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Abstract

For the years to come, the CFHT will be the best telescope to find large numn-
bers of supernovae at high redshift thanks to its wide field imager, Megaprime.
This data will permit to address very exciting scientific problems such as the cos-
mic star formation rate and the cosmological density parameters including a first
measurement of the cosmic equation of state. To take full advantage of this unique
capability, a coherent and ambitious program has to be setup and we support the
basic scheme proposed by the Megacam Survey Working Group. We have studied
some of the issues related to this survey: expected number of supernovae, exposure
time budget, spectroscopy requirements, possible scenario and achievable precision
on cosmological parameters.




1 Introduction

The measurement of the equation of state of Dark Energy has been proposed
by the Megacam Survey Working Group (MSWG) as one of the scientific
questions to be addressed by a large imaging survey of Type Ia supernovae
(SN Ia) with Megaprime at CFHT [1]. Preliminary calculations indicate that
constructing a Hubble diagram of SN Ia populated by about 700 objects up
to redshifts of about 1 is within the reach of the instrument. We address here
the possible scientific achievements of such a survey.

We first review the use of SN Ia supernovae for measuring the cosmological
parameters and how it constraints the observations. We also briefly mention
the interest of measuring the supernova rates as an important constrain on
the cosmic star formation rate history.

In the following sections, we discuss the imaging survey, and in particular
the achievable accuracies on SN Ia peak brightnesses when used as distance
indicators. We then argue for the need of complementary spectroscopic obser-
vations and give a realistic estimate for an observation time budget on 8-m
class telescopes. Finally, expected accuracies on cosmological parameters are
computed in a specific scenario.

In section 11, we briefly show how the collected data may shed light on other
science goals, including the closely related study of evolution of SN Ia and in
section 12 we shortly address the data reduction requirements. In an appendix,
we provide the key plots and tables obtained for an other observing scheme
proposed by R.Carlberg.

This study does not intend to give a final answer on how to carry out the pro-
posed survey. Figures provided here are primarily for comparison and checks
and should be viewed as tools and inputs to help maximize the scientific out-
come of the supernova part of the CFHLS.

2 Building the Hubble diagram of Type Ia supernovae

The Hubble diagram of SN Ia Supernovae plots their peak brightness as a
function of redshift. This peak brightness is estimated from a fit of a template
to light curves taken within a few weeks (rest frame) from the maximum light.

The scatter of intrinsic luminosity of SN Ia is dramatically reduced when one
corrects the measured peak brightness for the now well known correlation be-
tween intrinsic luminosity and rate of decline. The photometric measurements



should then aim at measuring both peak brightness and rate of decline!,
which was the observable quantity historically found to correlate with intrin-
sic luminosity. There are however very good indications that the rising part
of the light curve is affected in the same way, i.e. that the rate of decline and
rate of rise both correlate with the intrinsic luminosity. Perlmutter et al. [14]
have adopted a single parameter to describe both : the “stretch” parameter.
It modifies the light curve template as an expansion factor on the time axis
(on top of its expected time dilation from redshift), w.r.t an average SN Ia.
This makes use of all points along the light curve.

More classically, one should also correct for host galaxy extinction, measured
through a color indicator, usually rest frame B —V. This requires the measure-
ment of two filters corresponding roughly to rest frame B and V. For redshifts
beyond z ~ 0.9, rest frame V' goes beyond reach of silicon detectors, and would
require observation with IR devices. Furthermore, the increasing sky bright-
ness makes the measurement rapidly unaffordable, especially if one aims at
measuring more than a few objects. The question of using rest frame U — B
as an extinction indicator is of major interest when trying to push the highest
redshifts accessible from ground. One key concern here is the “standardity”
of SN Ia in U-band, a question still to be settled. The Nearby Supernova Fac-
tory [2], to be started around the same dates as Megaprime, should provide
this crucial information.

It is fortunate that supernovae have their highest flux in the B-band, which
can be measured up to redshifts of z = 1 with silicon devices. To avoid the
shortcomings of large k-corrections, one should however measure fluxes of
objects at different redshifts in roughly the same rest frame band. This implies
that observations are to be made in 4 bands (g’, r’, i’ and z’), in order to cover
redshifts range from 2z ~ 0.3 to z ~ 1 needed to measure the cosmological
parameters.

Finally, the Hubble diagram of SN Ia should contain as little as possible con-
tamination from other transient objects, and relies on precise enough redshifts
measurements. This implies that complementary spectroscopic observations
have to be set up for both supernova identification and host galaxy redshift
determination.

1 The rate of decline is in practice described as the brightness drop in 15 rest frame
days, called dms.



3 Measuring supernova rates

Measurement of the SN Ia rate allows one to probe the past history of star
formation, since there is a time delay between the formation of stars and the
occurrence of the explosion. Type II SN rate are also of interest to constrain
the cosmic star formation rate (CFSR) since they directly probes the instan-
taneous star formation rate because of the short-lived massive stars which
explode.

The large number of SN Ia that will be detected up to redshift 1 will give a
measurement of CSFR up to redshifts z ~ 1.5 probing a particularly interest-
ing redshift range. The large statistics will further make it possible to measure
the rates per host galaxy type.

The survey will also make it possible to detect large number of other supernova
types such as Type Ib/c (SN Ib/c) and Type II (SN II). Current observations
show that about 1 SN II or SN Ib/c is detected for 10 SN Ia. This is mostly
due to the fact that SN II, although about 5 times more numerous are often
much less luminous than SN Ia and therefore out of reach in magnitude limited
searches. Current searches have not been optimized for SN II detection which is
more difficult since SN II are most of the time much less bright than their host
galaxy. Detecting SN II requires very efficient image subtraction techniques
where a few percent increase of the luminosity of a galaxy has to be detected.
Nevertheless, systematic residuals on image subtraction smaller than 1 % on
the core of bright objects have been obtained on deep images observed with
the CFH12k. This gives more flexibility to adjust the supernova detection cuts
and the possibility to get a larger fraction of SN II detection on demand.

The survey strategy will permit to gather an unprecedented number of super-
novae of all types and other transient objects provided identification of these
events is done. This in principle means obtaining spectroscopic identification
of every one of these objects all along the survey. However, the excellent qual-
ity of multiband photometry that the survey will provide for most of these
events should allow developing, in the course of the survey, alternative strate-
gies based on photometry, therefore reducing in fine the need for extensive
spectroscopy.



4 The continuous sampling mode

4.1 Observing mode

As proposed by the MSWG, the survey should work in a continuous sampling
mode rather than in a “triggered” mode as done so far in the SN Ia surveys.
The (now classical) “triggered” mode consists namely in three steps and kind
of observations:

(1) Search: an area of the sky is observed at 2 epochs about 3 weeks apart,
and light increases are detected via image subtraction. Typical cuts are a
signal to noise ratio (S/N) greater than about 6 on the image subtraction
and a light increase of at least 10 %.

(2) Spectroscopic confirmation: the candidates are observed with a spec-
trograph for spectral identification and the redshift are measured with
spectroscopy of the host galaxies.

(3) Photometric follow-up: the spectroscopically confirmed candidates are
observed for 6 to 8 weeks, in order to measure their light curve. For most
of the objects, the follow-up does not cover earlier than a few rest frame
days before maximum light. It is only by chance that a few objects of the
available SN Ia catalog were sampled in the rise of the light curve.

Megaprime, thanks to its wide field, makes it possible to merge steps 1 and
3 into the same observations. Spectral identification (step 2) still has to be
triggered, however with a series of photometric points rather than a single
difference. This mode of operation has obvious advantages:

e The photometric sampling is of the same density before and after maxi-
mum light. This improves both the maximum light and light curve stretch
estimations. It may also prove to be a good handle on possible evolution of
SN Ia.

e The detection scheme used in the triggered mode biases the sample of ob-
jects in an unknown way. With a continuous sampling, more information is
available to trigger spectroscopic identification in an unbiased way.

Since the program takes advantage on the multiplexing that the large Mega-
cam fields enables, the same field should be observed as long as possible to
reduce the number of objects for which either end of the light curve is missing.
Using SN Ia for cosmology demands a precise measurement of the magnitude
at maximum and of the stretch which means long enough sampling of the
light curve with good signal to noise measurements on individual points. In
practice, this means observing each SN light curve from at least 10 days before
maximum to 15 days after maximum. Assuming 6 dark runs in a row as the
maximum monitoring time for a given field, the time interval which allows a



measurement of the light curve for 25 days rest frame ([-10 days,+15 days])
is then T'(z) = 158 — (1 + 2) x 25 days, taking into account the fact that
observations will start 9 days before the first new moon and end 9 nights after
the last new moon, which are separated by 140 days.

4.2 Ezpected number of supernovae

The measured rate of SN Ia supernovae indicates a total explosion rate of
about 150 SN Ia supernovae per square degrees and per year, up to z=1.2 [3].
This figure is based on measurements done at z = [0.4-0.8] and assumes
an explosion rate independent of redshift up to z = 1.2. About 30% of the
SN Ia will be at z=[0.4-0.8] and ~ 50% will be above z=0.8. Large numbers
of SN Ib/c and SN II will also be detected.

In Table 1 we give an estimate of the expected number of SN Ia and SN Ib/c+II
that will be observed during the 5 six months periods of the survey as proposed
by the MSWG (4 square degrees). These numbers have been derived requesting
that the [-10,415] rest frame days part of the light curve is observed. The

Redshift | 0.3 04 05 06 07 08 09 10 11 1.2 total

Ia 44 64 82 97 109 117 122 125 126 126 1014

Ib/c+II | 110 150 180 150 110 - - - - - 700
Table 1

Expected number of SN Ia and SN Ib/c+II in the survey proposed by the MSWG,
requesting that [-10,415] restframe days from maximum light are observed, and for
4 fields, 5 years, and 6 new moons monitoring of each field. About 1400 SN Ia have
their maximum light during the observations.

expected number of SN Ib/c+II has been computed assuming a flat luminosity
function between -15.5 and -17.5 for these events and a total explosion rate
5 times higher than the SN Ia rate. It was further assumed that SN II+Ib/c
can be efficiently detected by image subtraction.

5 Photometric performances

A realistic simulation including the instrument sensitivity, the sky brightness,
airmass, moon, weather, extinction and seeing was developed to estimate the
performances of Megaprime. Results of the simulation have been compared to
the measured performances of the CFH12k and then used to built supernova
light curves.



5.1 Megaprime simulation

5.1.1 Instrument sensitivity

The electron counting rate expected from a source of known spectrum has been
computed for the Megaprime setup. To do that the spectrum is propagated
through the optical components (mirror, corrector, filters, CCD), and finally
integrated over wavelength.

The transmission of Megaprime filters was described according to [5]. The
transmission curves used in the simulation can be found on [6]. [Note the
strange feature of this data where the i’ and 7z’ filters are disjoint, at variance
with the SDSS set as displayed on [7].] We obtained the following zero points:

g7 r? i7 Z7

simulation || 27.31 | 26.61 | 26.06 | 24.40

Table 2

Zero points computed for Megaprime. These zero points are the (Vega) magnitudes
of an object that yields 1 electron/s at zero airmass (assuming a Vega-like spectrum).
We did not derive a value for u’, which lacks QF data on the blue side of the band.

To check the procedure, we computed the zero points of the current CFH12k
camera assuming the same corrector transmission as for Megaprime, and for
epitaxial CCD’s as CCD9. These estimations can be compared to the mea-

B v R I

measurements [4] || 26.37 | 26.57 | 26.52 | 26.22
simulation 26.51 | 26.56 | 26.46 | 26.35

Table 3

Zero points computed and measured of the CFH12k camera (CCDY, epi flavour).
These zero points are the (Vega) magnitudes of an object that yields 1 el/s at zero
airmass (assuming a Vega-like spectrum for the values from simulation).

surements from [4]. The agreement is at the 10% level, which is fair given the
uncertainties of the ingredients of the simulation. A preliminary Z’ zero point
of 25.54 for CCD4 was recently determined by E. Magnier. It agrees at the
same level with our simulation.

5.1.2  Sky brightness

To compute the expected sky brightnesses, we made use of a Mauna-Kea sky
spectrum [10] and propagated it through the whole instrument.



We again checked that our predictions are consistent with the measurements
available for the CFH12k. The comparison was performed in electrons/sec/pixel
rather than in magnitudes per unit solid angle, because of the large sky color
terms. The simulation gives a flux higher than the measured one by a factor
of 1.5 to 2 at the red end. This disagreement is currently not understood. To
reproduce the measured electron counts, we applied a linear correction to the
sky spectrum. The predicted sky brightness as well as the measurements are
given in Table 4. To account for the increase of sky brightness due to air-

B|V |R I Z

measurements (CCD9) [4] || 1.5 | 4.5 | 7.8 | 18.0 | -

simulation (epi) 1.7 | 4.8 | 6.7 | 19.0 | 13.0
measurements (CCD4) [8] || - - |65 25 | 225
simulation (high p) 1.3 46| 73| 250 | 234

Table 4
Sky brightness (in electrons/sec/pixel) measured and simulated for the CFH12k.The
measurements apply to a dark sky at airmass = 1.

mass and moon, we applied the measured dependencies given in Table 5 as
multiplicative factors [4,8].

B V | R I Z

airmass = 1.5 || 1.15 | 1.3 | 1.3 | 1.38 | 1.70

moon = 0.5 3 2 13| 11 | 1.05

Table b
Sky brightness correction factors for airmass and moon

5.1.3 Limaiting magnitudes

Using the instrument sensitivity and sky brightness derived above, we com-
puted the limiting magnitudes, defined following DIET [9] prescription for
point sources: the flux is integrated in an aperture of diameter 1.45*FWHM,
which contains 64 % of the total flux?. Better that 0.1 mag agreement was
achieved when comparing with DIET tables in the case of the CFH12k instru-
ment.

For Megaprime, we therefore predict the limiting magnitudes of table 6.

2 The quoted magnitudes refer of course to the total flux, since they should not
depend on the choosen photometry technique.



g7 r? i7 Z7

limiting mags | 26.35 | 25.50 | 24.85 | 23.40

Table 6

Limiting (Vega) magnitudes computed for Megaprime. We considered point sources
observed at a seeing of 0.8”, airmass=1, with a dark sky, detected at the 5 o level
in 1800 s. See [9] and this text for the assumptions on the photometry technique.

5.1.4 Observing conditions

Light curve reconstruction is particularly sensitive to varying observing con-
ditions. We accounted for time lost to weather, extinction and seeing distribu-
tion, using a simulator from J. Tonry based on real CFH12k observations. We
used a sample provided by R. Carlberg and obtained the following averages
(see Figure 1):

e 25% of a night is lost to weather.

e the extinction is less than 0.1 mag (we do not know in which band, but we
assumed that this figure was pessimistic for the reddest bands).

e the seeing averages to 0.85” (median is 0.817).

This simulator provides correct correlations between the 3 variables.

5.2 Simulation of Type Ia supernovae light curves

To compute the expected flux from SN Ia, we rely on a time sequence of
spectral templates, based on high S/N spectroscopic observations of nearby
objects, and complemented by interpolations and simulations where data was
missing [11].

The time sampling is of one rest frame day, from 14 days before maximum light
(in B-band) to 46 days after. We normalized the SN phases relative to each
other using the empirical light curve template from [12], and also extended
the time range toward the explosion date by scaling the earliest spectrum (-14
days) to the observed light curve.

We used an intrinsic brightness of Mp = —19.46 + 5log Hy/63.3 [13] as our
overall brightness normalization.

Figure 2 gives the peak magnitudes for SN Ia as a function of redshift. Al-
though the procedure allows to predict the flux in any rest frame band where
template spectra are available, one should only trust the predictions for the
bands close enough to rest frame B-band.

The Monte-Carlo simulation was done typically using a few thousands light
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Fig. 1. Weather statistics used in the simulation.

curves, sampled in one photometric band and fitted. The following procedure
was applied :

e choose a redshift either according to a distribution (which follows the vol-
ume), or as a fixed value.
e generate a light curve for this redshift and observing band. For each observ-
ing date on the light curve we:
- randomly perform an observation according to the fraction of the night
available to observations (given by the “weather simulator”).
- compute the sky background spectrum according to the moon phase, and
the airmass (all observations were simulated at airmass=1.3).
- compute the atmospheric extinction for the airmass, and an additional
extinction given by the “weather simulator”.
- propagate the supernova spectrum at this phase through all optical com-
ponents including atmosphere and filter, and integrate over wavelength

10
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Fig. 2. Average SN Ia peak magnitudes (Vega) as a function of redshift for a cos-
mology (Qm, 24) = (0.28,0.72), assuming no host galaxy extinction.

to get the number of electrons. We then lower it by photometry aperture
losses (.64 by default).

- propagate the sky spectrum through all optical components and count the
number of electrons in the photometry aperture, defined using the seeing
given by the “weather simulator”.

- randomize the expected supernova signal (which may be 0) according to
the sky background fluctuations.

e perform a 3 parameters x? fit of the observations with:

(fimeasured _ fmaxT((ti _ tmax)/s))2

2 E :
X =
i 0i2

where the sum runs over observations, ffeasured jg the measured flux, T is
the flux template (for this redshift and band ), tmax is the date of maximum,
and s is the stretch. The template is defined so that the average stretch is
1.

Resolution on light curve parameters can then be derived by comparing gener-

ated and reconstructed quantities. Note that the simulation does not account
for supernovae host galaxy light, which adds a small amount of noise. We also

11



neglected the fact that subtracting the host galaxy involves additional noise
present on the final reference image(s) without the supernova, since the pro-
posed observing scheme makes it possible to build a very deep final reference
image.

5.8  Simulations of v’ light curves at z=0.8

In order to assess the impact of photometric sampling and weather, supernovae
light curves were simulated in various observing conditions. All these virtual
experiments were done at redshift z = 0.8, in the i’-band and with an exposure
time of 1800s per observation. Observations were assumed to start 9 nights
before new moon and end 9 night after new moon, and to be carried out at
all lunations. Only measurements prior to 35 rest frame days after maximum
light were considered, because of the stretch behavior which may not hold
beyond this date.

Events for which the observing schedule did not allow to sample the interval
[-10,415] rest frame days from maximum, and which had less than 8 measured
points were rejected. The results are summarized in Table 7.

simulation conditions 0(Mypear) | 0(8) | 0(Mpear)[corrected] | N/S

seeing=0.8, frac = 1

extinction=0, 7 obs/lunation 2.36 2.56 4.44 4.86

same as above, frac = 0.75 2.99 3.31 5.49 4.86

use “weather simulator” 2.78 3.13 5.20 5.37

same as above, 9 obs/lunation 2.65 2.92 4.93 5.37
Table 7

Photometric resolution (in %) obtained under various sampling hypotheses. The
peak brightness of our samples is i’=23.15(Vega). The last column gives the noise
to signal (N/S) of a single measurement at peak. “frac” denotes the fraction of nights
where observations can occur. The third row represents a favorable realization of
the weather (83% of the time could be used).

From the results summarized in Table 7, we conclude that:

e The random loss of photometric samples applied from row 1 to 2, affects
the resolution more than expected just from the loss of observing time. This
is due to the fact that some of samples lost result in an increase of the full
moon gap. This stresses the need for setting a very high priority for the
observations of supernovae at the beginning and the end of the lunation.

e The resolution gain when going from 7 to 9 points per lunation (third to

fourth row) is less than 4/9/7 (in which case the resolution for the fourth

12



row would be 4.58%). This again points out that the full moon gap should
be kept as short as possible.

6 Imaging survey strategy

A priory the measurement of the cosmological parameters requires extending
the redshift range as much as possible. This is based on the fact that cosmo-
logical effects are more important at higher redshifts. This however should be
weighted by the “cost” of detecting, identifying and measuring a high redshift
supernova compared to the sensitivity of the various cosmological parameters
as a function of redshift. Optimization of the solid angle versus redshift range
should therefore be performed to obtain the best possible measurement. This
work remains to be done. In what follows we have assumed a solid angle of 4
square degrees as proposed by the MSWG.

6.1 Redshift range

The observable redshift range will be fixed by the available filters and CCD
efficiencies. As shown in Figure 3, rest frame B-band can be measured up to
redshifts of about 0.9 to 1, through a mixture of i’ and z’. On the lower end of
the redshift range, g’ allows to measure rest frame B-band down to z ~ 0.2,
and up to z ~ 0.4. In this redshift range, the photometry can be carried out
accurately enough for systematic checks of the reductions to be done.

6.2 Peak Brightness resolution

Using the ingredients described in the previous section, we simulated super-
novae in the redshift range from 0.25 to 1.25. We used the “weather simu-
lator”, assumed 7 (scheduled) observations per lunation (-9,-6,-3,0,3,6,9 days
w.r.t new moon). The resolution of the fitted peak brightness was evaluated
using the dispersion of reconstructed quantities. Figure 4 gives the resolutions
as a function of redshifts in the 4 different bands, assuming some plausible
values for the exposure length.

6.3 Color measurement

Classically, host galaxy extinction is derived through the measurement of the
color excess, E(B-V). However, since cosmological measurements using SN Ia

13
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Fig. 3. Comparison of redshifted B-band and V-band Bessel filters with Megacam
1’ and 7’ filters, where the latter account for filters and all optical components.

rely on a comparison of nearby and distant objects, they are only sensitive to
evolution of the average extinction rather than to the extinction itself. In their
paper, Perlmutter et al. [14] did not actually corrected for extinction arguing
that average color of distant and nearby objects were identical within errors.

In the framework of supernovae light curves, the most precise color indicator
is the fitted peak magnitudes difference, without stretch corrections. It makes
use of all points on the light curves. As for the stretch, the color correction
aims at providing a distance indicator as precise as possible.

First order stretch and color corrections can then be accounted for using:

Bcorr = Bmeasured - a(l - 3) - /B(B - V)

14
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By minimizing the scatter of the corrected intrinsic peak brightnesses of nearby
supernovae, N. Regnault [15] finds® « ~ 1 and § ~ 2, with errors of about 10
%. The color correction factor § is lower than the expected value (about 4),
probably because without extinction, peak brightness and peak color correlate,
in a way opposite to the effect of dust.

3 The maximization was in fact done using the § M5 parameter rather than the
stretch (although light curve were fitted using the stretch concept):

Beorr = Bmeasured - a(6M15 - 1'1) - IB(‘B - V)

a was found to be around 0.6. Since M5 — 1.1 = 1.6 % (1 — 5) + o((1 — 5)?), our &
is approximately 1.

15



6.4 Statistics and precisions over the redshift range

Using the data shown in figure 4, we can derive the precision of “corrected
peak brightness” measurements (to be understood as distance measurements)
as a function of redshift. The results are summarized in Table 8.

Redshift || 1 year statistics | opeak | Tint | Otot | Ocolor awlw\/ﬁ
0.3 9 0.015 | 0.15 | 0.15 | 0.01 -
0.4 13 0.02 | 0.15| 0.15 | 0.015 -
0.5 16 0.035 | 0.15 | 0.15 | 0.025 -
0.6 20 0.045 | 0.15 | 0.156 | 0.03 -
0.7 22 0.05 | 0.15 | 0.158 | 0.08 0.015
0.8 24 0.055 | 0.15 | 0.16 | 0.10 0.02
0.9 25 0.07 | 0.15 | 0.165 | 0.10 0.02

Table 8

Resolutions of stretch corrected peak brightness and color as a function of redshift.
The statistics is for 4 fields (1 sq degree each) observed one semester 6 dark runs
in a row. Opegr, is the resolution of the stretch corrected peak magnitude. oy is the
intrinsic scatter of SN Ia (after stretch correction). oy, sums the two previous ones.
Ocolor 18 the precision of the color measurement. The last column gives the precision
on the average color of a 0.1 redshift bin. Up to z=0.6, the color can be accurately
measured on an event per event basis. The total statistics (for 1 year/4 fields) is
127 objects.

6.5 Total integration time budget

As an example of a possible survey strategy, we detailed in table 9 the integra-
tion time needed to perform the survey assuming that 4 square degrees will
be observed in the four bands every third night during five 6 months period.

Note that these estimates include bad weather fraction, at variance with usual
requests to QSO. One should nevertheless implement a scheme where obser-
vations lost to weather are done as soon as possible. This would improve the
efficiency of the telescope time involved in this program (very sensitive to the
size of the moon gap). Ray Carlberg proposes an algorithm to achieve this
goal.

16



band time per exposure (s) | 1 semester (h) | 5 years (h)
g 300 3.5 17.5
r’ 600 7 35
K 1800 21 105
7’ 1800 21 105
total (1 field) 4500 52.5 262.5
total (4 fields) - 210 1050

Table 9
Integration time in the different colors, assuming 7 observations per lunation, each
field being observed 6 lunations in a row.

7 Determination of the redshift

Building the Hubble diagram requires knowing the redshift of the supernovae.
This is usually done by spectroscopy of the host galaxy. Past experience has
shown that a simultaneous measurement of the SN and it host galaxy could
often be achieved with a judicious alignment of the slit. This however is not
always possible and additional spectroscopy time will be needed to get a spec-
trum of the host galaxy. An alternative method would be to use an integral
field spectrometer (such as VIMOS on the VLT) to get both the SN and the
host galaxy spectra simultaneously. This would further have the advantage of
relaxing the need for precise positioning of the slit.

Note however that the spectrum of the galaxy does not have to be taken close
to supernova discovery but can always be obtained long after the supernova
has faded. For some cases even, where the host galaxy light contamination is
large, it will be necessary to get a host galaxy spectrum after the supernova
has faded to subtract the galaxy light from the supernova spectrum. This
means that observing time on 8-m class telescopes will have to be allocated
to measure the redshifts.

7.1 Photometric redshifts

A good estimate of the redshift can be obtained from multicolor optical pho-
tometry of the host galaxy. Determination of these photometric redshifts is
based on template fitting of the galaxy and can reach precisions of §z ~ 0.05 up
to redshifts of z ~ 1 [16]. Although a factor ~ 10 better is needed to precisely
extract the cosmological parameters from the Hubble diagram, the availability
of photometric redshifts of all galaxies is essential. This information will be
used to make a pre-selection of candidates according to their redshifts. This
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is important for spectroscopy where rejection of z > 0.9 candidates will have
to be done to reduce the overall amount of spectroscopy time needed for this
project.

Obtaining accurate photometric redshifts requires precise i.e. deep enough
multicolor photometry of the fields. However this should not result in an in-
crease of the time needed for the survey since repeated multicolor observa-
tions of the same regions of space will be done that will rapidly generate deep
enough images. However adequate software and processing pipeline should be
prepared well in advance to rapidly extract the information.

7.2 Spectroscopic redshifts

Measurement of the redshifts will have to be derived from spectra of the host
galaxies. These spectra can be obtained either as additional observations on
8-m class telescopes or, when available, from existing spectroscopic survey
provided the same regions of space are observed (see below choice of fields).

Spectroscopic redshifts are based on detecting either the 4000 A break or
absorption or emission lines such as O II A3727, O III A5007 or HB in the
galaxy spectra. A crude estimation shows that the exposure time is not very
redshift dependent and that, in most cases, 30 mn exposure should be enough
to reach z ~ 0.9 on 8-m class telescopes. With about 150 SN candidates per
semester up to redshifts z = 0.9, this adds up to about 50 h per semester.
Note again that these observations can be done long after the supernova has
faded and that a fair fraction of this time could be saved if the observations
can be coordinated with the deep spectroscopic surveys. This number should
therefore be considered as an upper limit and could even get close to 0 with a
judicious choice of fields.

Finally since the phase of the supernova candidates will be very well known
from the light curve, an estimate of it redshift can also be derived from the
SN spectrum itself, however with large uncertainties.

8 Identification of the supernova

Identification of the supernovae type is needed both for the measurement of
cosmological parameters which relies on selecting SN Ia and to identify other
SN types such as Ib/c and II in order to measure their respective rates to
address the star formation rate history. It would also be of interest to get
unbiased measures of the rates of all the other variables objects that will be
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detected.

The supernova classification scheme is based on the identification of specific
spectral features at or near maximum light. SN Ia, in particular should show
prominent silicon absorption line at A = 615 nm in their spectra. However,
observation of this feature is not always possible and SN identification some-
times relies on the observation of other spectral lines. Non spectral features
for identification such as their light curves shape and brightness or the type
of their host galaxy have also been suggested. These indirect identifications
are subject to debate and remain in any case to be “calibrated” against the
universally accepted spectral definitions. In particular, efficiencies and contam-
inations from other types will have to be measured before any identification
scheme based on non spectral features is adopted. The high statistics that
Megaprime will provide will allow one to do these measurements which could
result in a dramatic reduction of the amount of 8-m spectroscopy time needed
to identify the supernovae.

8.1 Trigger and pre-selection

The continuous sampling strategy adopted for this survey makes it possible to
monitor the rise of the supernova and trigger spectroscopy close to maximum
light. The precise algorithm has to be defined but the magnitude and date
of maximum light can in principle be estimated in advance using a simple
extrapolation of the first three measured points of the light curve.

Obtaining one spectrum for every SN candidate, requires securing a fair amount
of spectroscopy time on 8-m class telescopes which may be difficult to achieve.
As discussed above, the quality of the data gathered in the survey together
with additional information such as the photometric redshifts and the host
galaxy type will be used to develop alternative classification schemes or sim-
ply selection algorithms during the first years of the survey. For example, SN Ia
could be selected based on:

- their host galaxy type : although the statistics are currently very small, only
SN Ia have been seen in E/SO. The morphology of the galaxies will have to
be known in advance.

- their brightness : SN Ia are usually brighter than other SN types by ~
2 magnitudes. A preselection based on a cut on the estimated magnitude
at peak at a given redshift could therefore be implemented. An estimate of
the redshift of the galaxy will have to be known in advance.

The exact method and the final contamination after pre-selection is currently
impossible to estimate due to the small statistics available. For that reason, it
is important that before implementing any pre-selection scheme, a unbiased
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sample of a few hundred supernovae is taken with spectral identification for
everyone of them.

8.2  Spectroscopy time budget

Current experience shows that SN Ia spectra at redshifts up to z = 1.2 can be
obtained but the amount of spectroscopy time needed will vary a lot depending
on whether we aim at simply identifying the supernova or making a detailed
study of it spectrum for further studies.

Our goal for this survey is a simple identification of the supernova type. We
have followed two different approaches to estimate the overall spectroscopy
time budget needed to complete the experiment: a scaling of existing mea-
surements done at Keck and VLT and a calculation based on a full simulation
of observations.

Recent identification at Keck of a redshift 1.2 SN Ia close to maximum light
was achieved with 130 mn exposure [19]. At this redshift, the Si IT A4130 line
is used since the usual Si II A6355 is out of reach. From this measurements
and earlier ones done at Keck and VLT at redshifts ranging from 0.3 to 1.2 we
estimate that about 60h integration time on a 8-m class telescope would be
needed to identify the ~ 100 supernovae (Ia, Ib/c, II) per square degree that
will be discovered up to z=1.2 each semester. Note that more than 2/3 of the
time would be spent on z > 1.0 candidates (3/4 of the time on z > 0.9).

The second estimate is based on simulating the observation of SN Ia spectra
with the FORS instrument on the VLT. The simulation takes into account the
technical parameters of the telescope (seeing, airmass, response of the different
apparatus, sky noise spectrum, ...) and returns the spectrum as recorded on
the CCD. It is then possible to estimate the exposure time as a function of
the redshift for a given signal to noise ratio (S/N). The identification is based
on the same Si IT A4130 line as previously done since the Si IT A6355 is out of
reach for z > 0.5 supernovae. We define an average S/N between 350 and 470
nm to identified Ca H and the Si at 400 nm in the rest frame and found that
a S/N> 5 for a bin of 10 A is required to properly identify a SN Ia. Under
these conditions, an 8-m telescope such as the VLT can identified supernovae
at a redshift of z = 0.9 with an exposure time of 1 hour. This estimation is in
agreement with the existing VLT measurements.

We conclude that a strategy aiming at selecting z < 0.9 candidates should
be pursued, using for example available photometric redshifts, to reduce the
amount of spectroscopy time needed. In such a scheme about 80 h integration
time by semester on a 8m class telescope would be needed to identify the
~ 400 supernovae (Ia, Ib, II) at redshifts ranging from 0.3 to 0.9 that would
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be discovered in 4 square degrees survey. This is a large number although
not out of reach considering the fact that several 8m class telescopes are now
available to our community. We finally point out that this time will have to
be scheduled in a distributed way such as for example as 1 hour/night every
third night during the semester to guaranty near maximum light spectroscopy
of all candidates.

9 Choice of fields

A priory the fields can be chosen in any region of the sky provided the selected
region is free from bright stars, not obscured by dust and visible for 6 months
per year. To allow follow-up at VLT, at least a fraction of the fields should be
around equator.

It would be very useful however to benefit from information such as galaxy
morphology, photometric redshifts or even spectroscopic redshift of galaxies
prior to the survey. Such information could be available at the start of the
survey on selected area from large surveys such as VIRMOS [17] at the VLT
or DEEP [18] at Keck. Coordination with these projects should therefore be
studied. For fields for which this information will not be known prior to the
survey, a complementary program aiming as determining their photometric
redshifts should be set up either prior to the survey or at its very beginning
since it will permit saving a lot of precious 8-m spectroscopic time.

If one targets the 4 VIRMOS fields, observing them 6 dark runs in a row
imposes a Megacam run at every new moon. Relaxing to 5 dark runs (for one
or 2 fields) makes it possible to allocate one new moon (around june/july) to
other dark time instruments.

10 Precision of cosmological parameter determinations

We consider two different cosmological models: The “classical” model in which
the cosmic state equation parameter, w is equal to -1, parametrized by (Qu, Q4)
and a second model in which the universe is flat with a Dark Energy compo-
nent of unknown equation of state, which we parametrize by (Qy, w).

Note that with the redshift distribution accessible at CFHT (i.e. typically
from 0.3 to 0.9), and even if one adds a sizable sample of nearby objects, a
cosmological fit to (Qu, Qx,w) is almost degenerate and does not provide
useful measurements without external constraints.
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In the fitting procedure, the intrinsic brightness M of SN Ia has to be ac-
counted for. For small samples, one usually uses determinations from well
measured nearby objects. For higher statistics, this parameter has to be ex-
tracted from the data and marginalized over. This nuisance parameter has
an large impact on the achievable precision [20] and the redshift distribution
accessible in the survey requires adding a sample of nearby objects to fully
constrain the cosmological parameters. Unless otherwise stated, the precisions
we quote account for this parameter.

We considered a sample of 200 nearby objects at z = 0.03 that we added to
the CFHLS sample. Such a set of well measured objects could for example
be available from the Nearby Supernova Factory. We checked that our results
were not sensitive to the exact amount of nearby objects, which indicates, that
even when we quote precisions that involve these objects, these precisions scale
with the square root of the CFHLS statistics (within a factor of 2 of the 750
objects we considered). We also checked that the redshift of those nearby
objects can be varied around 0.03 without a dramatic impact.

Finally, we want also to emphasize the fact that these results assume a pre-
cision on z better than 1 % (an 1% error on z gives a 10 % relative error on
parameters). This explain why a spectroscopic z measurements with a preci-
sion better than 1 % are requested for all supernovae.

Using the precisions of Table 8 and assuming the 5 six months periods opera-
tion, we derived Fisher matrix precisions for the 2 cosmological models defined
above. The results are reported in Table 10.

Model samples prior(s) o PXY
(1, Q4) CFHLS - (0.12,0.37) | 0.95
(O, Q4) | CFHLS+NEARBY - (0.06,0.10) | 0.95
(O, W) fat CFHLS M | (0.06,0.15) | -0.994
(O, w)aae | CFHLS + NEARBY | - (0.07,0.18) | -0.98

Table 10

Precisions obtained for the determination of cosmological parameters for various
schemes and samples assuming a 5 years operation. “NEARBY” refers to a sample
of 200 objects at z=0.03.

Figure 5 shows the confidence contours for a measurement of (Qy7,w), and a
measurement of (Q37,824) after 5 years of operation (1 semester per year).
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Fig. 5. One, two and three o contours (39 ,86 and 99 % CL)for the (, w) (top) and
(1, Q4) cases for the whole CFHLS statistics + 200 nearby objects. The assumed
values for the cosmological parameters are Qy = 0.28;, Qp = 0.72 and w = -1. The
plots on the right add a gaussian prior of Qy with 0=0.03 (i.e ~ 10%). All these
contours are obtained after marginalisation over SN Ia average intrinsic brightness.

11 Other scientific targets

11.1 Higher redshifts supernovae

The survey will detect a large number of supernovae at high 2 for which
Megaprime will not be able to provide well enough measured color or even
light curve. For these very distant supernovae (z > 0.9) additional observation
will be needed and could be set up in complementary programs.
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11.2  Spectral study of distant SN Ia

The large number of supernovae that will be detected and followed-up will
permit very valuable spectroscopic analyses of supernovae in the full redshift
range and at all phases of the supernovae. This is of great importance for
this project since it will allow quantitative study of SN evolution from precise
spectral information. For that purpose additional spectroscopy time will be
needed but could probably be requested on a complementary proposals basis.

12 Data processing

Rapid processing of the images will have to be performed in order to assess
the quality of the data, find the candidates and decide within a few hours to
get a spectrum.

The processing chain will include data reduction, image shifting and coaddi-
tion, reference image construction, subtraction to find supernovae candidates,
follow up of previous candidates to construct light curves and trigger to request
a spectrum close to maximum. This last step will probably require getting in-
formation on the host galaxy : morphology and/or photometric z.

The supernovae detection and follow-up chain should be hooked up to the
CFHT online data processing chain. A possible sketch of the data flow for
this processing is given in Figure 6. Online processing will require automating
most of the analysis steps. Human intervention will probably stay necessary
but should be minimized.

Prototype software has been developed for the processing of CFH12k images
and is currently running on CFHT computers. The current software allow fast
processing of images and quasi online detection of supernova candidates. This
software will have to be robustified and automated to routinely process the
Megacam data flow. Additional software will have to be implemented to per-
form light curve reconstruction and trigger decision needed for spectroscopy.
We estimate that this work will require between 2 and 4 yearxman to be
completed. Additional hardware will also have to be acquired to cope with
the increase data flow.
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Fig. 6. Supernova online processing data flow.

13 Summary

We have computed the number of Type Ia supernovae expected in the pro-
posed scheme of the CFHLS as well as an estimate of expected number of
Type Ib/c and Type II supernovae. A detailed simulation of Megaprime has
been developed to simulate supernovae light curves and compute the expected
peak magnitude precisions over the accessible redshift range. We propose to
set up a program in which spectral identification of the supernovae is done
up to redshift z ~ 0.9. We estimated the amount of spectroscopy time needed
on a 8 m class telescope and found that a reasonable figure emerges. In this
scheme precise results can be obtained on the measurement of cosmological
parameters and in particular on the equation of state of the dark energy. This
strategy will further allow us to get very important results on the supernovae
rates as a function of redshift for all supernovae and host galaxy types, a key
ingredient for the understanding of the star formation rate.
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A Appendix : Simulation of the observing strategy proposed by
R.Carlberg

R. Carlberg proposed a different observing stategy [21]:

e The individual exposure times are: g’:900 s, r’:1800 s, i’:3600 s and z’:1800 s.

e Observations are scheduled every second day during the dark run (9 obser-
vations per run). R. Carlberg proposes an algorithm to decide wether to
observe or not, which results in 7 observations per lunation on average.

e One assumes a given field to be observed 5 successive lunations.

We recomputed in that scheme the key figures and tables of what is given
above. We did not change the redshift range (0.25j2j0.95), since the limitation
mainly comes from the absence of IR imaging and limited 8-m spectroscopy
time.

The peak brightness resolutions of figure 4 become figure A.1. The total statis-
tics of measured SN is now 500 objects.

Table 8 (statistics and resolution) becomes table A.1.
The confidence contours of figure 5 become figure A.2.

The proposed scheme does not improve the resolution on cosmological param-
eters, making use of all the observing time requested for the Deep Survey : the
increase of exposure time with respect to our simulation may be costless. The
less favourable point is that observing 5 dark runs in a row instead of 6 costs
25% of the SN Ia statistics at z=0.9. A real benefit of this scheme is that it is
safer from the point of view of systematics than the one we sketched. Finally,
if the intrinsic random dispersion of SN Ia decreases as we better understand
them, the proposed deeper exposures in i’ will actually sharpen distance and
cosmological parameters estimates.
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Fig. A.1. r.m.s of fitted peak magnitude, corrected for stretch (full line) and un-
corrected (dashed line). The assumed exposure times are 900 s in g’, 1800 s in r’,
3600 s in i’ and 1800 s in z’. Both observing times and observing dates vary with
respect to fig.4.
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Redshift || 1 year statistics | Opear | Tint | Otot | Ocolor OcolorVIN
0.3 7 0.01 | 0.15 | 0.15 | 0.01 -
0.4 10 0.02 | 0.15 | 0.15 | 0.012 -
0.5 13 0.02 | 0.15 | 0.15 | 0.014 -
0.6 15 0.03 | 0.15 | 0.153 | 0.02 -
0.7 16 0.03 | 0.15 | 0.153 | 0.06 0.015
0.8 18 0.04 | 0.15 | 0.155 | 0.09 0.025
0.9 18 0.05 | 0.15 | 0.158 | 0.10 0.030
Table A.1

Resolutions of stretch corrected peak brightness and color as a function of redshift.
The statistics is for 4 fields (1 sq degree each) observed (each) 5 month in a row
once. The total statistics is 97 objects. opeqy, is the resolution of the stretch corrected
peak magnitude. o, Is the intrinsic scatter of SN Ia (after stretch correction). oy
sums the two previous ones. oy, 1S the precision of the color measurement. The
last column gives the precision on the average color of a 0.1 redshift bin. Up to

z=0.6, the color can be accurately measured on an event per event basis.
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Fig. A.2. One, two and three o contours (39 ,86 and 99 % CL)for the (i, w) (top)
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= -1. The plots on the right add a gaussian prior of Q with 0=0.03 (i.e ~ 10%).
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