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ABSTRACT

The Supernova / Acceleration Probe (SNAP) is a space-based experiment to measure the
properties of the accelerating universe and study both the dark energy and the dark matter of
the Universe. The experiment is motivated by the startling discovery that the expansion rate
of the Universe is accelerating. A one-billion-pixel imaging system is envisioned for SNAP. The
imager is comprised of 132 large format new technology CCD’s sharing a focal plane with 25
HgCdTe detectors and coupled to a 2.0-meter telescope that can view a one-square degree field.
The diffraction-limited optics are achieved with a three mirror anastigmat. With this wide-field
imager, and a spectrograph, the SNAP mission can discover and follow with high-signal-to-noise
calibrated light-curves and spectra over 2000 Type Ia supernovae every year at redshifts between
z=0.1 and 1.7. The resulting data set can determine the cosmological parameters with high
precision: mass density (257) to £0.02, vacuum energy density (£24) to +0.05, and curvature
(Qx) to £0.06. The data set can test the nature of the “dark energy” that is apparently accel-
erating the expansion of the Universe. In particular, a cosmological constant dark energy can be
differentiated from alternatives such as “quintessence”, by measuring the dark energy’s equation
of state to £0.05, and by studying its time dependence.

Subject headings:  Early universe—instrumentation: detectors—space vehicles: instruments—
supernovae:general—telescopes
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trophysics and particle physics. The most recent
of these results have already brought surprises.
The Universe’s expansion is apparently accelerat-
ing rather than decelerating as expected solely due
to gravity. This implies that the simplest model
for the Universe — flat and dominated by matter —
appears not to be true, and that our current funda-
mental physics understanding of particles, forces,
and fields is likely to be incomplete.

The clearest evidence for this surprising con-
clusion comes from the recent supernova mea-
surements of changes in the Universe’s expansion
rate that directly show the acceleration. Figure 1
shows the results of Perlmutter et al. (1999) (see
also Riess et al. (1998)) who use a Hubble diagram
for 42 SNe with 0.18 < z < 0.83 to find that for a
flat universe Q57 = 0.28+0.08 (2x =1—-Qps), 0or a
deceleration parameter gg = —0.58, and constrain
the combination 0.8 23, — 0.6 2z to —0.2 £0.1.

This evidence for a negative-pressure vacuum
energy density is in remarkable concordance with
combined galaxy cluster measurements (Bahcall
et al. 1999), which are sensitive to Qjs, and cur-
rent CMB results (Lange et al. 2000; Balbi et al.
2000), which are sensitive to the curvature Q, (see
Fig. 1). Two of these three independent measure-
ments and standard inflation would have to be in
error to make the cosmological constant (or other
negative pressure dark energy) unnecessary in the
cosmological models.

These measurements indicate the presence of a
new, unknown energy component that can cause
acceleration, hence having equation of state w =
p/p < —1/3. This might be the cosmological con-
stant. Alternatively, it could be that this dark en-
ergy is due to some other primordial field for which
p # —p, leading to different dynamical proper-
ties than a cosmological constant. The fundamen-
tal importance of a universal vacuum energy has
sparked a flurry of activity in theoretical physics
with several classes of models being proposed
(e.g. “quintessence” (Caldwell, Davé, & Stein-
hardt 1998; Zlatev, Wang, & Steinhardt 1999),
Pseudo-Nambu-Goldstone Boson (PNGB) models
(Frieman et al. 1995; Coble, Dodelson, & Frieman
1997), cosmic defects (Vilenkin 1984; Vilenkin &
Shellard 1994)). Placing some constraints on pos-
sible dark energy models, Perlmutter et al. (1999)
and Garnavich et al. (1998) find that for a flat Uni-
verse, the data are consistent with a cosmological-

constant equation of state with 0.2 < Qp < 04
(Fig. 2), or generally w < —0.4 at 95% confidence
level. The cosmic string defect theory (w = —1/3)
is already strongly disfavored.
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Fig. 1.— There is strong evidence for the exis-
tence of a cosmological vacuum energy density.
Plotted are Qp,—Qa confidence regions for cur-
rent SN (Perlmutter et al. 1999), galaxy cluster,
and CMB results. These results rule out a simple
flat, [ = 1, Qo = 0] cosmology. Their consis-
tent overlap is a strong indicator for dark energy.
Also shown is the expected confidence region from
the SNAP satellite for an 2, = 0.28 flat Universe.

In this paper, we attempt to formulate a defini-
tive supernova study that will determine the val-
ues of the cosmological parameters and measure
the properties and test possible models for the
dark energy. In §2 we identify and demonstrate
how to minimize systematic errors that fundamen-
tally limit the precision with which this probe can
measure cosmological parameters. A supernova
dataset that maximizes the resolving power of the
redshift-luminosity relation under the constraint
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Fig. 2.— Best-fit 68%, 90%, 95%, and 99% confi-
dence regions in the Qy\—w plane for an additional
energy density component, €2, characterized by
an equation-of-state w = p/p. (For Einstein’s cos-
mological constant, A, w = —1.) The fit is con-
strained to a flat cosmology (Qm + Q. = 1). Also
shown is the expected confidence region allowed
by SNAP assuming w = —1 and Qs = 0.28.

of these systematic errors is constructed in §3. We
present in §4 the Supernova / Acceleration Probe
(SNAP) (Fig. 3) whose observing strategy and in-
strumentation suite is tailored to provide the data
that satisfy both our statistical and systematic re-
quirements.

2. Control of Systematic Uncertainties

Type Ia supernovae have already proven to be
an excellent distance indicator for probing the dy-
namics of the universe. However, as we move
toward the era of precision cosmology, we recog-
nize that using the supernova redshift-luminosity
distance relationship for measuring cosmological
parameters is fundamentally limited by potential
systematic errors. Below are identified possible
systematic errors any experiment that wishes to
make maximal use of this technique will need to
recognize and limit.

Malmquist Bias A magnitude-limited sample
preferentially detects intrinsically brighter
objects. Attempts to correct this bias rely

Fig. 3.— A cross-sectional view of the SNAP
satellite. The principal assembly components are
the telescope, optical bench, instruments, propul-
sion deck, bus, and thermal shielding.

on knowledge of the SN Ia luminosity func-
tion which may change with lookback time.
A detection threshold fainter than peak by
at least five times the intrinsic SN Ta mag-
nitude dispersion will comfortably ensure a
complete sample of unextincted supernovae
at our target redshifts and allow detection
of previously unobserved very subluminous
supernovae.

K-Correction and Cross-Filter Calibration
The current data set of time and stretch de-
pendent SN spectra is incomplete. Judicious
choice of filter sets, spectral time series of
representative SN Ta, and cross-wavelength
relative flux calibration will provide < 0.01
€rTors.

Non-SN Ia Contamination Observed super-
novae must be positively identified as SN Ia.
As some Type Ib and Ic supernovae have
spectra that otherwise mimic those of SNela,
a spectrum covering the defining rest frame
Si 1T 6250A feature for every supernova at
maximum will provide a pure sample.

Milky Way Galaxy Extinction Supernova fields
can be chosen toward the low extinction
Galactic poles. SDSS and SIRTF observa-
tions, as well as spectra of Galactic subd-
warfs, will provide precise Galactic extinc-
tion measurements in the direction of super-
nova (0.01 mag).



Gravitational Lensing by Clumped Mass
Inhomogeneities along the supernova line of
sight can gravitationally magnify or demag-
nify the supernova flux. Large statistics per
redshift bin can average out the increased
magnitude dispersion induced by this ef-
fect. Weak gravitational lensing measure-
ments of target fields can provide indepen-
dent measures of expected de/magnification
(0.02 mag).

Extinction by Extra-Galactic “normal” Dust
Cross-wavelength flux calibrated spectra will
measure any wavelength dependent absorp-
tion (0.01 mag).

Extinction by Gray Dust As opposed to nor-
mal dust, gray dust is postulated to pro-
duce wavelength independent absorption in
optical bands. However, even gray dust
cannot remain completely invisible, since
it will re-emit absorbed light from galax-
ies and QSO’s and contribute to the far-
infrared (FIR) background. Deeper SCUBA
and SIRTF observations should tighten the
constraints on the amount of gray dust al-
lowed.

Although physical gray dust grain models
dim blue and red optical light equally, the
near-IR light (~1.2 pm) is less affected.
Cross-wavelength calibrated spectra extend-
ing to wavelength regions where “gray” dust
is no longer gray will characterize the hypo-
thetical large-grain dust’s absorption prop-
erties. Armed with the extinction — color ex-
cess properties of the gray dust, broadband
near-infrared colors can provide “gray” dust
extinction corrections for supernovae out to
z = 0.5 at controlled SN-explosion epochs.

It should also be noted that reasonable dis-
tributions of gray dust will not mimic Qp; —
QA cosmology Hubble diagrams. For exam-
ple, {A =0, gray dust} models and {A # 0,
no gray dust} models which are both con-
sistent with current supernova data are ex-
pected to diverge at higher redshifts, to the
50 standard-deviation level at redshifts be-
yond z = 1.4 (0.02 mag).

Uncorrected Evolution

Supernova behavior may depend on properties
of its progenitor star or binary-star system. The
distribution of these stellar properties is likely to
change over time—“evolve”—in a given galaxy,
and over a set of galaxies. Nearby SNe Ia drawn
from a wide range of galactic environments pro-
vide an observed (Hamuy et al. 1996; Hamuy
et al. 2000) and correctable evolutionary range of
SNe Ia. So far, it appears that the differences
that have been identified are well calibrated by the
SN Ia light curve width-luminosity relation. It is
not clear that any additional, more subtle effects
that may exist would change the peak luminosity
of the SNe Ia.

Our philosophy in bounding possible supernova
evolution is as follows. Single-parameter correc-
tions have reduced the dispersion in peak B su-
pernova magnitudes down to 0.1 mags in current
data. There is strong evidence that two param-
eters can further reduce that dispersion. As of
yet, there is no evidence for systematic residuals
at the 0.02 mag level after correction, although
observational errors would obscure such an effect.
We expect that upcoming low-redshift supernova
surveys will expose further heterogeneity of Type
Ta supernovae and perhaps even improve our cal-
ibrated candle. Theoretical models can identify
observables that are expected to display hetero-
geneity. But the state of empirical understanding
of these observables at the time SNAP flies will be
explicitly tested by SNAP measurements.

In particular, we demand sensitivity to the ef-
fects of evolution on the peak magnitude to 0.02
magnitudes, to match the uncertainties due to the
other systematic errors. These key features, in-
dicative of the underlying physics of the super-
nova, are:

Rise time from explosion to peak The rise
time to peak is an indicator of opacity,
fused ®6Ni mass and possible differences in
the %°Ni distribution. Ho6flich, Wheeler, &
Thielemann (1998) find that a 0.3 days un-
certainty corresponds to a 0.03 magnitude
brightness constraint at peak. This accu-
racy requires discovery within ~2 days of
explosion, on average, i.e. ~3.8 magnitudes
below peak.



Plateau level 45 days past peak The light
curve plateau level that begins ~45 days
past peak is an important indicator of the
C/O ratio of the progenitor star, and fused
56Ni. A 0.1 magnitude constraint on this
plateau level corresponds to a 0.02 magni-
tude constraint at peak (Hoflich, Wheeler, &
Thielemann 1998). This accuracy requires
a signal-to-noise ratio of 10 for photometry
2.8 magnitudes below peak.

Overall light curve timescale The  “stretch
factor” that parameterizes the linear stretch-
ing or compression of the light curve time
scale is affected by almost all the afore-
mentioned parameters since it tracks the
SN Ta’s evolution from early to late times.
It is closely correlated with the two previ-
ously mentioned observables, which focus
on details of the light curve timescale, and
it ties this experiment’s controls for system-
atics to the controls used in the previous
ground-based work. A 1.5% uncertainty in
the stretch factor measurement corresponds
to a ~0.02 magnitude uncertainty at peak
(Perlmutter et al. 1999).

Spectral line velocities The velocities of sev-
eral spectral features throughout the UV
and optical make an excellent diagnostic of
the overall kinetic energy of the SNe Ia. The
kinetic energy directly influences the overall
shape of the light curve. If the velocities
are constrained to ~ 500 km s~! then the
peak luminosity can be constrained to ~0.02
magnitude uncertainty at peak (Hoflich,
Wheeler, & Thielemann 1998), given a typ-
ical SNe Ia expansion velocity of 15,000 km
s L.

Spectral Feature Ratios The ratios of various
spectral features in the restframe UV are
strong indicators of the metallicity of the
SNe Ta. By achieving a reasonable signal-
to-noise per wavelength bin we will be able
to constrain the metallicity of the progenitor
to 0.1 dex (cf. Lentz et al. (1999)).

We also note that the ratios of spectral fea-
tures in the restframe optical (Ca II H&K
and Si IT at 6150 A) provide additional con-
straints on the opacity and luminosity of

the SN Ia (Nugent et al. 1995). These fea-
tures are easily observed given the velocity
measurements mentioned above. By mea-
suring all of these features for each super-
nova we can tightly constrain the physical
conditions of the explosion, making it pos-
sible to recognize sets of supernovae with
matching initial conditions. The current
theoretical models of SN Ia explosions are
not sufficiently complete to predict the pre-
cise luminosity of each supernova, but they
are able to give the rough relationships be-
tween changes in the physical conditions of
the supernovae (such as opacity, metallicity,
fused nickel mass, and nickel distribution)
and changes in their peak luminosities. We
can therefore give the approximate accuracy
needed for the measurement of each feature
to ensure that the physical condition of each
set of supernovae is well enough determined
so that the range of luminosities for those
supernovae is well below the systematic un-
certainty bound (~2% in total).

In addition to these features of the supernovae
themselves, we will also study the host galaxy of
the supernova. We can measure the host galaxy
luminosity, colors, morphology, type, and the lo-
cation of the supernova within the galaxy, even
at redshifts z ~ 1.7. These observations are not
possible from the ground.

3. Supernovae as a probe of the Dark En-
ergy

Our primary scientific objective is to use most
efficiently the leverage available in the redshift-
luminosity distance relationship to measure the
matter and dark energy densities of the universe
with small statistical and systematic errors, and
also test the properties and possible models for
the dark energy. We thus determine the number
of supernovae we need to find, how they should be
distributed in redshift, and how precisely we need
to determine each one’s peak magnitude.

The intrinsic peak-magnitude dispersion of
SNe Ia after light-curve shape and extinction cor-
rection is ~ 0.1 magnitudes. In practice, the ob-
served magnitude dispersion can increase as much
as ~ 0.15 magnitudes at the highest redshifts due
to gravitational lensing, depending on the exact



nature of the lenses. So statistically, there is no
need to measure the corrected peak magnitude
to better than ~ 0.1 magnitudes. Given the lim-
itation of ~ 0.02 magnitude systematic errors,
we should observe at least (0.15/0.02)% =~ 50 su-
pernovae for each redshift bin of interest. We
consider this number to be a lower bound; due to
the value of using supernova subsets in performing
systematic checks (e.g. comparing sets of like su-
pernovae, bootstrap analysis, use of independent
calibrators) an even larger data sample would be
extremely valuable.

The importance of using supernovae over the
full redshift range out to z ~ 1.7 for measuring
the cosmological parameters is demonstrated in
Fig. 4 which shows the statistical uncertainty in
the cosmological parameters 25, Qa, i, and the
equation of state ratio of the dark energy, w, as
a function of maximum redshift probed. We as-
sumed 2366 supernovae in the range 0 < z < 2.5
with a distribution scaled from the z,x = 1.7 dis-
tribution. Fach supernova is given an individual
statistical uncertainty of 0.15 magnitudes arising
from an intrinsic dispersion of 0.1 and an observed
stretch and color corrected peak magnitude uncer-
tainty of 0.1 magnitudes. From this figure we con-
clude the following: 1) using SNe Ia that extend
to redshifts of z = 1 and higher helps in obtaining
higher accuracy because one covers a larger inter-
val of “action” of the dark energy, and 2) going
to redshifts much higher than z ~ 2 is not useful
because dark energy’s contribution to the energy-
density is negligible for z 2 2. However, the SNe
beyond z > 1 are extremely valuable for testing
models of SN evolution and grey dust, especially
with simultaneous NIR measurements.

Although current data indicate that an accel-
erating dark energy density—perhaps the cosmo-
logical constant—has overtaken the decelerating
mass density, they do not tell us the actual mag-
nitude of either one. These two density values
are two of the fundamental parameters that de-
scribe the constituents of our Universe, and de-
termine its geometry and destiny. The proposed
satellite project is designed to obtain sufficient
magnitude-redshift data for a large enough range
of redshifts (0.1 < z < 1.7) that these absolute
densities can each be determined to unprecedented
accuracy (see Fig. 1). Taken together, the sum of
these energy densities then provides a measure-
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Fig. 4.— Accuracy in parameter estimation as
a function of maximum redshift probed in SN Ia
surveys. Shown is the statistical uncertainty in
the determination of the cosmological parameters
Qs , Qa, and Q (upper panel; knowledge of w as-
sumed) and equation of state ratio w (lower panel;
flat Universe assumed) each as a function of max-
imum redshift probed zmax. Approximately 2400
supernovae distributed from z = 0 to zmax are
assumed in each case with statistical uncertain-
ties only. Exploring redshifts between 0 and 1.7
is optimal, since this is where most of the dark
energy action occurs. Going to redshifts beyond
z ~ 1.8 would bring very little improvement in
parameter-determination accuracy, as the dark en-
ergy is expected to be dynamically unimportant at
such high redshifts.



ment of the curvature of the Universe. Assum-
ing that the dark energy is the cosmological con-
stant, this experiment can simultaneously deter-
mine mass density Qs to accuracy of 0.02, cos-
mological constant energy density Q2 to 0.05 and
curvature Q. = 1 — Qu — Qa to 0.06. The ex-
pected parameter measurement precisions for this
and other cosmological scenarios are summarized
in Table 1.

The proposed experiment is one of very few that
can study the dark energy directly, and test a cos-
mological constant against alternative dark energy
candidates. Assuming a flat Universe with mass
density Q37 and a dark energy component with a
non-evolving equation of state, the proposed ex-
periment will be able to measure the equation
of state ratio w with accuracy of 0.05 (for con-
stant w), at least a factor of five better than the
best planned cosmological probes, including sys-
tematic errors. (Weller & Albrecht 2000). With
such a strong constraint on w we will be able
to differentiate between the cosmological constant
and such theoretical alternatives as topological
defect models and a range of dynamical scalar-
field (“quintessence”) particle-physics models (see
Fig. 2). Moreover, with data of such high quality
one can relax the assumption of the constant equa-
tion of state, and test its variation with redshift, as
predicted by many theories including supergravity
and M-theory inspired models. These determina-
tions would directly shed light on high energy field
theory and physics of the early Universe.

It is important to note that other cosmological
measurements are and will be available, providing
complementarity and cross comparison. The si-
multaneous fit can improve constraints by as much
as an order of magnitude — or they may not agree
and upset our cosmological understanding.

To accomplish a rigorous test discovery and
study of more supernovae and more distant su-
pernovae (or any probe) is insufficient. We must
address each of the systematic concerns, requiring
a major leap forward in the measurement tech-
niques. The science goals have thus driven us to
the satellite experiment that we describe in the
next section.

4. Proposed Experiment

4.1. Instrumentation

The baseline proposed satellite experiment is
composed of a simple, dedicated combination of a
2.0-meter telescope three-mirror-anastigmat, a 1-
square-degree optical — NIR imager and a low reso-
lution (R ~ 75) spectrograph sensitive in the wave-
length range 3500 — 17000 A. The mirror aperture
is about as small as it can be before photome-
try and spectroscopy at the requisite resolution is
no longer zodiacal-light-noise limited. A smaller
mirror design would quickly degrade the achiev-
able signal-to-noise of the spectroscopy measure-
ments, and drastically reduce the number of su-
pernovae followed. The 1-square-degree wide field
is obtained with a three-mirror telescope and a
feedback loop based on fast-readout chips on the
focal plane to stabilize the image. The field of
view for the imager has been optimized to ob-
tain the follow-up photometry of multiple super-
novae simultaneously; a smaller field would re-
quire multiple pointings of the telescope and again
would greatly reduce the number of supernovae
that could be followed. The spectrograph covers
the wavelength range necessary to capture, over
the entire target redshift range, the Si II 6150 A
feature that both identifies SNe Ia and provides a
key measurement of the explosion physics to probe
the progenitor state.

Our baseline configuration (Fig. 5) is a three-
mirror anastigmat in which the tertiary mirror re-
images an intermediate Cassegrain focus onto the
detector plane. This configuration has been ana-
lyzed by Cook (1979); Williams (1979), and is the
fifth design presented by Korsch (1980). This op-
tical train achieves a large flat focal surface with
acceptable image quality without the use of re-
fractive correctors. As with other anastigmats, it
is free from spherical aberration, coma and astig-
matism. There are further practical advantages
to this configuration: baffling against stray light
is simpler and the focal plane is more accessible. It
possesses two beam waists: one at the Cassegrain
focus near the primary mirror, and a second mid-
way between the tertiary mirror and the detector
plane. This second waist is small, and is an effec-
tive location for our CCD shutter. This optic de-
livers a root-mean-square image blur of 3 microns
(0.03”) over a working field of view extending out



TABLE 1
SNAP 1-0 STATISTICAL AND SYSTEMATIC UNCERTAINTIES IN PARAMETER DETERMINATION.

0, oq, (or oop g ) ow O’
stat Sys stat Sys stat Sys stat Sys
w=—1 0.02 0.02 0.05 < 0.01
w = —1, flat 0.01 0.02
w = const, flat 0.02 0.02 0.05 <0.01
Qnr, Qk known; w = const .- - 0.02 <0.01 e
Qur, Q known; w(z) = w+w' 2 0.08 <0.01 0.12 0.15

to 42’ off the geometrical axis.

meters

Fig. 5.— Side view of our baseline optical config-
uration, with a 2.0 meter primary mirror, a 0.45
meter secondary mirror, a folding flat, and a 0.7
meter tertiary mirror.

The wide fields of view of the imagers allow
simultaneous batch discovery and photometry of
~ 2500 SNe/year with the proposed accuracy.
(The field of view is slightly overscoped due to
the large uncertainty in high-redshift supernova
rates.) Even higher numbers of more distant, less
precisely measured supernovae will be available in
our data set. The wide-field imager covers three-
quarters of an annular 1 square degree patch of
sky with a mosaic of new technology n-type high-
resistivity CCD’s (Holland et al. 1999; Stover et al.
1999; Groom et al. 2000) that have high quantum
efficiency for wavelengths between 0.3 and 1.0 mi-
crons. Each of the 3k x 3k CCD’s have 10.5 ym
pixels which give 0.1” per pixel with readout noise

of 4e~ and dark current of 0.08e min lpizel 1.
The remaining quarter of the annulus is covered
by an array of 25 HgCdTe detectors; we will use
commercially available 2k x 2k, 1.7pum cutoff de-
vices with 18 pum pixels, high (~ 80%) quantum
efficiency, low (~ 2e~ min~!pixel~!) dark current,
and 4 e~ readout noise. (Johnson et al. 2000).

Fixed filters are placed on each detector, ar-
ranged in the focal plane such that each piece of
sky will be observed in each filter with a shift and
stare mode of operation (Figure 6). The relative
areas of each filter are proportional to the exposure
times needed for the supernova observations. The
imager will run a concurrent search and follow-
up of supernovae over the entire redshift range
0.1 < z < 1.7 in wavelengths between 0.35 and
1.7 microns.
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Fig. 6.— The CCD mosaic camera is tiled
with 132 3k x 3k high-resistivity CCD’s and 25
HgCdTe detectors and covers one square degree.
The annular shape is necessary in a simple three-
mirror anastigmat telescope design.



The spectrograph relies on an “integral field
unit” (IFU) to obtain an effective image of a 2"
by 2" field, split into approximately 0.1” by 2”
regions that are each individually dispersed to ob-
tain a flux at each position and wavelength (some-
times called a three-dimensional “data cube”). A
prism provides a high-throughput dispersive ele-
ment that makes possible observations of z = 1.7
supernovae, at Vega magnitude 23.86 at A =
1.6pum, with a 2-m aperture telescope. The broad
supernova features accommodate the low disper-
sion and the decreasing resolution for increasing
wavelengths naturally follows the feature broad-
ening at higher redshifts. The detector is a single
thinned HgCdTe chip (whose technology is in de-
velopment for the NGST) that will provide high
quantum efficiency from 0.4 — 1.7um. In oper-
ation, the integral field unit will allow simultane-
ous spectroscopy of a supernova target and its sur-
rounding galactic environment; the 2" by 2" field
of view also removes any requirement for precise
positioning of a supernova target in a traditional
spectrograph slit and simplifies eventual reference
galaxy subtraction. This point is particularly im-
portant for absolute flux calibration, because all of
the supernova light is collected with the integral
field units. The spectrograph is thus designed to
allow use of the spectra to obtain photometry in
any “synthetic” filter band that one chooses.

4.2. Observation Strategy and Baseline
Data Package

This instrumentation will be used with a sim-
ple, predetermined observing strategy designed to
repeatedly monitor a 20-square-degree region of
sky near the north and south ecliptic poles, dis-
covering and following supernovae that explode in
that region. Every field will be visited frequently
enough with sufficiently long exposures that at
any given redshift up to z = 1.5 every super-
nova will be discovered within, on average, two
restframe days of explosion. (Supernovae at much
higher redshifts will be found slightly later in their
light curve rise times.) The periodic observation of
fixed fields ensures that every supernova at z < 1.7
will be followed as it brightens and fades.

The wide-field imager makes it possible to find
and follow with precision photometry and spec-
troscopy approximately 2500 SNe Ia in a year. The
2.0-meter aperture of the mirror, along with high

throughput NIR instruments, allow this dataset to
extend to redshift z = 1.7.

This prearranged observing program will pro-
vide a uniform, standardized, calibrated dataset
for each supernova, allowing for the first time com-
prehensive comparisons across complete sets of su-
pernovae. The standardized dataset will comprise
the following strategies and measurements that
will address, and often eliminate, the statistical
and systematic uncertainties described in § 2.

e Blind searching.

e Batch processing (unbiased searching).
e SNela at 0.1 < z < 1.7.

e ~ 75 SNe Ia per 0.03 redshift bin.

e Spectrum for every supernova at maximum
covering the rest frame Si IT 6250A feature.

e Spectral time series of representative SN Ia
with cross-wavelength relative flux calibra-
tion.

e A light curve sampled at frequent, stan-
dardized intervals that extends from ~2-80
restframe days after explosion to obtain a
stretch and extinction-corrected peak rest-
frame B magnitude to 0.1 mag (same order
as the Type Ia intrinsic dispersion).

e Multiple color measurements in up to 12
bands, including rest-frame B and V' bands,
at key epochs on the light curve.

e Final reference images and spectra to enable
clean subtraction of host galaxy light.

The quality of these measurements is as impor-
tant as the time and wavelength coverage, so we
require:

e Control over signal-to-noise ratio for these
photometry and spectroscopy measurements,
to permit comparably high statistical signif-
icance for supernovae over a wide range of
redshifts.

e Control over calibration for these photom-
etry and spectroscopy measurements, with
constant monitoring data collected to ensure
that cross-instrument and cross-wavelength
calibration remain stable over time.



Note that to date no single SN Ia has ever been
observed with this complete set of measurements,
either from the ground or in space, and only a
handful have a dataset that is comparably thor-
ough. With the observing strategy proposed here,
every one of ~2000 followed SN Ia will have this
complete set of measurements.

The satellite instrumentation and observation
strategy is designed to provide the precision cos-
mological measurements summarized in Table 1
with comprehensive control of statistical and pre-
viously identified or proposed sources of system-
atic uncertainty. Simulations show that system-
atic errors must be lower than §m ~ 0.02 mag in
order to achieve these science goals. In turn, pho-
tometric measurements of each point on the light
curve are tuned so that shape and extinction cor-
rected peak magnitudes of individual supernovae
are known to ~ 0.1 mag, the same order of magni-
tude as their intrinsic dispersion. Large numbers
(~ 75 ) of supernova in each redshift bin then re-
duce the statistical uncertainties toward the sys-
tematic limit.

Each systematic will either be measured, so
that it can become part of the statistical error bud-
get, or bounded. In addition the completeness of
the dataset will make it possible to monitor the
physical properties of each supernova explosion,
allowing studies of effects that have not been pre-
viously identified or proposed.

5. Conclusion

The surprising discoveries of recent years make
this a fascinating new era of empirical cosmology,
addressing fundamental questions. This proposed
satellite project presents a unique opportunity to
extend this exciting work and advance our under-
standing of the Universe. The origin and destiny
of the Universe are extraordinary, intriguing ques-
tions; we live at a time when we can begin to find
answers.

This work was supported by the U.S. Depart-
ment of Energy under contract No. DE-AC03-
76SF00098.

REFERENCES

Bahcall, N. A., Ostriker, J. P., Perlmutter, S., &
Steinhardt, P. J. 1999, Science, 284, 1481+

10

Balbi, A., Ade, P., Bock, J., Borrill, J., Boscaleri,
A., de Bernardis, P., Ferreira, P. G., Hanany,
S., Hristov, V. V., Jaffe, A. H., Lee, A. T.,
Oh, S., Pascale, E., Rabii, B., Richards, P. L.,
Smoot, G. F., Stompor, R., Winant, C. D., &
Wu, J. H. P. 2000. ”Constraints on Cosmologi-
cal Parameters from MAXIMA-1". In Submit-
ted to ApJ Letters; 4 pages, 5 figures., pages
5124+

Caldwell, R., Davé, R., & Steinhardt, P. 1998,
PRL, 80, 1582

Coble, K., Dodelson, S., & Frieman, J. 1997, PRD,
55, 1851

Cook, L. G. 1979, Proc. Soc. Photo-Opt. Instrum.
Eng., 183, 207

Frieman, J., et al. 1995, PRL, 75, 2077
Garnavich, P.; et al. 1998, ApJ, 493, L53
Groom, D., et al. 2000, NIM, A442, 216

Hamuy, M., Phillips, M. M., Maza, J., Suntzeff,
N. B., Schommer, R. A., & Aviles, R. 1996,
AJ, 112, 2391

Hamuy, M., Trager, S. C., Pinto, P. A., Phillips,
M. M., Schommer, R. A., Ivanov, V., &
Suntzeff, N. B. 2000, AJ, 120, 1479-1486

Hoflich, P., Wheeler, J. C., & Thielemann, F. K.
1998, ApJ, 495, 617

Holland, S., et al. 1999. Large Format CCD Im-
age Sensors Fabricated on High Resistivity Sili-
con. In Proc. 1999 IEEE Workshop on Charge-
Coupled Devices and Advanced Image Sensors

Johnson, J., Polidan, E., Waczynski, A., Hill, R.,
Delo, G., Robberto, M., Lisse, C. M., & Caw-
ley, L. 2000. Dark current measurements on a
state of the art near-IR, HgCdTe 1024x1024 ar-
ray. In Space Astrophysics Detectors and De-
tector Technologies

Korsch, D. 1980, Appl.Opt., 19, 3640

Lange, A. E., Ade, P. A. R., Bock, J. J., Bond,
J. R., Borrill, J., Boscaleri, A., Coble, K., Crill,
B. P., de Bernardis, P., Farese, P., Ferreira, P.,
Ganga, K., Giacometti, M., Hivon, E., Hris-
tov, V. V., lacoangeli, A., Jaffe, A. H., Marti-
nis, L., Masi, S., Mauskopf, P. D., Melchiorri,



A., Montroy, T., Netterfield, C. B., Pascale, E.,
Piacentini, F., Pogosyan, D., Prunet, S., Rao,
S., Romeo, G., Ruhl, J. E.; Scaramuzzi, F., &
Sforna, D. 2000. ”First Estimations of Cosmo-
logical Parameters From BOOMERANG”. In
7 pages., pages 5004+

Lentz, E., et al. 1999, astro-ph/9906016

Nugent, P., Phillips, M., Baron, E., Branch, D., &
Hauschildt, P. 1995, ApJ, 455, 1.147

Perlmutter, S., et al. 1999, ApJ, 517, 565
Riess, A., et al. 1998, AJ, 116, 1009

Stover, R., et al. 1999. A 2kx2k High Resistivity
CCD. In Proc. 4th ESO Workshop on Optical
Detectors for Astronomy

Vilenkin, A. 1984, PRL, 53, 1016

Vilenkin, A., & Shellard, E. 1994. Cosmic strings
and other topological defects, Cambridge Uni-
versity Press

Weller, J., & Albrecht, A. 2000. ”Opportunities
for future supernova studies of cosmic accelera-
tion”. In Four pages including 4 figures., pages
8314+

Williams, S. G. 1979, Proc. Soc. Photo-Opt. In-
strum. Eng., 183, 212

Zlatev, 1., Wang, L., & Steinhardt, P. 1999, PRL,
82, 896

This 2-column preprint was prepared with the AAS IATEX
macros v5.0.

11



