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The rate of occurrence of supernovae
(SNe) is linked to some of the basic
ingredients of galaxy evolution, such as
the star formation rate, the chemical
enrichment and feedback processes.
SN rates at intermediate redshift and
their dependence on specific galaxy
properties have been investigated in the
Southern inTermediate Redshift ESO
Supernova Search (STRESS). The rate
of core collapse SNe (CC SNe) at a red-
shift of around 0.25 is found to be a
factor two higher than the local value,
whereas the SNe la rate remains almost
constant. SN rates in red and blue gal-
axies were also measured and it was
found that the SNe la rate seems to be
constant in galaxies of different colour,
whereas the CC SN rate seems to peak
in blue galaxies, as in the local Universe.

Why count SNe?

A complete and coherent picture of the
formation and evolution of galaxies is

a fundamental objective of observational
astronomy. Star formation (SF) is one of
the main processes driving the evolution
of galaxies. Individual young stars are
unresolved in almost all nearby galaxies
even with the Hubble Space Telescope,
but the integrated luminosity in the ultravi-
olet (UV) continuum, nebular emission
lines such as Ha. or [O1] and the infrared
(IR) continuum provides a direct, sensitive
probe of these young massive star popula-
tion in the galaxies. Integrated light meas-
urements in these wavelength ranges
scale linearly with the current star forma-
tion rate (SFR) and are used to investigate
the SF properties of galaxies. An alterna-
tive and complementary approach to trace
the SFR is based on direct observation of
the death of some stars through SNe.

There are two distinct types of explosion:
core-collapse-induced explosion of short-
lived massive stars (CC SNe) and thermo-
nuclear explosion of long-lived low mass
stars (SNe la). Stellar evolution theory
predicts that all stars more massive than
eight to ten solar masses complete their
nuclear burning and develop an iron core
that cannot be supported by any further
nuclear fusion reactions, or by electron
degenerate pressure. The subsequent
collapse of the iron core results in the
formation of a compact object, a neutron
star or a black hole, accompanied by the
high velocity ejection of a large fraction

of the progenitor mass. Due to the short
lifetime of progenitor stars (from a few
tenths of a million to several tens of mil-
lions of years), the CC SN rate is directly
proportional to the current SFR. Poor sta -
tistics is a major limiting factor for using
the CC SN rate as a tracer of the SFR
both at low redshift, due the difficulty of
sampling large volumes, and at high red-
shift, due to the difficulty of detecting and
typing faint SNe. Moreover a significant
fraction of CC SNe are missed by SN
searches, since they are embedded in
dusty spiral arms or galactic nuclei, and
this fraction may change with redshift, if
the amount and the average properties of
dust in galaxies evolve with time. As a
consequence an appropriate correction is
required to estimate the intrinsic SN rate
from the number of discovered CC SNe.

SNe la are widely believed to originate
from the thermonuclear explosion of

a carbon and oxygen white dwarf (WD) in
a binary system, but the nature and evo-
lution of the binary system remain poorly
constrained. Progenitor models are
broadly classified as either: single degen -
erate (SD) in which a WD, accreting from

a main sequence or red giant companion,
grows in mass until it reaches a critical
limit and explodes; or double degenerate
(DD), in which a close double WD system
merges after orbital shrinking due to the
emission of gravitational wave radiation.
The time elapsed from the birth of the
binary system to the SN explosion (delay-
time) spans a wide range, from tens

of millions of years to ten billion years or
more. As a consequence the SN la rate
reflects the star formation history (SFH)

of a galaxy according to the distribution
of the delay times.

SNe la can act as standard candles due
to their significant intrinsic brightness,
ubiquity and homogeneity, and have pro-
vided the first evidence for an accel -
eration of the expansion of the Universe.
Understanding the mechanism that is
responsible for this accelerating expan-
sion, i.e., the nature and amount of dark
energy, is one of the crucial next steps
for observational cosmology and requires
new searches for SNe la. Given the
importance of SNe la as cosmological
probes, the questions whether SNe la are
a homogeneous class of stellar explosion
and whether their properties evolve with
redshift require answers. In particular the
investigation of the nature of the progeni-
tor star has become a critical issue. The
analysis of the SN la rate as a function of
redshift, galaxy morphological type and
colour is a powerful tool for investigating
the nature of the progenitor stars, their
possible evolution with redshift and their
connection with the environment.

Why STRESS?

Progress in using the CC SN rate as a
SFR tracer and in investigating the nature
of SN la progenitors requires accurate
measurements of SN rates at various
cosmic epochs. To reduce the uncer -
tainty in the estimates of SN rates, a sta-
tistically significant SN sample and strict
control of systematic effects, in particular
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Figure 1. An example of a SN candidate discovered
in the R-band. At the top are images of the same

sky field acquired with a small offset of the telescope
pointing (jittered images). These images are acquired
to allow a better removal of cosmetic defects, cos-
mic rays, satellite tracks and fast moving objects. At
the bottom left and centre are two images acquired
at different epochs (obtained stacking the jittered
images), with the difference image to the right. The
variable source appears projected on a galaxy and
shows a point-source-like profile in the difference
image.

concerning dust attenuation, are neces-
sary. Since SNe are rare and transient
events, deep observations of a large sky
field with a suitable time interval are
required to maximise the number of SNe
discovered. Early SN searches based

on visual observations of nearby galaxies
or photographic surveys with Schmidt
telescopes were confined to the local
Universe. Collecting data from five nearby
SN searches (137 discovered SNe) and
adopting an empirical correction for dust
attenuation, based on the morphological
type and inclination of SN host galaxies,
it has been possible to estimate the SN
rates in the local Universe as a function of
both galaxy morphological type and col-
ours (Cappellaro et al., 1999).

Nowadays, by using panoramic detector
arrays mounted on medium-size tele-
scopes, it has become possible to monitor
large sky fields and to sample an
adequate volume of the Universe with a
reasonable amount of telescope time. The
Wide Field Imager (WFI), a mosaic camera
consisting of eight CCDs with a field

26 The Messenger 134 — December 2008

of view of 0.5 square degrees mounted at
the 2.2 m MPG/ESO telescope, is an
excellent example of this type of instru-
mental setup. New technological capabili-
ties have allowed the SN sample to be
greatly enlarged, leading to the discovery
of SNe up to redshifts greater than one.
Despite this progress, measurements

of SN rates are still scant (in particular for
CC SNe) and uncertain (for both SN
types). The main goal of almost all SN sur-
veys performed in the last few years has
been to investigate the expansion of the
Universe and the properties of the dark
energy using SNe la as standard candles.
The observing strategy of these searches
was tuned to identify bona fide SN la
candidates before maximum light and
confirm spectroscopic type only for these
candidates. As a consequence the SN
sample collected by these surveys is seri-
ously incomplete, so that the measure-
ment of the rate for SNe la is troublesome
and for CC SNe nearly impossible.

STRESS was devised to improve SN rate
determinations (Botticella et al., 2008).
The observing strategy was specifically
designed to measure both CC SN and
SN la rates at intermediate redshift, and
the SN detection and classification proc -
esses were tuned to collect an unbiased
and homogeneous sample of both SN
types. In addition, we aimed to investi -
gate the evolution of SN rates by compar-
ing our estimates with those obtained

in the local Universe and to relate the SN
events to SF in the parent galaxies by

Figure 2. An example of a SNorAGN candidate dis -
covered in the V-band (layout of images as in

Figure 1). The variable source occurs near the galaxy
nucleus. This candidate is actually an AGN and

was also discovered by the Sloan Digital Sky Survey.

collecting detailed information on the gal-
axy sample including their photometric
properties and dust content. In order to
preserve the link between SNe and their
parent galaxies, we measured SN rates
by counting the events discovered

in a selected galaxy sample, rather than
those detected in a given volume. This
approach involved the following steps:
the selection of the galaxy sample and its
characterisation; the detection and clas-
sification of SN candidates; the meas -
urement of SN rates; the analysis of their
dependence on the colour of the host
galaxy; and their evolution with redshift.

How to handle STRESS

STRESS is a multi-year project (from
2000 to 2005) consisting of two related
observing programmes: an imaging
programme, intended both to search for
SN candidates and to obtain colour infor-
mation for the monitored galaxies, and

a spectroscopic programme to type SN
candidates and measure their redshift.
The imaging programme was carried out
with the 2.2 m MPG/ESO telescope
equipped with WFI in the V-band over the
first four years (Cappellaro et al., 2005),
and in the R-band, targeting SNe at
higher redshifts in the last year (Botticella



Figure 3. An example of a variable star discovered
in the V-band (layout of images as in Figure 1). The
source shows a stellar profile on all images.

et al., 2008). Spectra were acquired with
the Very Large Telescope (VLT) equipped
with the FOcal Reducer and low disper-
sion Spectrograph (FORS1 and FORS2).
Sixteen sky fields were imaged on aver -
age once every four months and spectro-
scopic observations were scheduled
about one week after imaging observa -
tions to secure SN candidate typing.

SN candidates were identified by subtract-
ing images acquired at different epochs
using the Optimal Image Subtraction code
(QIS) in the Alard (2000) package. The
resulting image was searched for variable
sources (SN candidates — Figure 1;
variable Active Galactic Nuclei (AGNSs)

— Figure 2; variable stars — Figure 3; and
asteroids — Figure 4) using a source de-
tection code (SExtractor, Bertin & Arnouts,
1996). There were often spurious sources
on the difference images due to imperfect
removal of bright stars, cosmic rays and
hot or dead CCD pixels. To reject these
artefacts and to obtain a first classification
of actual variable sources we used a cus-
tom-made ranking program that assigns a
score to each source based on several
parameters (magnitude, shape, position)
measured by SExtractor. The score was
tuned using a training dataset of known
events and extensive simulations. The final
selection of bona fide SN candidates,
about ten per image, was made by visual

inspection. We classified as SN candi-
dates those sources with a stellar profile in
the difference image that appeared pro-
jected on a galaxy (see Figure 1), and as
SNorAGN candidates all those sources
detected within a radius of 0.5 arcsec from
the host galaxy nucleus (Figure 2).

We developed a database of information
about each detected variable source with
a search engine to identify independent
detections of the same source at different
epochs and in different filters. SN and
SNorAGN candidates were cross-
checked with all sources in the database
before spectroscopic typing. This allowed
us to clear the SNorAGN sample, iden -
tifying AGNs by their long-term, irregular
variability.

Spectroscopic observations were planned
for all SN candidates and the remaining
SNorAGN, but we could classify only 40 %
of the candidates because of limited
telescope time allocation. At the end of
STRESS we re-analysed all variable
sources in the database to obtain a final
classification. We also carried out a new
spectroscopic programme using FORS2
to obtain the redshift and to check for
signs of the presence of AGN in the host
galaxies of those candidates without
spectroscopic typing. Combining informa-
tion from the long-term variability, direct
and host galaxy spectroscopy, we found
that 50 % of the variable sources originally
classified as SNorAGN were actually AGN.
Our final SN sample consists of 25 SNe

Figure 4. An example of an asteroid discovered in the
R-band (layout of images as Figure 1). The source
shows up at a different position on the jittered images
and thus as an irregular shape in the stacked image.
No source was visible in the image acquired one
month before.

(9 SNe la and 16 CC SNe), 33 SN candi-
dates and 28 SNorAGN candidates.

For the selection of the galaxy sample and
the measurement of galaxy properties
(colours, redshift, absolute luminosity) we
used multi-band (BVR/) images obtained
during the SN search programme. To pro-
duce a catalogue of the monitored galax-
ies we selected all images with the best
seeing and sky transparency for each field
and band, stacked them, detected alll
sources on the resulting deep images and
selected galaxies (43283 in total) using
the SExtractor classifier. The galaxy col-
ours have been estimated by measuring
flux in the same physical region (adaptively
scaled to the galaxy dimensions) in all
bands. The galaxy redshift and the abso-
lute B-band luminosity were obtained by
comparing observed and predicted galaxy
colours as a function of redshift with a
spectral energy distribution template fitting
technique.

The results of STRESS

Three basic ingredients are required to
estimate the SN rate in a galaxy sample:
the number and type of SNe discovered;
the time of effective surveillance of the
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sample in order to relate the detection
frequency to the intrinsic SN rate (control
time); and a physical parameter, propor-
tional to the stellar content of each gal-
axy, to normalise the rate.

The control time is defined as the time
during which a SN occurring in a given
galaxy can be detected by the search,
and depends on the shape of the SN light
curve, distance and dust extinction of

the galaxy, instrumental setup, observing
strategy and detection technique of the
SN search. The effect of dust attenuation
on the control time has been estimated by
modelling SN and dust distributions in
galaxies. In short, following the method
described in Riello & Patat (2005), we per -
formed Monte Carlo simulations where
artificial SNe were generated with a pre -
defined spatial distribution function, and
were viewed from random lines of sight.
Integrating the dust column density along
the line of sight for each SN, we derived
the total optical depth and the relative
attenuation. Re peating a number of simu -
lations, we obtained the expected distri-
bution of SN absorption. We considered
three possible scenarios for the amount
of dust in a galaxy assuming different total
optical depths along the galaxy rotation
axis (t = 0 — no extinction, t=1 —
standard extinction, T = 5 — high extinc-
tion). For CC SNe the control time was
estimated for each extinction scenario.
For SNe la we did not consider the high
extinction scenario, since it is expected to
occur, on average, in environments with

a smaller amount of dust. Monte Carlo
simulations also allowed us to probe the
most relevant parameters affecting the
SN detection efficiency. In each simula -
tion, artificial SNe of different magnitudes
were added to an image that was then
searched for variable sources using the
same software as in the actual search.
The detection efficiency at a given magni -
tude was computed as the ratio between
the number of discovered and injected
artificial sources.

The normalisation parameter for SN rates
can be the galaxy mass or a mass tracer,
e.g., the blue luminosity, in which case
the rate is expressed in SN per unit galaxy
mass (SNuM = 1SN/10'° Mg /century),

or in terms of galaxy luminosity

(SNu = 1SN/10'° L /century), respectively.
Since the estimate of the galaxy mass
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is uncertain (and makes use of the galaxy
luminosity as a mass tracer anyway), we
chose to determine the rate in SNu.

The SN rate at a given redshift is com-
puted as the ratio between the number
of discovered SNe and the control time of
the monitored galaxies at the given red-
shift. Since our SN sample spans a wide
redshift range (0.06-0.6), we can obtain
some constraints on the evolution of

the rate. We adopted a power law para-
meterisation for the redshift dependence
of the SN rate with two free parameters:
the rate at the weighted average of the
galaxy redshifts, with weights given by
the respective control time; and an evolu-
tion index. The best-fit values of the free
parameters were obtained by comparing
the observed SN redshift distribution with
the expected one.

Our results indicate that the SN la rate
appears almost constant up to redshift

z = 0.3, whereas the SN CC rate has
already increased by a factor of two by
redshift z = 0.2. The different evolutionary
behaviour of CC SN and SN la rates im -
plies that their ratio increases by a factor
of two from the local Universe to redshift
z = 0.25 (@bout three billion years ago),
thereby requiring that a significant frac -
tion of SN la progenitors have a lifetime
longer than three billion years. The esti -
mate of the SN rate evolution depends on
the correction applied for dust extinction.
For instance, the ratio between the CC
SN rate at redshift z = 0.2 and that in

the local Universe varies from 1.6 to 2.8,
depending whether a no extinction or

a high extinction scenario is assumed.
However, the fact that the CC SN rate in-
creases faster than the SN la rate appears
to be a robust result.

We also investigated the dependence of
SN rates on galaxy colour, an indicator of
the stellar population and SFR. We split
our galaxy sample and the local galaxy
sample by Cappellaro et al. (1999) into
blue and red sub samples, according to
the observed B-V colour and adopting
the rest frame B-V colour of an Sa galaxy
(B-V = 0.45) as a reference. The SN la
rate appears almost constant in galaxies
with different B-V colour, whereas the
CC SN rate strongly increases from red
to blue galaxies, both at redshift z = 0.25
and in the local Universe.

Finally we compared the observed evolu-
tion of SN rates with the behaviour pre-
dicted by the cosmic SFH, assuming vari-
ous SN progenitor models and different
extinction scenarios. This comparison
provides interesting clues about the relia-
bility of SN progenitor models and the
adequacy of the dust extinction correc-
tion of SN rates. We collected published
measurements of SN rates at intermedi-
ate and high redshifts that are in units of
co-moving volume. To convert our meas -
urements from SNu to volumetric units,
we multiplied the rates by the total blue
luminosity density at the redshift of our
estimated rates. Since the blue luminosity
density increases with redshift, the volu-
metric SN rates evolve faster than the
rates in SNu. We found an increase of

a factor two at redshift z = 0.3 for SNe la,
and a factor of about three at redshift

z = 0.2 for CC SNe (see Figures 5 and 6).

The CC SN rate expected for a given SFH
depends on the mass range of the pro-
genitors, on the initial mass function (MF)
describing the distribution of the stellar
masses and on the correction due to dust
extinction. We assumed that the mass

of CC SN progenitors ranges from 8 to
50 Mg, and that the IMF has a Salpeter
slope, with a turnover below 0.5 solar
masses. Since there is a large scatter
between the measurements obtained
with different SFR indicators, it is difficult
to obtain a consistent picture of the SFH.
We selected two representative pre -
scriptions for the SFH in the literature:

the piecewise linear fit of SFR measure -
ments from different tracers (Hopkins

& Beacom, 2006) and the linear fit to the
SFR measurements from the Ho emis-
sion line (Hippelein et al., 2003). The
measurements of CC SN rate confirm the
steep increase with redshift expected
with both SFHs (Figure 5). The evolution
predicted from the SFH based on Ha fits
the CC SN rate measurements very well,
while the SFH by Hopkins & Beacom
requires higher CC SN rates both in the
local Universe and at high redshift.

If we correct our measurements and the
local CC SN rate measurements accord-
ing to the high extinction scenario, we
obtain an acceptable agreement between
the data and the predictions of the
Hopkins & Beacom SFH. However, this
correction requires an extremely high



dust content in galaxies, which needs to
be confirmed with new accurate meas-
urements in nearby and distant galaxies,
and also requires a better estimate of
the fraction of obscured CC SNe that
are missed in optical SN searches.

Alternatively we may consider the pos-
sibility of a narrower range for the CC
SN progenitor masses: in particular, a
lower limit of 10-12 M, would bring the
observed CC SN rates into agreement
with the SFH by Hopkins & Beacom.

On the other hand, estimates of the
progenitor mass from the detections of
stars in pre-explosion images seem to
favour a lower limit of about 8-10 Mg,
(Smartt et al., 2008). This result illus -
trates that it is necessary to reduce the
uncertainties in the cosmic SFH and to
apply a consistent dust extinction cor-
rection both to SF and to CC SN rates in
order to constrain the mass range of CC
SN progenitors. A comparison of the CC
SN rate with other SFR tracers in the
same galaxy sample could shed light on
these issues.

The cosmic evolution of the SN la rate is
modulated by two critical ingredients: the
SFH and the delay time distribution
(DTD). Different SFHs give different evolu -
tionary paths (Blanc & Greggio, 2008),
but we have considered only the SFH by
Hopkins & Beacom. We estimated the
evolution of SN la rate by convolving this
SFH with different formulations of the
DTD: three distributions related to differ-
ent SN la progenitor models and de -
scribed by the analytical formulation of
Greggio (2005); the parameterisation by
Mannucci et al. (2008), designed to
address some specific observational
constraints, regardless of the corre-
spondence with a specific progenitor
scenario. All DTDs appear to predict a
SN la rate evolution consistent with the
observations, with the exception of the
‘wide’ DD model, which appears too flat
(see Figure 6). At the same time, with

the adopted SFH none of the explored
DTD functions are able to reproduce both
the rapid increase from redshift z = 0 to
z = 0.5 and the decline at redshift greater
than one, suggested by some measure-
ments. With the current data on the rate
evolution, it is difficult to discriminate first
between different DTDs and then
between different SN la progenitor
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Figure 5. Comparison between the
core collapse (CC) SN and the SF rate
evolution. Lines are selected star
formation histories from the literature.
The shaded area represents the 1o
confidence level of our estimate of
CC SN rate evolution as deduced from
the likelihood fit. Circles show local
measurements by Cappellaro et al.
(1999); squares are measurements by
Botticella et al. (2008); the pentagon

is the measurement by Cappellaro et
al. (2005), and the rhombi the meas -
urements by Dalhen et al. (2004). Filled
symbols are measurements obtained
assuming a standard extinction cor-
rection. The lower open symbols are
measurements not corrected for
extinction while the upper open sym-
bols are measurements obtained
adopting a high extinction correction.
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Figure 6. SN la rate measurements in the

1 literature and predictions obtained by
convolving the SFH of Hopkins & Beacom
with various delay time distribution func-
tions. The predicted paths are plotted as
lines with different types (see inset box
for key). The shaded area represents the
1o confidence level of our estimate of SN
la rate evolution as deduced from the like -
lihood fit. The circle is the measurement
of Cappellaro et al. (1999); the inverted
triangle from Madgwick et al. (2003); the
leftward triangle for Hardin et al. (2000);
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the triangle for Blanc et al. (2004); the
rightward triangles for Neill et al. (2007);
the green square for Botticella et al.
(2008); the rhombi for Barris & Tonry
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models. Measurements of the SN la rate
in star-forming and passively evolving
galaxies over a wide range of redshifts
can provide more significant evidence
about the progenitor models.

Future wide-field SN surveys at ESO tele -
scopes, such as SUDARE on the VLT
Survey Telescope (VST) equipped with
OmegaCam, will be able to discover thou-
sands of SNe and will enable accurate
measurements of the SN rates, providing
an unbiased census of the host galaxies.
A different observing strategy that con-
sists of the frequent, long-term monitoring
of a few selected sky fields (rolling

search), will allow us to detect SN candi-
dates and obtain their light curves in dif-
ferent bands at the same time. Photomet -
ric typing, based on the shape of the light
curve and colour evolution, for all SN can-
didates will reduce the uncertainty due to

1.5

(2003); the pentagon for Neill et al. (2006);
the red square from Pain et al. (2002); and
the hexagons for Dahlen et al. (2004 ).

the lack of spectroscopic classification of
SN candidates.
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