from a MC simulations (cf. Riello & Patat 2005) 
• Two outliers from the expected AV 

• SN 2002hh AV(host) = 4.1 
• SN 2009hd AV(host) = 3.7 

• 2/13 have Av ~ 4 (expect ~0.3%) 
• Missing SN fraction: 15% (5-36%)

The SN budjet of “normal” galaxies

observed

predicted

Mattila et al. (2012)



   Correction for the “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 et al. (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 
   



NOT/NOTCam K-band (natural seeing) 
Arp 299 (LIRG)

2010O 2010P

Kankare et al. (2014)



Gemini-N/Altair JHK-band (Adaptive Optics) 

       

1 kpc

Kankare et al. (2014); 
Ryder et al. (2014)



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

Perez-Torres et al. (2009); Bondi et al. (2012)



1 kpc

Romero-Canizales et al. (2011)

VLA



● Estimates for the fraction of CCSNe missed by optical searches 
● Use Arp 299 as a 'template' LIRG (large uncertainties due to small number stats) 

The Astrophysical Journal, 756:111 (15pp), 2012 September 10 Mattila et al.

Figure 4. Starburst (red line) and AGN (blue line) model fits to the mid-IR SED of the nuclei A and B1+B2 of Arp 299. For nucleus A, no AGN component is required,
whereas for nucleus B1+B2, there is a 20% contribution by an AGN. The starburst model parameters are given in Table 6.

Table 7
The SN Budget of Arp 299

Region LIR Predicted SNR (yr−1) Observed SNR (yr−1)

(×1011L⊙) IR Radio Hα Optical+NIR Optical

A 2.85 0.76 >0.8 . . . . . . . . .

B1+B2 1.46 0.33 >0.28+0.27
−0.15 . . . . . . . . .

C+C′ 0.73 0.20 ∼0.16 ± 0.05 . . . >0.07+0.17
−0.06 . . .

Circumnuclear 2.26 0.61 . . . 0.30 >29+0.22
−0.14 >0.29+0.22

−0.14

Total 7.3 1.90 >1.2 0.30 >0.36 >0.29

Notes. The predicted IR-based CCSN rates for nuclei A and B1+B2 were obtained by radiative transfer modeling
of their IR SEDs, whereas the rates for sources C+C′ and the circumnuclear regions were obtained adopting the
fractions of the IR luminosity arising from the different components from Charmandaris et al. (2002) and using
the empirical relation between the IR luminosity and CCSN rate from Mattila & Meikle (2001). These yield a
total CCSN rate of 1.90 yr−1 for Arp 299. The predicted radio-based CCSN rates for nuclei A and B1+B2, and
sources C+C′ were adopted from Bondi et al. (2012), Romero-Cañizales et al. (2011), and Neff et al. (2004),
respectively.

The results from Charmandaris et al. (2002) suggest that
31% of the total IR luminosity originates outside the nuclei A,
B1+B2, and C+C′. Furthermore, Alonso-Herrero et al. (2009)
also found evidence from their Spitzer/IRS spectral mapping for
significant circumnuclear PAH and [Ne ii] emission extending
outside the main nuclei in Arp 299. Adopting the empirical
relation between the IR luminosity and the CCSN rate, this
corresponds to 0.61 yr−1 for the circumnuclear regions. We
note that the use of the CCSN rate estimate (for unobscured
Type II+Ib/c SNe in normal galaxies) in units of the galaxy
far-IR luminosity from Cappellaro et al. (1999) would yield a
very similar circumnuclear CCSN rate estimate. Furthermore,
Garcı́a-Marı́n et al. (2006) determined an SFR of 43 M⊙ yr−1 for
the entire Arp 299 system (with the nucleus B1 excluded) based
on their estimate for the extinction-corrected Hα luminosity.
Garcı́a-Marı́n et al. (2006) found that most of the circumnuclear
H ii regions in Arp 299 only suffer from modest extinctions
of typically less than AV ∼ 1. Assuming a Salpeter IMF
between 0.1 and 125 M⊙ and CCSN progenitor masses between
8 and 50 M⊙ (e.g., see the discussion in Melinder et al. 2012
and Dahlen et al. 2012), this corresponds to a CCSN rate of

∼0.30 yr−1 for Arp 299. Having the Hα emission from Arp
299 arising mostly outside the heavily obscured nuclear regions
A, B1+B2, and C+C′ (in contrast to the IR luminosity), we
can consider this as a robust lower limit for the circumnuclear
CCSN rate and adopt the IR-luminosity-based value of 0.61 yr−1

as an upper limit. Combining these circumnuclear CCSN rate
estimates with the nuclear CCSN rate therefore yields a total
CCSN rate of 1.59–1.90 yr−1 for Arp 299. In Table 7, our
predicted CCSN rates are compared to the observed rates based
on radio, optical+NIR, and optical searches. These are broadly
consistent with each other and together with the data on the
optical SN discoveries in the circumnuclear regions can be used
to estimate the missing fraction of SNe in Arp 299.

We are now ready to estimate the missing fractions. Within
the nuclear regions, no SNe have been detected by optical
observations (and only one, SN 2010P, by near-IR observations)
and we therefore assume that 100% of the SNe are missed by
optical searches. For the circumnuclear regions, we estimated
a lower limit for the “optical” CCSN rate of 0.29+0.23

−0.14 yr−1,
while the predicted rate is 0.30–0.61 yr−1, suggesting a missing
fraction of up to 37+38

−37 % in this region. Compared to the total

10
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Romero-Cañizales et al. 2011). However, this IR-luminosity-
based CCSN rate estimate could have a significant uncertainty
because the empirical relation is based on only three nearby
starburst galaxies NGC 253, M 82, and NGC 4038/9 with IR
luminosities substantially lower than of Arp 299.

3.4. Modeling the SEDs of Nuclei A and B1+B2

As a more accurate approach we estimate the CCSN rates
for the Arp 299 nuclei by modeling their SEDs. This approach
has the advantage that it can take into account the effects of the
starburst age as well as the possible contribution of an active
galactic nucleus (AGN) to the IR luminosities of the nuclei. For
this purpose we have used low-resolution mid-IR Spitzer/IRS
(SL+LL setting; 5–38 µm range) spectra covering ∼10.′′4 ×
10.′′4 rectangular regions (see the lower panel of Figure 5 in
Alonso-Herrero et al. 2009) centered on the nuclei A and
B1+B2. These spectra were obtained on 2004 April 15 and
have already been reported in Alonso-Herrero et al. (2009). In
addition, we included IRAS 12, 25, 60, and 100 µm fluxes
from Sanders et al. (2003) assigned to nuclei A and B1+B2
according to the estimated contributions from Charmandaris
et al. (2002). In order to obtain a reasonable match between the
Spitzer spectra and the IRAS 12 and 25 µm fluxes, we multiplied
both the Spitzer/IRS spectra by 1.3. This value is well within the
uncertainties expected in the estimates of Charmandaris et al.
(2002) for the fractions of IR luminosities arising from the
different nuclei of Arp 299 and the calibration errors of the
IRAS and Spitzer/IRS data.

For modeling the SED of Arp 299 we use a grid of AGN torus
models that have been computed with the method of Efstathiou
& Rowan-Robinson (1995) and a grid of starburst models that
have been computed with the method of Efstathiou et al. (2000).
For the AGN torus models we use the tapered disk models
computed with the method of Efstathiou & Rowan-Robinson
(1995) and described in more detail in A. Efstathiou et al. (2012,
in preparation). These models considered a distribution of grain
species and sizes, multiple scattering and a density distribution
that followed r−1 where r is the distance from the central source.
The models assumed a smooth distribution of dust, so they are a
good approximation of the density distribution in the torus if the
mean distance between clouds is small compared with the size
of the torus, but they have been quite successful in fitting the
SEDs of AGNs even in cases where mid-infrared spectroscopy
is available (e.g., A. Efstathiou et al. 2012, in preparation). In
this grid of models we consider four discrete values for the
equatorial 1000 Å optical depth (500, 750, 1000, 1250), three
values for the ratio of outer-to-inner disk radii (20, 60, 100)
and three values for the opening angle of the disk (30◦, 45◦,
and 60◦). The spectra are computed for inclinations which are
equally spaced in the range 0–π/2.

Efstathiou et al. (2000) presented a starburst model that
combined the stellar population synthesis model of Bruzual &
Charlot (2003), a detailed radiative transfer that included the
effect of small grains and polycyclic aromatic hydrocarbons
(PAHs), and a simple evolutionary scheme for the molecular
clouds that constitute the starburst. The model predicts the SEDs
of starburst galaxies from the ultraviolet to the millimeter as a
function of the age of the starburst and the initial optical depth of
the molecular clouds. In this paper, we use a sequence of models
that have been computed with an updated dust model (Efstathiou
& Siebenmorgen 2009). We assume an exponentially declining
SFR with an e-folding time of 20 Myr. The choice of 20 Myr
is supported by fits to the far-IR color–color diagrams (e.g.,

Table 6
The Starburst Parameters Obtained from the SED Fits for Arp 299

Region Age τV LIR ⟨SFR⟩ SNR
(L⊙)

A 45 Myr 75 2.45 × 1011 90 M⊙ yr−1 0.76 yr−1

B1+B2 55 Myr 100 1.19 × 1011 56 M⊙ yr−1 0.33 yr−1

Notes. The IR luminosities of the starburst component are listed in Column 4.
The total IR luminosity of nucleus B is 1.49 × 1011 L⊙ including a 20%
contribution from an AGN. An exponentially declining SFR with an e-folding
time of 20 Myr has been assumed. The SFRs given in Column 5 have been
averaged over the duration of the starburst. The corresponding CCSN rates
(SNRs) are given in Column 6.

Efstathiou et al. 2000), to the SEDs of ULIRGs (e.g., Farrah
et al. 2003), and to the Spoon diagram (Rowan-Robinson &
Efstathiou 2009). Our model fits to the Spitzer/IRS (SL+LL)
spectra are shown in Figure 4. For nucleus A, no AGN
component is required, whereas for nucleus B1+B2 we find
a 20% contribution by an AGN to the total IR (8–1000 µm)
luminosity. This agrees well with the recent findings of Alonso-
Herrero et al. (2012). The best-fit dusty torus parameters we find
for the AGN are τ (1000 Å) = 500, router/rinner = 20, an opening
angle of 60◦, and an inclination of 45◦. The resulting starburst
parameters are listed in Table 6.

The CCSN rates were then estimated in the following way.
The stellar population synthesis model of Bruzual & Charlot
(2003) makes a prediction of the CCSN rate SNR(t) at a time
t after star formation in an instantaneous burst. The starburst
model of Efstathiou et al. (2000) predicts the spectrum of this
instantaneous burst at time t and assumes a star formation
history for the starburst. It is therefore possible to calculate self-
consistently the CCSN rate at different stages in the evolution of
a starburst by convolving the star formation history with SNR(t).
This results in CCSN rates of 0.76 and 0.33 yr−1 for nuclei A
and B1+B2, respectively.

3.5. The Missing SNe in Arp 299

The IR luminosities for the different components of Arp
299 are listed in Table 7 (Column 2) adopting their fractional
contributions from Charmandaris et al. (2002) and a total IR
luminosity for the system of 7.3 × 1011 L⊙. We compared our
SED fit based model IR luminosities (see Table 6) of nuclei
A and B1+B2 with the “observed” ones obtained as described
above. The model luminosity for nucleus A of 2.45 × 1011 L⊙ is
slightly lower than the observed LIR = 2.85 × 1011 L⊙. However,
we note that the simple gray body models of Charmandaris et al.
(2002) also gave lower IR luminosities for the Arp 299 nuclei
than the observed values. The total (AGN+starburst) model IR
luminosity for nucleus B1+B2 of 1.49 × 1011 L⊙ is almost
identical to the observed value of 1.46 × 1011 L⊙.

For the sources C+C′ we estimate the CCSN rates from the
observed IR luminosity using the empirical relation of Mattila
& Meikle (2001). This yields a CCSN rate of 0.20 yr−1 which
is also consistent with the radio-based estimate of 0.16 ±
0.05 yr−1. We note that the same approach would yield CCSN
rate estimates of 0.77 and 0.39 yr−1 for nuclei A and B1+B2
very similar to the IR SED modeling based values (note that a
slightly higher value for nucleus B1+B2 is as expected due to the
20% AGN contribution in B1). For the total nuclear CCSN rate
we combine the results from the IR SED modeling of nucleus
A and B1+B2, with the IR luminosity derived rate for sources
C+C′ to obtain a predicted nuclear CCSN rate of 1.29 yr−1.
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Figure 4. Starburst (red line) and AGN (blue line) model fits to the mid-IR SED of the nuclei A and B1+B2 of Arp 299. For nucleus A, no AGN component is required,
whereas for nucleus B1+B2, there is a 20% contribution by an AGN. The starburst model parameters are given in Table 6.

Table 7
The SN Budget of Arp 299

Region LIR Predicted SNR (yr−1) Observed SNR (yr−1)

(×1011L⊙) IR Radio Hα Optical+NIR Optical

A 2.85 0.76 >0.8 . . . . . . . . .

B1+B2 1.46 0.33 >0.28+0.27
−0.15 . . . . . . . . .

C+C′ 0.73 0.20 ∼0.16 ± 0.05 . . . >0.07+0.17
−0.06 . . .

Circumnuclear 2.26 0.61 . . . 0.30 >29+0.22
−0.14 >0.29+0.22

−0.14

Total 7.3 1.90 >1.2 0.30 >0.36 >0.29

Notes. The predicted IR-based CCSN rates for nuclei A and B1+B2 were obtained by radiative transfer modeling
of their IR SEDs, whereas the rates for sources C+C′ and the circumnuclear regions were obtained adopting the
fractions of the IR luminosity arising from the different components from Charmandaris et al. (2002) and using
the empirical relation between the IR luminosity and CCSN rate from Mattila & Meikle (2001). These yield a
total CCSN rate of 1.90 yr−1 for Arp 299. The predicted radio-based CCSN rates for nuclei A and B1+B2, and
sources C+C′ were adopted from Bondi et al. (2012), Romero-Cañizales et al. (2011), and Neff et al. (2004),
respectively.

The results from Charmandaris et al. (2002) suggest that
31% of the total IR luminosity originates outside the nuclei A,
B1+B2, and C+C′. Furthermore, Alonso-Herrero et al. (2009)
also found evidence from their Spitzer/IRS spectral mapping for
significant circumnuclear PAH and [Ne ii] emission extending
outside the main nuclei in Arp 299. Adopting the empirical
relation between the IR luminosity and the CCSN rate, this
corresponds to 0.61 yr−1 for the circumnuclear regions. We
note that the use of the CCSN rate estimate (for unobscured
Type II+Ib/c SNe in normal galaxies) in units of the galaxy
far-IR luminosity from Cappellaro et al. (1999) would yield a
very similar circumnuclear CCSN rate estimate. Furthermore,
Garcı́a-Marı́n et al. (2006) determined an SFR of 43 M⊙ yr−1 for
the entire Arp 299 system (with the nucleus B1 excluded) based
on their estimate for the extinction-corrected Hα luminosity.
Garcı́a-Marı́n et al. (2006) found that most of the circumnuclear
H ii regions in Arp 299 only suffer from modest extinctions
of typically less than AV ∼ 1. Assuming a Salpeter IMF
between 0.1 and 125 M⊙ and CCSN progenitor masses between
8 and 50 M⊙ (e.g., see the discussion in Melinder et al. 2012
and Dahlen et al. 2012), this corresponds to a CCSN rate of

∼0.30 yr−1 for Arp 299. Having the Hα emission from Arp
299 arising mostly outside the heavily obscured nuclear regions
A, B1+B2, and C+C′ (in contrast to the IR luminosity), we
can consider this as a robust lower limit for the circumnuclear
CCSN rate and adopt the IR-luminosity-based value of 0.61 yr−1

as an upper limit. Combining these circumnuclear CCSN rate
estimates with the nuclear CCSN rate therefore yields a total
CCSN rate of 1.59–1.90 yr−1 for Arp 299. In Table 7, our
predicted CCSN rates are compared to the observed rates based
on radio, optical+NIR, and optical searches. These are broadly
consistent with each other and together with the data on the
optical SN discoveries in the circumnuclear regions can be used
to estimate the missing fraction of SNe in Arp 299.

We are now ready to estimate the missing fractions. Within
the nuclear regions, no SNe have been detected by optical
observations (and only one, SN 2010P, by near-IR observations)
and we therefore assume that 100% of the SNe are missed by
optical searches. For the circumnuclear regions, we estimated
a lower limit for the “optical” CCSN rate of 0.29+0.23

−0.14 yr−1,
while the predicted rate is 0.30–0.61 yr−1, suggesting a missing
fraction of up to 37+38

−37 % in this region. Compared to the total
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Table 2
Type Core Collapse Supernova Rates

Redshift Bin Redshifta SNRb Error(stat+sys) SNRc Error(stat+sys) SNRd Error(stat+sys) N Ndist

0.1 < z ! 0.5 0.39 1.79 +0.77
−0.56

+0.30
−0.26 2.24 +0.96

−0.70
+0.46
−0.37 3.00 +1.28

−0.94
+1.04
−0.57 9 9.99

0.5 < z ! 0.9 0.73 3.14 +0.79
−0.64

+0.70
−0.52 4.86 +1.22

−1.00
+1.36
−0.92 7.39 +1.86

−1.52
+3.20
−1.60 25 23.56

0.9 < z ! 1.3 1.11 3.51 +1.38
−1.03

+0.82
−0.91 5.95 +2.34

−1.74
+1.81
−1.60 9.57 +3.76

−2.80
+4.96
−2.80 11 11.44

Notes.
a The effective redshift is defined as the redshift that divides the volume in the redshift bin into equal halves.
b Rates without any corrections.
c Rates corrected for extinction in normal galaxies.
d Final rates (in bold) corrected for SNe hidden in high extinction regions, particularly in U/LIRGs. Rates are given in units yr−1 Mpc−3 10−4 h3

70, assuming a
cosmology with ΩM = 0.3 and ΩΛ = 0.7. Statistical and systematic errors are shown separately. The last two columns give the numbers of SNe in each bin, where N
is the “raw” counts and Ndist gives the number after taking into account the redshift probability distribution of the SNe.

Figure 3. Core collapse SNR. The circles show “raw” rates without any
correction for extinction or “missing fraction.” The triangles show rates after
correcting for extinction in normal galaxies. The squares show our final rates
after also correcting for the fraction of CC SNe expected to be missed in dust-
enshrouded environments, in particular in LIRGs and ULIRGs.
(A color version of this figure is available in the online journal.)

environments. It is clear that the importance of the corrections
due to extinction effects increases with redshift. In the lowest
redshift bin, the final rates are a factor of 1.7 higher than the raw
rates. This increases to factors of 2.4 and 2.7 in the intermediate-
and high-redshift bins, respectively.

The rates calculated for 8 of the 22 search epochs used here
were reported in Dahlen et al. (2004). The main difference
between the investigations is the better statistics in the current
results and the implementation of the de-bias factor for missing
SNe. For the 0.1 < z < 0.5 bin, we found in the earlier
eight epoch survey a rate of 2.51+0.88

−0.75, which is fully consistent
with the new results within statistical errors, both with and
without de-biasing. For the 0.5 < z < 0.9 bin, we found
a rate of 3.96+1.03

−1.06 yr−1Mpc−310−4h3
70 in the earlier search.

These measurements are consistent within 1σ statistical errors
with the new measurements before applying the de-bias factor.
After including the de-bias correction, the measurements are
just outside the 1σ statistical errors, leaving the rates in the
2004 paper which were not corrected statistically lower than

Table 3
Error Sources

Redshift Redshift Redshift
0.1 < z < 0.5 0.5 < z < 0.9 0.9 < z < 1.3

Subtype fraction +0.9%
−1.4%

+3.7%
−4.2%

+13.9%
−15.0%

Faint (M > −15) fraction +13.5%
−10.0%

+18.6%
−13.2%

+14.0%
−13.5%

Peak magnitudes +4.7%
−4.0%

+8.7%
−7.7%

+10.5%
−9.7%

Redshift uncertainty +4.1%
−2.7%

+1.1%
−1.8%

+2.5%
−1.7%

Type determination +7.5%
−9.2%

+7.8%
−6.4%

+6.1%
−13.2%

Extinction correction +9.7%
−4.6%

+14.5%
−6.9%

+15.5%
−6.8%

Extinction laws +6.5%
−6.3%

+8.8%
−4.0%

+11.8%
−0.2%

Missing fraction +28.0%
−9.6%

+33.0%
−10.3%

+42.0%
−11.6%

Systematic summed +34.6%
−19.0%

+43.3%
−21.6%

+51.8%
−29.3%

Statistical errors +42.8%
−31.2%

+25.2%
−20.5%

+39.3%
−29.2%

Notes. Different sources contributing to systematic uncertainties. For the
summed errors, the difference sources are added in quadrature. See the text
for details.

the new rates. However, adding systematic errors in quadrature
to the statistical errors makes the two measurement in this bin
consistent within the 1σ errors. For the highest redshift bin,
0.9 < z < 1.3, there were not sufficient data on the 2004 sample
to derive a rate. This comparison highlights the importance of
systematic errors when deriving rates since these can give a
significant contribution to the total error budget of the derived
rates. In the following, we look more closely at the various
systematic errors affecting the derived SNRs.

4.1. Systematic Errors

There are a number of possible sources that may introduce
systematic errors in SNR estimates. Here, we estimate how
different effects may affect the derived values. The results are
summarized in Table 3.
Subtype fractions. Since the SN subtypes have different peak
magnitudes, dispersion, light curves, and SEDs, the division into
subtypes will affect the “control time” and therefore the derived
rates. In this paper, we use a division into subtypes based on
a combination of the results from Smartt et al. (2009) and Li
et al. (2011). To test the sensitivity to the subtype division, we
recalculate the rates using the Smartt et al. and Li et al. results
separately. We find that this changes rates by approximately
∼1%, ∼3%, and ∼13% in the three redshift bins, respectively.
In addition, to account for the uncertainty in the fraction of

5
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Table 2
Type Core Collapse Supernova Rates
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−0.56
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Notes.
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b Rates without any corrections.
c Rates corrected for extinction in normal galaxies.
d Final rates (in bold) corrected for SNe hidden in high extinction regions, particularly in U/LIRGs. Rates are given in units yr−1 Mpc−3 10−4 h3

70, assuming a
cosmology with ΩM = 0.3 and ΩΛ = 0.7. Statistical and systematic errors are shown separately. The last two columns give the numbers of SNe in each bin, where N
is the “raw” counts and Ndist gives the number after taking into account the redshift probability distribution of the SNe.

Figure 3. Core collapse SNR. The circles show “raw” rates without any
correction for extinction or “missing fraction.” The triangles show rates after
correcting for extinction in normal galaxies. The squares show our final rates
after also correcting for the fraction of CC SNe expected to be missed in dust-
enshrouded environments, in particular in LIRGs and ULIRGs.
(A color version of this figure is available in the online journal.)

environments. It is clear that the importance of the corrections
due to extinction effects increases with redshift. In the lowest
redshift bin, the final rates are a factor of 1.7 higher than the raw
rates. This increases to factors of 2.4 and 2.7 in the intermediate-
and high-redshift bins, respectively.

The rates calculated for 8 of the 22 search epochs used here
were reported in Dahlen et al. (2004). The main difference
between the investigations is the better statistics in the current
results and the implementation of the de-bias factor for missing
SNe. For the 0.1 < z < 0.5 bin, we found in the earlier
eight epoch survey a rate of 2.51+0.88

−0.75, which is fully consistent
with the new results within statistical errors, both with and
without de-biasing. For the 0.5 < z < 0.9 bin, we found
a rate of 3.96+1.03

−1.06 yr−1Mpc−310−4h3
70 in the earlier search.

These measurements are consistent within 1σ statistical errors
with the new measurements before applying the de-bias factor.
After including the de-bias correction, the measurements are
just outside the 1σ statistical errors, leaving the rates in the
2004 paper which were not corrected statistically lower than

Table 3
Error Sources

Redshift Redshift Redshift
0.1 < z < 0.5 0.5 < z < 0.9 0.9 < z < 1.3

Subtype fraction +0.9%
−1.4%

+3.7%
−4.2%

+13.9%
−15.0%

Faint (M > −15) fraction +13.5%
−10.0%

+18.6%
−13.2%

+14.0%
−13.5%

Peak magnitudes +4.7%
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+8.7%
−7.7%

+10.5%
−9.7%

Redshift uncertainty +4.1%
−2.7%
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Type determination +7.5%
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Statistical errors +42.8%
−31.2%

+25.2%
−20.5%

+39.3%
−29.2%

Notes. Different sources contributing to systematic uncertainties. For the
summed errors, the difference sources are added in quadrature. See the text
for details.

the new rates. However, adding systematic errors in quadrature
to the statistical errors makes the two measurement in this bin
consistent within the 1σ errors. For the highest redshift bin,
0.9 < z < 1.3, there were not sufficient data on the 2004 sample
to derive a rate. This comparison highlights the importance of
systematic errors when deriving rates since these can give a
significant contribution to the total error budget of the derived
rates. In the following, we look more closely at the various
systematic errors affecting the derived SNRs.

4.1. Systematic Errors

There are a number of possible sources that may introduce
systematic errors in SNR estimates. Here, we estimate how
different effects may affect the derived values. The results are
summarized in Table 3.
Subtype fractions. Since the SN subtypes have different peak
magnitudes, dispersion, light curves, and SEDs, the division into
subtypes will affect the “control time” and therefore the derived
rates. In this paper, we use a division into subtypes based on
a combination of the results from Smartt et al. (2009) and Li
et al. (2011). To test the sensitivity to the subtype division, we
recalculate the rates using the Smartt et al. and Li et al. results
separately. We find that this changes rates by approximately
∼1%, ∼3%, and ∼13% in the three redshift bins, respectively.
In addition, to account for the uncertainty in the fraction of
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Figure 3. Core collapse SNR. The circles show “raw” rates without any
correction for extinction or “missing fraction.” The triangles show rates after
correcting for extinction in normal galaxies. The squares show our final rates
after also correcting for the fraction of CC SNe expected to be missed in dust-
enshrouded environments, in particular in LIRGs and ULIRGs.
(A color version of this figure is available in the online journal.)

environments. It is clear that the importance of the corrections
due to extinction effects increases with redshift. In the lowest
redshift bin, the final rates are a factor of 1.7 higher than the raw
rates. This increases to factors of 2.4 and 2.7 in the intermediate-
and high-redshift bins, respectively.

The rates calculated for 8 of the 22 search epochs used here
were reported in Dahlen et al. (2004). The main difference
between the investigations is the better statistics in the current
results and the implementation of the de-bias factor for missing
SNe. For the 0.1 < z < 0.5 bin, we found in the earlier
eight epoch survey a rate of 2.51+0.88

−0.75, which is fully consistent
with the new results within statistical errors, both with and
without de-biasing. For the 0.5 < z < 0.9 bin, we found
a rate of 3.96+1.03

−1.06 yr−1Mpc−310−4h3
70 in the earlier search.

These measurements are consistent within 1σ statistical errors
with the new measurements before applying the de-bias factor.
After including the de-bias correction, the measurements are
just outside the 1σ statistical errors, leaving the rates in the
2004 paper which were not corrected statistically lower than
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Notes. Different sources contributing to systematic uncertainties. For the
summed errors, the difference sources are added in quadrature. See the text
for details.

the new rates. However, adding systematic errors in quadrature
to the statistical errors makes the two measurement in this bin
consistent within the 1σ errors. For the highest redshift bin,
0.9 < z < 1.3, there were not sufficient data on the 2004 sample
to derive a rate. This comparison highlights the importance of
systematic errors when deriving rates since these can give a
significant contribution to the total error budget of the derived
rates. In the following, we look more closely at the various
systematic errors affecting the derived SNRs.

4.1. Systematic Errors

There are a number of possible sources that may introduce
systematic errors in SNR estimates. Here, we estimate how
different effects may affect the derived values. The results are
summarized in Table 3.
Subtype fractions. Since the SN subtypes have different peak
magnitudes, dispersion, light curves, and SEDs, the division into
subtypes will affect the “control time” and therefore the derived
rates. In this paper, we use a division into subtypes based on
a combination of the results from Smartt et al. (2009) and Li
et al. (2011). To test the sensitivity to the subtype division, we
recalculate the rates using the Smartt et al. and Li et al. results
separately. We find that this changes rates by approximately
∼1%, ∼3%, and ∼13% in the three redshift bins, respectively.
In addition, to account for the uncertainty in the fraction of

5

Dahlen et al. (2012)



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

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

Madau & Dickinson (2014)



Low missing fraction correction 
8-40 M⊙ stars produce bright CC SNe



High missing fraction correction 
8-40 M⊙ stars produce bright CC SNe



Nominal missing fraction correction 
8-40 M⊙ stars produce bright CC SNe
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ABSTRACT

The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS) and Cluster
Lensing And Supernova survey with Hubble (CLASH) multi-cycle treasury programs with the Hubble
Space Telescope (HST) have provided new opportunities to probe the rate of core-collapse supernovae
(CCSNe) at high redshift, now extending to z ⇡ 2.5. Here we use a sample of approximately 44 CCSNe
to determine volumetric rates, RCC , in six redshift bins in the range 0.1 < z < 2.5. Together with
rates from our previous HST program, and rates from the literature, we trace a more complete history
of RCC(z), with RCC = 0.72± 0.06 yr�1 Mpc�3 10�4 h3

70 at z < 0.08, and increasing to 3.7+3.1
�1.6 yr�1

Mpc�3 10�4 h3
70 to z ⇡ 2.0. The statistical precision in each bin is several factors better than than

the systematic error, with significant contributions from host extinction, and average peak absolute
magnitudes of the assumed luminosity functions for CCSN types. Assuming negligible time delays
from stellar formation to explosion, we find these composite CCSN rates to be in excellent agreement
with cosmic star formation rate density (SFRs) derived largely from dust-corrected rest-frame UV
emission, with a scaling factor of k = 0.0091 ± 0.0017M�1

� , and inconsistent (to > 95% confidence)
with SFRs from IR luminous galaxies, or with SFR models that include simple evolution in the initial
mass function over time. This scaling factor is expected if the fraction of the IMF contributing to
CCSN progenitors is in the 8 to 50 M� range. It is not supportive, however, of an upper mass limit
for progenitors at < 20M�.
Subject headings: supernovae: general, surveys

1. INTRODUCTION

Core-collapse supernovae (CCSNe) are the explosive
end products of massive stars. Despite having similar
explosion mechanisms, these events have a wide range
of explosion energies due to their broad mass ranges.
They are much less useful as cosmological probes, and
as such, for nearly two decades, have arguably been a bi-
product of large surveys for type Ia supernovae (SNe Ia).
Nonetheless, CCSNe are very much interesting in their
own right. They are far better physically understood
than their SN Ia cousins, and most connections to their
progenitor stars are far better established. These super-
novae are critical to understanding the formation of dust
and the chemical evolution in galaxies and the intergalac-
tic medium. Moreover, as they stem from short-lived
stars, CCSN rates virtually trace the rate of instanta-
neous star formation, providing an independent tracer of
star formation in galaxies less sensitive to the ambigu-
ity in extinction corrections that plague far-ultraviolet
measures, and free from UV-to-IR light reprocessing as-
sumptions (e.g., contributions from “warm” vs. “cool”
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components) inherent in far-infrared measures (cf. Ken-
nicutt & Evans 2012). Similarly, tracking CCSN rates
over cosmological distances gives a compelling and less
biased view of the cosmic star-formation rate density his-
tory (cf. Madau & Dickinson 2014).
Until recently, there have not been su�cient samples at

significant redshifts to track the CCSN rate history with
any precision, largely as SN Ia surveys tend to selectively
bias against CCSNe as they are, on average, a few mag-
nitudes less luminous than SNe Ia (Li et al. 2011). Still,
there have been a small number of complete rate mea-
sures at z > 0.1, notably from: the Southern Interme-
diate Redshift ESO Supernova Search (Botticella et al.
2008, hzi = 0.21), the Supernova Legacy Survey (Bazin
et al. 2009, hzi = 0.3), the Subaru Deep Field (Graur
et al. 2011, hzi = 0.66), the Stockholm VIMOS Super-
nova Survey (Melinder et al. 2012, hzi = 0.39 and 0.73),
and the GOODS HST SN survey (Dahlen et al. 2012,
hzi = 0.39, 0.73, and 1.11).
The CCSN rates from Dahlen et al. (2012, D12 here-

after) stand out as the first to extend this rate history to
z > 1. The D12 sample was collected using the HST Ad-
vanced Camera for Surveys (ACS), and used an entirely
self-consistent analysis to show unambiguous evolution
in CCSN rate history, or RCC(z), extending to z = 1.3.
The D12 results allowed the first viable comparison to
consensus cosmic star-formation rate density, or  (z),
partly derived from rest-trame UV observations of the
galaxies in the same Great Observatories Origins Deep
Survey (GOODS) fields. While consistent with what
would be expected from  (z), the D12 RCC(z) measures
were dominated by large statistical errors, and nearly
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Core-Collapse Supernovae to z ⇡ 2.5 from CANDELS and CLASH 9

Fig. 6.— Rates from our group in comparison from other CCSN rates in the literature. Green circles: weighted average rates in six
equalized redshift bins. Right Ordinate and Lines: star-formation rate density models, scaled to best match the Madau & Dickinson SFR
to all CCSN rate measures, with k = 0.0091± 0.0017M�1

� . Also shown is the SFR model derived from the CCSNe rates (green) using the
Madau & Dickinson parameterization.

TABLE 4
Comprehensive CCSN Rates

Redshift Ratea NCC
b

GOODS+CANDELS+CLASH:

0.3±0.2 2.13+0.80
�0.54 18.8

0.7±0.2 3.86+0.96
�0.72 40.6

1.1±0.2 3.07+1.06
�0.66 17.6

1.5±0.2 3.25+2.03
�1.32 6.4

1.9±0.2 3.16+3.37
�1.77 3.0

2.3±0.2 6.17+6.76
�3.52 2.7

RCC(z)c:

0.04± 0.04 0.72+0.06
�0.06 · · ·

0.25± 0.04 1.33+0.37
�0.29 · · ·

0.38± 0.09 1.81+0.31
�0.28 · · ·

0.59± 0.13 3.91+0.95
�0.71 · · ·

1.14± 0.42 3.22+0.93
�0.58 · · ·

1.93± 0.37 3.76+3.01
�1.58 · · ·

a In units yr�1 Mpc�3 10�4 h3
70

with statistical errors.
b From Equation 2, in the intervals
specified in the redshift column.
c Weighted averages of CCSNe
rates here and in the literature.
Uncertainties are standard errors
in the weighted means.

termined this average scale empirically using a weighted
least squares fit of the Madau & Dickinson  UV (z) model
to all CCSNe rate measures, RCC(z), assuming they are
related by

RCC(z) = k h2  UV (z). (8)

With the scale, k, as the only free parameter, this com-
parison results in k = 0.0091 ± 0.0017M�1

� , where un-
certainties are estimated from the reduced statical errors
and the extent of the high and no extinction corrected
rate values for the CANDELS+CLASH data only. We
evaluate the goodness of fit from the reduced �2 of the
model fit to all rate measures, and find �2

⌫ = 1.4. A
similar fit to the Chary & Elbaz (2001)  IR(z) model
results in k = 0.006 ± 0.002M�1

� , but the goodness-of-
fit is poorer, with �2

⌫ = 5.3. A KS-test on the same
model yields a D-statistic of 0.42, with a two-tailed p-
value= 0.05, suggesting these distributions are unrelated
to 95% confidence.
In another comparison, we can attempt to predict the

shape of  (z) from the CCSN rates assuming the same
parameterization as Madau & Dickinson (2014) for  (z),
such that

 (z) =
A (1 + z)C

((1 + z)/B)D + 1
. (9)

We fit the above function to all rate data using a
Levenberg-Marquardt least-squares algorithm, resulting
in the green line and error region shown in Figure 6, with
A = 0.015 ± 0.009, B = 1.5 ± 0.2, C = 5.0 ± 0.7, and
D = 6.1±0.5. These values describe a SFR that rises to,
and declines from, z ⇡ 1 more steeply than theMadau &



● Observed CCSN rates consistent with the expectations from the cosmic SFH 
● Provide a useful consistency check - counting SNe independent from many 

assumptions and biases with the more conventional methods and can yield also 
useful information on the SN progenitors 

• CCSNe are missed by rest-frame optical surveys in dusty environments - an 
increased sample and better understanding of SNe in U/LIRGs can allow more 
detailed comparison between CCSN rates and cosmic SF history 

● The future IR searches will extend CCSN rates beyond the peak of the cosmic SFH 

   Summary 
  

JWST, E-ELT
VLT, HST


