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I. Summary

The Cosmological Advanced Survey Telescope for Optical and UV Research (CASTOR) is a proposed
CSA mission that would make a unique, powerful, and lasting contribution to astrophysics by providing
panoramic, high-resolution imaging in the UV/optical (0.15-0.55 um) spectral region. This versatile
‘smallSAT’-class mission would far surpass any ground-based optical telescope in terms of angular reso-
lution, and would provide ultra-deep imaging in three broad filters to supplement longer-wavelength data
from planned international dark energy missions (Euclid, WFIRST) as well as from the ground-based
Large Synoptic Survey Telescope (LSST). Combining the largest focal plane ever flown in space, with an
innovative optical design that delivers HST-quality images over a field two orders of magnitude larger
than Hubble Space Telescope (HST), CASTOR would image about 1/8th of the sky to a (u-band) depth
~1 magnitude fainter than will be possible with LSST even after a decade of operations. No planned or
proposed astronomical facility would exceed CASTOR in its potential for discovery at these wavelengths.

I1. Mission Context

IIa. Background and Rationale

Wide-field imaging is the backbone of modern astrophysics. Although it has largely been the domain of
ground-based telescopes, there is growing recognition within the international astronomical community
that many of the most pressing questions in astrophysics and cosmology can only be addressed through
wide-field imaging in space, which offers a number of key advantages over ground-based observations:
i.e., much better image quality and stability, higher observing efficiency, lower sky backgrounds, superior
photometric precision, and access to critical spectral regions, such the ultraviolet (UV), that are unobserv-
able from the ground.

Over the past 5-10 years, tremendous international momentum has led to the development of several con-
cepts for a wide-field imaging telescope that would operate in the red-optical through infrared (IR) spec-
tral region (0.55-1.8 um). The two leading (and competing) missions at this time are Euclid (an ESA
mission scheduled for launch in 2019) and WFIRST (a NASA mission that could launch around 2025).
Both missions are motivated primarily by the desire to understand dark energy — a mysterious entity that
causes an acceleration in the expansion rate of the universe. However, because the legacy value of the
proposed imaging is so immense, a vast amount of ancillary science will be enabled by these facilities.

Dark energy missions like Euclid, however, will be compromised without the addition of wide-field imag-
ing at shorter wavelengths: i.e., in the UV and blue-optical region. The expectation at the present time is
that these optical data will be provided by ground-based telescopes, most notably by the forthcoming
Large Synoptic Survey Telescope (LSST). LSST is expected to begin its (decade-long) survey operations
around 2020, meaning that the final, stacked images from LSST will therefore not be available until
~2030. Moreover, as a ground-based telescope, LSST will not be able to provide spatial resolution com-
parable to Euclid, nor will it, of course, include imaging in the critical UV region. Although high-
resolution imaging at these UV/optical wavelengths has been possible since the 1990s with the Hubble
Space Telescope (HST), this facility lacks the wide field of view needed to survey a significant fraction of
the sky, as required by dark energy studies. In any case, HST is approaching the end of its lifetime, with
no replacement on the horizon, and will almost certainly have ceased operations by the end of this decade.

This report describes the results of a CSA-sponsored concept study for CASTOR (The Cosmological
Advanced Survey Telescope for Optical and UV Research) that was carried out during 2011-2012. This
‘smallSAT’-class mission, which could launch as early as 2022, would make a unique, powerful and last-
ing contribution to astrophysics (and to dark energy studies specifically) by providing panoramic, high-
resolution imaging in the UV/optical (0.15-0.55 pm) spectral region (see Figure 1).
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Figure 1: An illustration of the critical role
played by the UV-optical spectral region
(0.15-0.55um) in understanding star and galaxy
formation. The grey curves show spectral en-
ergy distributions (SEDs) for simple stellar
populations (Bruzual & Charlot 2003) having
solar metallicity and ages from t = 5 Myr to 11
Gyr. The SEDs have been normalized at the
central wavelength of the J-band, the approxi-
mate mean wavelength of the Euclid mission.
Note the dramatic variations in the SEDs blue-
ward of 0.5um, the spectral region for which
CASTOR has been optimized, with three filters
covering the region 0.15 to 0.55 um. Planned
filters for Euclid (RIZ, Y, J and H) and LSST (u,
g t 1, z, Y) are shown for comparison.
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IIb. Uniqueness and Innovation

No astronomical facility has had a greater impact than the Hubble Space Telescope (HST) which is
widely regarded by both scientists and the public as “one of the most productive instruments in the history
of science.”! However, with the fourth and final servicing mission for HST having occurred in 2009, the
telescope will almost certainly cease operations before the end of this decade either due to orbit decay or
to failure of a critical subsystem (e.g., gyroscopes, batteries). Astronomers worldwide will then soon loose
access to the high-resolution, UV/optical imaging capabilities that they have come to rely on for more
than two decades — capabilities that have so profoundly changed the astronomical landscape that much
of our current understanding of astrophysics and cosmology can be traced directly to HST. NASA’s
GALEX satellite (Martin et al. 2005), a highly successful SMEX mission that launched in 2003 and pio-
neered the field of wide-field UV imaging, was defunded by NASA in February 2012.

As discussed below, there is tremendous international momentum behind the development of a new, wide-
field space imaging mission. However, the leading candidate at this time (ESA‘s Euclid satellite) is fo-
cused entirely on the red-optical and infrared (IR) region (i.e., 0.55-2.0 um) where investigations into the
nature of dark energy are most efficacious. Yet the effectiveness of Euclid — and of WFIRST, NASA’s
equivalent dark energy mission — will ultimately hinge on the availability of deep, wide-field optical data
to complement the IR imaging. In fact, optical imaging is not only an essential ingredient for dark energy
studies, but it is at UV and optical wavelengths that several of the most pressing questions in astrophysics
are best addressed (see §111).

According to current plans, the optical data that is required by Euclid will come from 2-8 m-class,
ground-based telescopes (e.g., CTIO, Pan-STARRS or LSST), several of which are planning imaging sur-
veys that will cover a few thousand, to tens of thousands, of square degrees over the next 5-20 years.
However, placing strong constraints?> on the nature of dark energy will require optical imaging of truly
exquisite quality: i.e., reaching to ultra-faint magnitudes, covering a significant fraction of the sky, and
including photometry in the bluest optical bands. These requirements pose a severe challenge for ground-

I'New York Times Editorial, February 13, 2005.

2 The ability of individual surveys to constrain the nature of dark energy is usually referred to as the dark energy
Figure of Merit (FoM; e.g., Albrecht et al. 2006).

CASTOR: The Cosmological Advanced Survey Telescope for Optical and ultraviolet Research 3



based telescopes. Indeed, wide-field imaging from space offers a number of fundamental advantages
compared to ground-based observatories:

Image Sharpness and Atmospheric Turbulence. Before it reaches the ground, light from an as-
tronomical point source must pass through the earth‘s atmosphere where turbulent mixing blurs the
source image into a “seeing disk”. Even at the best ground-based sites, the typical full width at half
maximum (FWHM), which provides a convenient parameterization of the size of this seeing disk, is
~0.8". In space, far above the earth‘s atmosphere, the image quality is, in principle, a function of
telescope diameter, D, and wavelength, A, alone: i.e., the diffraction limit from fundamental physics
goes as FWHM o A/D. The stunning clarity of HST images reflects the fact that HST, though not
diffraction limited in the optical, has FWHM ~ 0.1”-0.2" or about 5-10 times better than the best
ground-based telescopes, allowing it to resolve a wealth of detail that is impossible from the
ground. While the development of adaptive optic (AO) systems on ground-based telescopes can
improve image quality, such gains are typically realized over small fields, only at wavelengths
longer than ~0.5 pum, and inevitably come at the cost of a spatially and temporally varying point
spread function (PSF; see below).

Access to the Ultraviolet Region. Ground-based telescopes must contend not only with atmos-
pheric turbulence but also with atmospheric absorption. At wavelengths longer than A~0.8 pm, ob-
servations are possible only in discrete, and often narrow, windows (at least until one reaches the
broad radio window at ~1 cm), while emission from atoms and molecules in the atmospheric is a
further complication at IR wavelengths. Similarly, at wavelengths shorter than ~0.31 pm, the at-
mosphere is almost entirely opaque due to the combination of ozone absorption and Rayleigh scat-
tering. By contrast, observing from space environments provides unfettered access to this UV re-
gion, which is critically important for characterizing emission from young and/or hot sources.

Photometric Calibration and PSF Stability. The photometric precision achieved in astronomical
surveys is often limited by systematic errors in the calibration (i.e., changes in system throughput
or zero-point, flat-field corrections, etc) and the spatial and temporal stability of the PSF, which
characterizes the response of the imaging system to a point source. Unlike ground-based facilities,
space telescopes are renowned for their highly stable PSF and photometric calibration.

Low Scattered Light. At ground-based sites, moonlight scattered by the atmosphere will dramati-
cally enhance sky brightness at the shortest wavelengths (i.e., A < 0.6 um)where extremely deep
imaging from the ground is possible only during periods of low lunar illumination (i.e., dark time).
However, even then, atmospheric variations can make accurate photometric calibration difficult.
From space, with judicious choices for orbit and pointing strategies, as well as careful telescope
baftling, it is possible to capitalize on the extremely dark and uniform skies at short wavelengths.

In short, there are many technical reasons to prefer space environments for wide-field imaging — at both
the long- and short-wavelength ends of the UV-optical-IR spectral region. The Euclid and WFIRST mis-
sions are being optimized for the long-wavelength end of this spectral region, whereas the CASTOR con-
cept has been developed with the UV and blue-optical regions in mind. Note that the immediate heir to
GALEX, the Ultraviolet Imaging Telescope (UVIT), is expected to launch in 2013 and will provide as-
tronomers with access to the UV region for a five year period (i.e., until roughly the launch of Euclid at
the end of this decade). UVIT will have a somewhat smaller field than GALEX, but improved image
quality (FWHM ~ 1.5"). By contrast, CASTOR — with its larger aperture, wider field and far superior
resolution compared to UVIT — would offer a dramatic 200-fold gain in point source sensitivity. In any
case, no high-resolution UV-optical mission is currently planned by any international space agency be-
yond ~2020, so CASTOR would plan a key role in space astronomy by filling this important niche.

The power of CASTOR lies in its combination of a wide field with exceptional image quality. Its innova-
tive design is made possible by a compact optical configuration that delivers a wide field at relatively low
payload mass. Using state-of-the-art detectors and readout electronics, this enormous field can be covered
with a mosaic camera that provides nearly optimal PSF sampling. Although its primary mirror has a rela-
tively modest, 1m aperture, CASTOR will be operate far above the earth‘s atmosphere and deliver nearly
diffraction-limited images (FWHM = 0.15"). This dramatic improvement in spatial resolution compared
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to ground-based telescopes (and, even more dramatically, to previous UV imaging telescopes like
GALEX) means that CASTOR will exceed even large ground-based imaging telescopes like LSST in
terms of depth, and especially, image clarity. For instance, Figure 2 compares the point-source depths as a
function of exposure time for CASTOR, LSST, CFHT and GALEX in the UV, u and g bands. For point
sources, a 30 min exposure with CASTOR reaches roughly the same depth as LSST after 10 years of op-
eration, but with far superior spatial resolution (see the images in the right panels of Figure 2).
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Figure 2: (Left Panel) Photometric depth
as a function of exposure time for CAS-
: TOR, CFHT, LSST and GALEX. Results
Cp for the UV, u and g bands are shown in
| ; cyan, blue and red, respectively. (Right
Lss7 o 075 i panels) Comparison of g-band images
for a typical low-mass galaxy in the
Virgo cluster. From top to bottom, these
panels show an actual image from the
SDSS, and typical images expected from
LSST and CASTOR. Despite its modest
aperture, CASTOR can provide deeper
i and far shaper images than is possible
T e P A with even large ground-based telescopes.
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In short, CASTOR would be a natural successor to HST by far surpassing any ground-based optical tele-
scope in spatial resolution, while dwarfing HST in field of view and providing astronomers with contin-
ued access to the critical UV region.

IIc. Operations Model

It is expected that CASTOR will operate with a high level of flexibility, in which the majority of time is
initially devoted to carrying out a few Legacy Surveys (see Table 1) and then gradually move into an op-
erations mode that focuses primarily on Guest Observer (GO) programs. Such operational models have
recently been adopted with great success by a number of prominent NASA and ESA missions, including
GALEX, Spitzer and Herschel.

Table 1. CASTOR Mission Observation Durations

PERFORMANCE LEGACY GUEST OBSERVER TARGETS OF
VERIFICATION SURVEYS PROGRAMS OPPORTUNITY
AND CALIBRATION

1 20% 75% 0% 5%

2 0% 75% 20% 5%

3 0% 50% 45% 5%

4 0% 45% 50% 5%

5+ 0% 0% 95% 5%

IId. Synergies with Future Missions and Facilities

There is tremendous interest internationally in the development of a wide-field, high-resolution imaging
space telescope. The primary driver for such a facility has been the urgent scientific need to characterize
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dark energy, its influence on the evolution of the universe, and its implications for high energy and parti-
cle physics. This focus has resulted in the development of both the Euclid (ESA) and WFIRST (NASA)
mission concepts. The design and scientific capabilities of these missions are discussed here and are con-
trasted with the quite different capabilities proposed for CASTOR.

Table 2. Mission Comparisons for WFIRST, Euclid and CASTOR

MisSsSION

WFIRST

EucLiD

CASTOR

LAUNCH 2025+ 2018-2019 2022
TELESCOPE APERTURE 1.5m 1.2m 1.0Mm
TELESCOPE TEMP. < 243K 150K (TBC) 280K (AMBIENT)
FocAL PLANE TEMP. 100K 120K/150K 150K
MissSION LIFE 5 YEARS 6 YEARS 5 YEARS
PRIMARY SURVEY SIZE 20,000 DEG? 15,000 DEG? 5,000 DEG?

SURVEY DEPTH

25.5 AB MAG

24.5 AB MAG

27.1 AB MAG (U)

RESOLUTION

SAMPLING

WAVELENGTH

~0.2"

0.15"

0.1" PER PIXEL

0.05” PER DRIZ-
ZLED PIXEL

550 — 920 NM

150 — 550 NM

VISIBLE COMBINED WITH
IMAGER S B ANDE NIR (SEE BELOW) 1 3
IFOV siIzE 0.55 DEG?2 0.67 DEG?2
# PIXELS 25K x 25K 21K x 42K
RESOLUTION 0.12" (50% EE) 0.3”
SAMPLING 0.18” PER PIXEL 0.3” PER PIXEL
WAVELENGTH 400 — 2000 NM Y, J, H N/A
NIR IMAGER (NO CAPABILITY
# BANDS 5 3 BEYOND 1000 NM
IS ENVISIONED)
IFOV sizE 0.25 DEG?2 0.65 DEG?
# PIXELS 8K x 12K 6K x 6K
TYPE SLITLESS SLITLESS SLITLESS
SPECTRAL
RES. >75 ~500 ~100
SPE%TER';OME' WAVELENGTH 1100 — 2000 NM 1000 — 2000 NM 150 — 400 NM
IFOV siIzE 0.264 DEG? 0.46 DEG?2 NONE
# PIXELS 4K x 6K 6K x 6K TDB
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Euclid: Euclid is a medium (M) class ESA mission in the Cosmic Vision 2015-2025 program that is
planned for launch from Europe‘s spaceport at Kourou, French Guiana. The mission itself is the result of
the merging of two earlier mission concepts: DUNE (Dark Universe Explorer) and SPACE (SPectro-
scopic All Sky Cosmic Explorer). The primary goal of the Euclid mission is the study the dark universe
using two independent cosmological probes:

* The weak lensing technique which maps the distribution of dark matter and measure the property of
dark energy in the universe by measuring the shape distortion of distant galaxy images by interven-
ing large-scale structures. This distortion, or cosmic shear, will be evaluated statistically using a
large number of galaxies distributed over an area of 15,000 deg? (requirement) to 20,000 deg? (goal).

* The baryonic acoustic oscillations (BAO) technique which uses the scales in the spatial and angular
power spectra as standard rulers for measuring the equation of state and rate of change of dark en-
ergy with redshift. The power spectra will be obtained by measuring with high precision the redshift
of a large number of galaxies over the same area used for the weak lensing analysis.

Note that the Euclid design has not been not optimized for studying other dark energy probes (e.g., galaxy
clusters or supernovae redshifts). The M-class cost cap (for ESA) is €450M, although the mission will
also have contributions from several national space agencies within Europe. The Euclid mission recently
completed its definition phase design study and was selected by ESA in October 2011 as one of two M-
class missions scheduled for launch in the 2018 to 2019 period.

WFIRST: Since 2007, the US Department of Energy and NASA have been collaborating on a Joint Dark
Energy Mission (JDEM) whose main intent was to provide a full order of magnitude improvement in the
Dark Energy FoM over anticipated pre-launch dark energy measurements (both from the ground and in
space). After intense study by the JDEM Project Office at NASA GSFC during the latter half of 2008 and
early 2009, this requirement was deemed incompatible with the $600M cost envelope of medium-class
NASA missions. However, the US astronomical community strongly endorsed an observatory-class mis-
sion called WFIRST (similar in scope to the JDEM/Omega mission concept) in its US decadal review,
where WFIRST was identified as the highest-priority space astronomy project. Despite this strong com-
munity support, NASA has indicated that even development work on the WFIRST project could not begin
before 2016, due to budget limitations.

The specifications and requirements for Euclid and WFIRST are listed in Table 2 along with the same
parameters for the CASTOR mission. Note that the WFIRST parameters are taken from one of the
WFIRST candidate missions (JDEM-Omega) while the Euclid parameters are taken from the 2011 Euclid
Definition Study Report. The CASTOR parameters listed are those identified as technical requirements by
science team in this study.

It is important to emphasize that the capabilities of CASTOR are highly complementary to (and, in many
cases, entirely independent of) those of Euclid and WFIRST. As a result, there are significant opportuni-
ties for international collaboration on this basis alone. Moreover, many additional scientific studies —
over those of the individual missions — would be enabled by a combination of the independent data sets.

III1. Science

IIIa. Overview of the Science Investigations

As described in §3.2, the CASTOR has been designed to meet distinct and far ranging scientific goals by
virtue of a simple but innovative design and a flexible operations model. A key aspect of CASTOR opera-
tions is its ability to conduct ambitious surveys that would answer multiple scientific questions simulta-
neously (i.e., Legacy Surveys) while still undertaking smaller programs that focus on more specific issues
(i.e., Guest Observer, or GO, programs). Table 3-2 summarizes four possible Legacy Surveys, identified
by the CASTOR science team, that would guarantee an extraordinary level of scientific impact for the
mission. In keeping with the definition of a Legacy Survey, these programs are characterized by their ca-
pacity to use a single homogenous data set to investigate key questions in multiple, often distinct, sub-
fields in astrophysics and cosmology.
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Wide Survey. The single largest program that is currently envisaged for CASTOR, the Wide Sur-
vey would perform “step and stare” imaging over an area of 5000 deg?, equivalent to roughly 1/8th
of the celestial sphere. The key science requirement in terms of survey depth is the need to reach a
limiting u-band magnitude of uim =~ 27.1 — roughly one magnitude fainter than the 10-year,
stacked-image depth of LSST — to give photometric redshift measurements to the accuracy needed
for a reliable characterization of dark energy (once combined with imaging from Euclid and LSST).
To ensure a seamless integration of the Euclid, CASTOR and LSST data sets (i.e., to minimize
calibration errors), the Wide Survey will be conducted in regions that overlap the Euclid Wide (b >
|30°) and LSST (& < +10°) surveys. To reach the requisite u-band depth over the full survey area
would require =1.8 years of observing time, including overheads. The corresponding depths in the
UV and g bands will be UViim = 25.8 and giim = 27.8, respectively. Other key science drivers for the
Wide Survey include the history of cosmic star formation, the structure of dark matter halos from
weak and strong lensing studies, the mass assembly history of galaxies and their dark matter halos,
the outermost structure of the Milky Way, the search of the faintest and most distant objects in the
solar systems, and the surface chemistry of small bodies in the Kuiper Belt.

Deep Survey. The Euclid mission aims to carry out RIZ,Y,J,H imaging to a depth of Jap = 24.5
over an area of 15,000 deg? as well as much deeper imaging to Jag = 26 over two, 20 deg? fields
located close to the northern and southern ecliptic poles. This deep survey, which will allow moni-
toring of PSF drift through repeated visits at differing orientations over the mission lifetime, will
provide exceptionally deep IR images that, when combined with comparably deep UV and optical
images from CASTOR, can be used to address a number of fundamental science questions includ-
ing the faint end of the galaxy (and QSO) mass function and its evolution with redshift, the proper-
ties of the oldest and most metal-poor stars in Milky Way, and the nature of the disk-halo transition
in the Milky Way. Covering a total area of 40 deg? to a depth of wim = 29.8 will require ~5 months
of observing time, distributed over a period of several years.

Nearby Galaxies Survey. With its exceptional image quality, wide field of view, and UV sensitiv-
ity, CASTOR offers a unique opportunity to carry out the definitive imaging survey of galaxies in
the local universe. Building on the highly successful Nearby Galaxies Survey from GALEX, CAS-
TOR would provide equally wide field coverage, but with a dramatic improvement of ~30 in angu-
lar resolution. Pointed observations, requiring ~2 months of observing time, to a u-band depth of 28
(with corresponding UV- and g-band limits of 26.8 and 28.4) would provide unprecedented infor-
mation on the resolved stellar populations of nearby galaxies. At these depths, it would reach below
the horizontal branch, even for the oldest stellar populations, in galaxies at distances up to ~3 Mpc.

Nearby Clusters Survey. Galaxy clusters in the local universe provide invaluable laboratories for
studying the fossil record of structure formation in baryonic systems spanning the full range in
mass. Contiguous surveys with CASTOR of several “benchmark” clusters in the local universe
(most notably the Virgo, Fornax and Coma clusters) would revolutionize the study of the faint end
of the galaxy luminosity function, the origin of the most compact stellar systems, the connection
between galactic nuclei and super-massive black holes. For the nearby Virgo or Fornax clusters, it
will even be possible to study the ages, abundances and spatial distributions of stars filling the in-
tergalactic medium. Observations covering a total area of ~150 deg? in these clusters to a depth of
uiim =~ 28 would require ~ 2 months of observing time.

Full details on the scientific results expected from these Legacy Surveys, and from a number of possible
GO programs, may be found in §III. In Figure 3, we show one possible parameterization of the “informa-
tion content” of astronomical imaging surveys in the UV, optical and IR regions. This figure plots survey
depth, F, in mJy against /8, where Q is total survey area in deg? and 6 is the FWHM in acrseconds. The
location of the CASTOR Wide and Deep Surveys in this figure is shown by the blue symbols. Red sym-
bols show a number of landmark imaging surveys including POSS II, SDSS, 2MASS, CFHTLS, HUDF,
GOODS, LSST, and the Euclid Wide and Deep surveys. The dashed diagonal lines indicate factor of 1000
increases in /(0F), meaning that CASTOR will exceed each of the POSS II, SDSS, CFHTLS and
GOODS surveys by factors of several thousand in overall information content. In particular, no planned
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or proposed imaging surveys at these wavelengths will exceed the CASTOR Wide Survey in terms of its
potential for discovery.
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Table 3. CASTOR Legacy Surveys
SURVEY AREA MoODE UViim Uiim Guim
(DEG?) (MAG) (MAG) (MAG) (YRS)
WIDE 5000 CONTIGUOUS 25.8 27.8 27.8 1.8
DEEP 40 CONTIGUOUS 29.3 29.8 29.9 0.4
NEARBY GALAXIES N =125 POINTED 26.8 28.0 28.4 0.15
NEARBY CLUSTERS 150 CONTIGUOUS 26.8 28.0 28.4 0.15

IIIb. Investigations and Science Requirements

In this section, we describe a number of primary, or representative, scientific investigations that would be
enabled by CASTOR. It is expected that scientific investigations with CASTOR will reflect a balance be-
tween four ambitious “Legacy Surveys” and a number of smaller, but more focused, GO programs (see
§IIc). Such an operations model requires flexibility in both spacecraft pointing and scheduling. CASTOR
has been developed with this flexibility in mind.

1. Dark Energy and Cosmology

Observations carried out over the past decade have firmly established the existence of dark energy, a mys-
terious form of energy that causes an acceleration in the rate of expansion of the universe. According to
current theories, dark energy plays no important role in the early universe (e.g., when the cosmic micro-
wave background was generated), but its effects on the expansion become substantial by z ~ 1. The pri-
mary goal of the next generation of wide-field imaging telescopes is to constrain the nature of dark energy

CASTOR: The Cosmological Advanced Survey Telescope for Optical and ultraviolet Research 9



through a precise measurement of its equation of state as function of redshift.> The two key ingredients
for such studies are accurate measurements of: (1) galaxy distances from photometric redshifts; and (2)
the growth of cosmic structures as a function of time. Because dark energy begins to dominate by z ~ 1, it
is important to obtain exquisite photometric redshifts and structure growth constraints over the redshift
range 0 <z < 2. Future wide-field imaging facilities (e.g., Euclid, LSST, Pan-STARRS) are being devel-
oped with the expectation that they will work together to provide these constraints. For instance, Euclid
has been designed to provide galaxy shapes for gravitational lensing measurements from imaging in a
single red-optical (RIZ) filter, as well as photometric redshifts from near-IR imaging. On the ground,
LSST and Pan-STARRS are expected to carry out the optical imaging needed to supplement Euclid’s
near-IR data for the measurement of photometric redshifts.

1.1. Photometric Redshift Measurements

The accuracy of photometric redshifts is controlled by both the level of constraints on the gradient of the
color terms with redshift, and on the error on the color terms themselves (i.e., the photometric precision).
While the latter error can be reduced with deeper observations, the former can only be improved by add-
ing filters over a larger wavelength range (e.g., Benitez 2000; Hildebrandt et al. 2010). This is clearly
seen in Figure 4, which compares actual (i.e., spectroscopic) and photometric redshifts for simulated data
sets from a variety of planned or proposed imaging surveys (Sorba and Sawicki 2011). In this figure, the
Pan-STARRS simulations refer to the final network of four 1.8 m telescopes (i.e., Pan-STARRS-4) while
LSST1 and LSST10 refer to LSST imaging after 1 and 10 years of observations, respectively.

The impact of limited wavelength coverage on photometric redshift accuracy (and on catastrophic errors)
is immediately apparent. For instance, Euclid alone will provide little useful redshift information (pane!
A). However, once combined with ground-based optical photometry (either from LSST or PanSTARRS),
the redshift estimates improve dramatically in quality and reliability. One can see that Euclid+LSST1
(panel C) is already superior to Euclid+Pan-STARRS (panel B), thanks to the deeper LSST1 data which
helps reduce the color gradient error. Combining Euclid and CASTOR imaging (from the Wide Survey) is
expected to yield photometric redshifts with precision intermediate to these to cases (panel E). Moreover,
because photometric redshifts suffer from a fundamental degeneracy between low- and high-redshift gal-
axies, it can be seen (panels F and G) that the most precise photometric redshifts are achieved by combin-
ing imaging from Euclid, LSST and CASTOR (see also Figure 1). In fact, the redshift range 0 <z <1 is
exceptionally clean in this case, thanks largely to the addition of CASTOR photometry. This demonstrates
how that the filter set chosen for CASTOR optimally breaks the photometric redshift degeneracies in this
critical redshift range. The final redshift precision meets all requirements for an unbiased measurement of
the dark energy equation of state based on gravitational lensing data (Albrecht et al. 2006; Huterer et al.
2006), and should ultimately result in sub-percent accuracy in the equation of state parameters wo and wi.

1.2. The Structure of Dark Matter Halos from Lensing Magnification

Gravitational lensing based on galaxy shapes is not the only lensing signal one can measure. Lensing also
amplifies the total brightness of distant objects in proportion to the amount of foreground mass. This
magnification effect has recently been detected at relatively high precision in ground-based data sets (Hil-
debrandt et al. 2009; Hildebrandt et al. 2011) and can be used to probe the mass and structure growth at
high redshifts (Van Waerbeke et al. 2010; Van Waerbeke 2010). Magnification has several advantages
over the traditional gravitational lensing analysis. Most notably, it requires only photometry (i.e., source
galaxies do not have to be resolved) so one can measure lensing to considerably higher redshift than
would be possible by measuring shapes alone (which requires the source galaxies to be resolved). Magni-
fication measurements would thus allow the study the dark energy out to redshifts where current theory
suggests it was a subdominant component in the energy budget of the universe.

3 The dark energy equation of state relates pressure of the universe, P, to its energy density, p, through the relation w

= P/p. A widely used parameterization of the equation of state is w(a) = w, + wi(1-a), where a is the scale factor of
the universe, w, is the equation of state at the present time, and w, characterizes the time evolution of the dark energy
equation of state.
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CASTOR will be able to verify this hypothesis and quantify it. The exceptional photometric redshift pre-
cision obtained from combining CASTOR with Euclid and LSST — and, in particular, the u and UV
bands of CASTOR — will enable the identification of very high redshift star-forming at redshifts z ~ 2.5
and higher. These high-z galaxies are ideal source galaxies for magnification measurements (Van Waer-
beke et al. 2010; Van Waerbeke 2010) as they would probe dark energy in a redshift range that is com-
pletely out of range of Euclid, LSST, PanSTARRS, or any combination of these.

1.3. High-Redshift Clusters

Structure growth can also be probed by looking at the abundance of massive, gravitationally bounded ob-
jects as function of redshift. This is a well known technique that can be used to set constraints on dark
energy (e.g., Vikhlinin et al. 2009). The very precise photometric redshifts from Euclid, LSST and CAS-
TOR (see Figure 4) can be used to identify clusters from a few 10'3 solar masses to 10!° solar masses us-
ing matched filter (Milkeraitis et al. 2010), red sequence (Gladders & Yee 2000) or max BCG (Rozo et al.
2010) methods. The CASTOR u and UV bands, combined with longer wavelength data from Euclid and
LSST, is ideally positioned for the matched filter approach which offers the advantage of being only
weakly dependent on how clusters are precisely defined. Tight constraints on dark energy will then come
from the large number of high-z clusters that will be identified with this technique, which can be com-
bined with magnification measurements to place independent limits on the dark energy equation of state
over the entire redshift range 0 <z <2 (Van Waerbeke et al. 2010).

1.4. Cosmic Shear and Galaxy Shapes

Although Euclid will provide excellent space-based imaging for galaxy shape measurements, there re-
mains some concern that complications could arise from the use of a single, broad, visible filter for the
shape measurements. Technically, this complication comes from the fact that stars (which are used to cor-
rect the effects of the PSF) do not have the same spectral energy distribution (SED) as galaxies. In other
words, one cannot directly use stellar PSFs to correct galaxy shapes, as it is necessary to account for pos-
sible gradient color effects (Welikala & Kneib 2012). While this problem may be addressed with exten-
sive SED simulations, the narrower u and g filters aboard CASTOR will provide a unique way to explore
the gradient color effect directly, on real data, without relying on simulated SEDs. In addition, galaxy
shapes from CASTOR measured in the u and g band could help characterize possible systematic errors in
the shape measurements at longer wavelengths from Euclid.

2. Galaxy Evolution

Galaxies grow over cosmic time through a combination of in situ star formation and hierarchical merging.
This evolution can be studied by measuring the growth in stellar mass, the star formation rate (SFR), and
the merger rate over wide ranges in cosmic time and environment. The observed evolution must then be
linked to the growth in total mass (which is dominated by dark matter) to make robust comparisons with
theoretical predictions. By providing wide-field, high-resolution imaging at short wavelengths, CASTOR
will allow us to measure the instantaneous global star formation rate of galaxies, as well as that of their
individual components. We explain below how combining these data with other, complementary surveys
will lead to a tremendous step forward in our understanding of galaxy evolution since z ~ 2, at a time
when the universe was just ~ 3 Gyr old.

2.1. Evolution of Cosmic Star Formation and Stellar Mass

The combination of the CASTOR Wide Survey with others at longer wavelengths (e.g., LSST and Euclid)
will provide observations spanning the UV to IR for billions of galaxies. Photometric redshifts for galax-
ies in this sample (see Figure 4) can be measured to a precision of Az < 0.02(1 + z). The observed SEDs
can then be fitted with theoretical models to constrain physical parameters. The redder data from LSST
and Euclid are critical for establishing the stellar mass and constraining the dust reddening and metallic-
ity. The instantaneous star formation rate (on timescales of ~100 Myr) can be measured from the flux
from massive stars, which dominate the SED for A < 0.4 um. The UV images from CASTOR will be ideal
for measuring this flux for galaxies out to z ~ 1. Deep u-band data will serve the same purpose at 1 <z <
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1.5. Moreover, the (UV-u) color is a good indicator of dust extinction; together with the LSST/Euclid
data, this will allow robust measurements of the intrinsic star formation rate.
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Figure 5: From Leauthaud et al. (2012), this shows observed constraints on the stellar mass contained
within dark matter haloes, as a function of redshift. In principle, this procedure allows astronomers to
connect the observed evolution of galaxies with theory. Currvent work is limited by small sample sizes,
cosmic variance and systematic uncertainties due to the need to combine different data sets.

From these measurements, it will then be possible to measure the stellar mass function and clustering of
galaxies with different star formation rates. The clustering analysis provides a measurement of the halo
masses, and thus this technique can be used to trace how the connection between halo and stellar mass
evolves. A complementary approach will be to stack galaxies (as well as groups and clusters of galaxies)
of similar stellar masses and SFRs, and measure their average halo mass from the weak lensing analyses
enabled by the Euclid data (and possibly CASTOR as well). Both approaches would allow us to link the
growth of stellar mass to the mass assembly history of dark matter haloes, which is now robustly pre-
dicted by ACDM theory.
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Figure 6: From Wetzel, Tinker & Conroy (2011), this shows the distribution of SFR/M* at z = 0, for dif-
ferent local environments and halo masses. The analysis is based on SDSS data and shows that the frac-
tion of actively star forming galaxies is strongly dependent on environment. On the other hand, the spe-
cific star formation rate of those active galaxies depends only on stellar mass. With CASTOR, it will be
possible to improve on this analysis and extend it to z = 2 to map directly the evolution of star formation
as it compares with mass assembly.
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Figure 5, taken from Leauthaud et al. (2012), shows the state of the art of this work. While provocative,
these results are obtained from small fields and thus statistically limited. Moreover, the results require
combining data from different surveys, introducing potentially important systematic uncertainties. The
CASTOR Wide Survey will have the statistics and spatial resolution necessary to divide the sample by
specific star formation rate and morphology, and thus to disentangle how much of the stellar mass growth
is due to in situ star formation, and how much is due to merging. It will also allow a measurement of the
rate at which star formation is terminated in galaxies, as a function of halo mass and redshift, by compar-
ing the relative growth of the stellar mass function of passive galaxies. This puts important constraints on
how star formation and feedback efficiencies, which are currently poorly understood theoretically, are
linked to the halo mass of a galaxy.

Supporting data from Euclid and LSST are essential in this case, and the depth of CASTOR data should
matched to these surveys so the analysis can be performed on the lowest-mass galaxies possible. Suffi-
cient depth is required to measure galaxies with a wide range of stellar mass over the full redshift range;
the star formation density of the Universe has a broad peak at M > 10'03Mo. The stellar mass limit of the
survey will be imposed by the Euclid data, H < 24 (for their wide survey), which corresponds to M >
2x10°Mo at z =1, and M > 3x108Mo at z = 0.5. Their proposed deep survey will allow the analysis above
to be extended to star-forming galaxies at the 10-year LSST limit of g = 27.4. This extra depth corre-
sponds to a factor ~10 in galaxy mass. We know the rate of galaxy evolution is strongly mass—dependent
(e.g., Figure 6), but there exist reliable measurements at these low masses, which is a factor of more than
100 times fainter than probed by the SDSS.

Slitless spectroscopy from CASTOR will be valuable in providing emission-line redshifts for a subset of
brighter galaxies. SFR estimates from the [OII] emission line would also be a useful check and constraint
for the SED fitting, allowing one to break some important degeneracies in parameter space.

The outcome of a merger depends on the mass ratio of the galaxies, on their orbits, and on their gas con-
tent. Thus, while theory robustly predicts the merger rate of dark haloes, the impact of galaxy evolution
on major and minor mergers is still controversial. As shown in Hopkins et al. (2010), different models
predict significantly different merger rate evolution, but all are roughly consistent with the observational
data. Yet these models lead to significant differences in evolution of galaxies, because the mass ratio and
gas content of merging pairs is sensitive to the sub-grid physics assumed in many of these models. One of
the largest uncertainties here is how stellar content is rearranged following a merger. Some stars are
added directly to a spheroidal component from the secondary, while others are transferred from an exist-
ing disk in the primary, and still others are formed in sifu as gas undergoes torques and then flows to the
center. Euclid will measure the merger rate of galaxies to unprecedented precision, by resolving close
pairs at different stages of interaction, over a wide redshift range. With the UV- and u-band data from
CASTOR, it will be possible to measure the SFR of these systems directly, and thus measure how SFR
evolves as a merger progresses, and distinguish dynamical growth from growth due to star formation in
galaxy bulges.

2.2. Morphology and Stellar Populations

CASTOR will also allow a measurement of the spatially resolved star formation history of galaxies by
employing the same SED-fitting procedure on individual resolution elements (see Figure 7). For example,
a typical galaxy at z ~ 0.5 will contain >100 independent resolution elements in CASTOR imaging. To
reliably measure parameters like the SFR requires S/N > 10 in each, which means the method can be ap-
plied for galaxies roughly 2.5 mag brighter than the survey limit. The Deep Survey will thus enable this
analysis on galaxies over the same mass range probed globally in the Wide Survey.

The analysis will be less straightforward, but represents a highly unique CASTOR contribution. It will
again rely on LSST and, especially, Euclid data of comparable depth. Although LSST images will be of
low resolution, those data will be important for measuring a precise redshift for the galaxy. Moreover, the
SEDs fitted to the whole galaxy, which will use LSST data, are still important constraints. For example,
the average SFR among all independent resolution elements must match the global average for the galaxy.
While the CASTOR provides a rest UV-flux measurement for each galaxy, converting this to a SFR re-
quires knowledge of the older stellar population, and dust-reddening in the galaxy; thus the existence of
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some high-resolution data at redder wavelengths is essential to robustly measure the SFR. The resolution
of Euclid‘s IR camera is ~0.3", corresponding to about 25 resolution elements per typical z = 0.5 galaxy.
This is sufficient, at least, to break up the galaxy into broad morphological components (i.e., disk, bulge,
bar, nucleus) and to measure the SFR of each component individually. It will then be possible to directly
trace the growth of disks, bulges, and bars as a function of cosmic time and environment.
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The central resolution element of a galaxy will be of particular interest, as it can be used to identify the
presence of non-thermal (AGN) emission, and thus trace the evolution of these nuclear engines. Moreo-
ver, it will enable a measurement of the SFR outside the nucleus, to determine the nature of any correla-
tion between AGN activity and disk-wide star formation.

2.3. Environments

Studying the role of environment in galaxy evolution requires imaging over large fields in order to sample
a wide range of large-scale environments (i.e., the number of galaxies is not generally a limiting factor in
such analyses). The Wide Survey is expected to contain several hundred massive (M > 5x10'“Mo) clus-
ters, and tens of thousands of galaxy groups. We know that galaxy evolution is more rapid in these envi-
ronments, since z ~ 1, than in the general population. Although the Deep Survey will not contain many
very massive systems, it will still contain about a thousand groups with M > 1014 Mo. The CASTOR im-
aging will therefore allow us, for the first time, to determine how that is reflected in the evolution of indi-
vidual morphological components, especially disks and spiral arms.

The most extreme environments in the universe are the cores of massive galaxy clusters, but these are
intrinsically rare and will not be well represented in even the Wide Survey. A dedicated survey of galaxy
clusters would be helpful establishing how such clusters assemble, and how they influence galaxy evolu-
tion. The ideal survey would cover ~ 100 massive clusters in ~ 5 redshift bins from z = 0.2 to z = 1.5. This
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would require about ~ 1000 hours of survey time. A less ambitious proposal, covering just the most mas-
sive clusters, or a more limited redshift range, could be conducted as a GO program.

2.4. High-Redshift Galaxies

Deep UV and u images from CASTOR will identify an unprecedented, large population of z = 2 galaxies
from the well-established Lyman-break selection technique. The wide, uniform imaging will enable a
good measurement of the clustering, and hence halo masses, of these galaxies. This will provide an im-
portant complement to comparable samples being assembled at z ~ 3 and beyond.

2.5. Dark Matter and Strong Lensing

Gravitational deflection of light from distant sources by intervening galaxies can form giant arcs, rings
and/or multiple images on the scale of arcseconds or less. Such “strong lenses” are important cosmologi-
cal probes of both galaxy dynamics and the structure of dark matter halos. The most comprehensive
searches to date have been based on the SDSS, in which candidate lenses are identified in the SDSS spec-
troscopic database and then confirmed with high-resolution imaging from HST. The largest SDSS lens
survey of this sort has uncovered 85 lenses to date (Auger et al. 2009). Alternatively, wide-field, ground-
based imaging can be used to identify candidate lenses having relatively large deflection angles of > 2"
(i.e., Cabanac et al. 2007). As with searches based on SDSS spectroscopy, follow up imaging with HST is
usually required to confirm their nature and to give reliable constraints on the gravitational potential (i.e.,
mass distribution) of the lensing galaxy.

Recent calculations suggest that LSST, covering an area of ~20000 deg?, will discover ~6000 strong lens-
ing events to a depth of g ~ 27 mag over a 10-year period. However, with a typical image quality of
FWHM ~ 0.75", interpretation and modeling of these results will be a challenge, as the deflection angles
are often comparable to, or smaller than, the seeing disk. By contrast, CASTOR will have far superior

image quality than LSST (i.e., by a factor of ~5 in FWHM) making immediate modeling of each system
possible. Moreover, the properties of the source galaxy population will be much better constrained than
will be possible with LSST, thanks to CASTOR’s superior u-band depth and angular resolution, and the
addition of UV imaging. Scaling the strong lensing predictions for LSST to the area and depth of the
CASTOR Wide Survey, we estimate that CASTOR will produce a sample of ~1500 strong lenses with
deep 0.15” images in the UV, u and g bands. With such data, it will be possible to explore the structure of
galaxy-scale dark matter halos, and their possible evolution with redshift.

2.6. Starburst Galaxies

While not resolving individual stars, CASTOR imaging will provide a quantitative measure of star-
formation via the hottest bright stars in galaxies out to redshifts of a few tenths. In rich clusters, these im-
ages will show where star-formation is triggered, or quenched by infall from the field. Spectroscopy can
then isolate regions of nebular emission associated with star-formation. Combined with stellar population
synthesis codes, the SED and nebular emission lines observed can be used to provide information about
the star formation rate, age, metallicity, mass, and initial mass function, as well as information about other
processes, such as AGN activity and shocks. These properties, which will be obtained easily over the
whole surface of the galaxies, are fundamental clues to study galaxy formation and evolution, and repre-
sent an important test for theories of stellar evolution.

2.7. QSOs and Active Galactic Nuclei

As shown in Figure 8, UV imaging allows QSOs to be selected efficiently in various redshift ranges. In-
deed, the CASTOR UV, u and g bands allow high-purity QSO samples to be assembled in the ranges 1 <z
<2 and 2 <z <4, with flux alone limiting the selection. Moreover, the angular resolution of CASTOR
will make it possible to carry out morphological studies of these QSOs and their nearby companions. At
the depth of Wide Survey, it will be possible to identify QSOs with absolute g-band magnitude M, > —22
at z = 4, and several magnitudes fainter than this at the lowest redshifts (thus reaching deep into the re-
gime of low-luminosity “Seyfert-type” galaxies). This would be the largest and most complete sample of
QSOs and AGNss at these redshifts, providing uniquely powerful constraints on QSO evolution. Monitor-
ing of QSOs from repeat observations in the Deep Survey will provide important information on the in-
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nermost regions of QSO accretion disks, which are probed directly by their UV and u-band emission;
scaling from the GALEX and SDSS surveys, it is expected that Deep Survey observations would yield
light curves for ~200,000 QSOs brighter than NUV = 25. Finally, CASTOR slitless spectra for the bright-
est subset of QSOs identified in the Wide or Deep Surveys would enable definitive classification and veri-
fication of the purity of the photometric samples. Statistical studies of the morphology and environment
of the QSO samples would provide important information on the environment and triggering of QSO
events.
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3. Near-Field Cosmology

The formation and evolution of the cosmic structures is a complex problem that can be approached in one
of two ways: through direct observations of distant objects spanning a range in look-back time, or through
in situ studies of the “fossil record” imprinted in nearby star clusters, galaxies, groups, and galaxy clusters
(i.e., near-field cosmology). This second technique is a burgeoning field that is driving the development
of many future facilities (e.g., GAIA, LSST, etc). CASTOR will be a uniquely powerful addition to this
array, offering excellent image quality, wide field coverage, and access to the UV and blue-optical spec-
tral regions. In this section, we describe a few examples of near-field cosmology programs that can be
undertaken with CASTOR.

GALEX
Figure 9: Demonstration of the power of CASTOR,
relative to HST and GALEX, for wide-field, high-
resolution imaging of nearby galaxies. The underly-
ing image is a mosaic of M31 constructed from mul-
tiple GALEX images. The field of view of a single
GALEX image is shown as the dashed circle. The
caex | Jarge rectangle shows the CASTOR field of view,
which measures 1.16° x0.58°. The smaller polygon
shows the HST/ACS field, which is ~1/200th that of
CASTOR. The insets show magnified views from
GALEX and HST imaging. CASTOR will have angu-
lar resolution comparable to HST, and ~30% better
than that of GALEX.

HST

HST
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3.1. The Star Formation and Accretion Histories of Nearby Galaxies

As noted in §Illa, an obvious candidate for a CASTOR Legacy Survey is panoramic UV-, u- and g-band
imaging for several hundred nearby galaxies. Such a survey would capitalize on the facility‘s excellent
image quality, wide field coverage, and UV sensitivity. During the last five years, a number of large HST
programs (totaling nearly 2000 orbits) have been devoted to imaging surveys of this sort (though with
limited areal coverage). Meanwhile, GALEX carried out a highly successful UV imaging survey of sev-
eral hundred nearby galaxies soon after its launch in 2003. Compared to these studies, CASTOR would
provide an unparalleled view of the stellar content in nearby galaxies thanks to a ~200-fold increase in
field size compared to HST/ACS, and a ~30-fold improvement in FWHM compared to GALEX (Figure
9). Crowding in these galaxies makes studying their resolved stellar populations with ground-based tele-
scopes (e.g., LSST or Pan-STARRSs) virtually impossible for all but the nearest systems. Furthermore,
ground-based facilities cannot probe the critical UV region, where the emission from young stars is larg-
est. Figure 10 shows how CASTOR imaging could map out the history of star formation in nearby galax-
ies with panoramic, UV/optical imaging having HST-like resolution.

Figure 10: (Panels A-E) Surface
brightness maps for a typical high-
mass spiral galaxy according to the
simulations of Johnston & Bullock
(2006). Each panel shows the same
300 kpc %300 kpc region, but with in-
creasingly faint surface brightness
cutoffs of uy = 28, 30, 32, 35 and 40
mag arcsec?, respectively. (Panel E)
Surface density map for old, metal-
poor stars in M31 based on CFHT
imaging from the PAndAS survey (see
Richardson et al. 2011). The faintest
features visible in this image have py ~
33 mag arcsec?.
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e powerful constraints on models of hi-
erarchical galaxy formation — can be
examined directly with the resolved stellar populations in their extended halos. Numerical simulations
carried out in the framework of CDM models make clear predictions for the number and morphology of
satellites, shells, streams and rings in the halos of z ~ 0 galaxies. As shown in Figure 10, identifying these
halo substructures requires reaching very low surface brightness levels — typically pv > 33 mag arcsec™.
Such levels can be reached only through direct star counts (rather than surface photometry) and has, in
fact, only been achieved in a handful of the nearest galaxies, such as M31 (e.g., McConnachie et al.
2009). With CASTOR, exposure times of ~30 hrs per target would provide 5¢ photometry to depths of
UV ~ 28, u~ 29 and g ~ 29, which is adequate to reach below the level of the horizontal branch in old,
metal-poor stellar populations at a distance of ~3 Mpc. Dozens of additional galaxies out to the distance
of the Virgo cluster could have their upper red giant branches mapped in this way.
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3.2. Structure and Stellar Populations of Halo Substructures

The Galactic halo contains numerous substructures — or stellar “overdensities” — that can be used to
study the history of accretions, star formation and chemical enrichment in the Milky Way (e.g., Tollerud
et al. 2011). These include ~160 globular clusters, several prominent stellar streams, and ~2 dozen satel-
lite galaxies (although this number is expected to grow dramatically in the future, thanks to imaging from
LSST, Pan-STARRSs, Sky-Mapper and even from the CASTOR Wide Survey). Taken together, these sub-
structures hold potentially important information on the low-mass end of the dark matter mass function,
as well as on the nature of reionization and feedback in the lowest-mass stellar systems. The key contribu-
tion of CASTOR to this field will likely be in the production of deep, wide-field photometric catalogs for
stars belonging to these newly discovered systems (either by CASTOR itself or by contemporaneous
ground-based surveys). For instance, as HST studies have shown, it is only through high-resolution imag-
ing, particularly in the UV and blue-optical regions, that the distinct stellar populations in these objects
can be identified and studied (see Figure 11; see also Piotto 2009). Observations of hot stars (e.g., HB
stars, blue stragglers, sdB stars, white dwarfs, AGB manqué stars), in these objects will be especially
fruitful with CASTOR.
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ook bond i bk Lo Lo b o tion theory), although they are perhaps most
-to0 12 3 4 -2-10 1 2 3 useful as Galactic chronometers. Recently,
(NUV = u) (u —e) cool (=old) white dwarfs have also received
attention as possible targets of transit
searches for planets in the habitable zones of old stars. While much is known about the properties of disk
white dwarfs in the local neighborhood, very little is known about white dwarfs in the halo of the Galaxy:
i.e., fewer than 50 white dwarfs per deg? brighter than g =~ 24 associated with any Galactic component are
predicted by Milky Way models (Robin et al. 2003). However, the excellent u-band sensitivity of CAS-
TOR — combined with its ability to perform accurate star-galaxy separation at faint magnitudes by virtue
of its HST-like resolution — means that CASTOR will be a powerful probe of Galactic white dwarfs, in-
cluding those associated with the halo (i.e., located at scale-heights of 5-10 kpc). Indeed, CASTOR will
be able to select white dwarfs efficiently from UV-optical color-color diagrams for millions of unresolved
sources in the Wide and Deep Surveys.

Some of the most remarkable discoveries to come from HST during the past decade have been the result
of its unique capabilities in astrometry, particularly in the measurement of proper motions. Such results
include the determination of proper motions (and, hence, orbits) for remote star clusters and satellite gal-
axies, the possible detection of intermediate-mass black holes in some globular clusters, and the discovery
of multiple stellar populations in an ever-increasing number of star clusters after proper motion cleaning
of color-magnitude diagrams (Piatek et al. 2007, Andersen & van der Marel 2010, Woodley et al. 2012).
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Figure 12: (Upper Panel) Astromet-
ric precision, 1D(V), for the GAIA
100 z all-sky mission as a function of V-
~ band magnitude (red curve). Also
< shown are the cumulative number of
10 Galactic field stars per CASTOR

field, estimated for a high-latitude
SN R BRI B field using the Besancon models of
12 14 16 18 20 Robin et al. (2003). (Lower Panel)
100 V (mag) Positional change over a 5-year

RSN baseline, T5, as a function of dis-
tance from the Sun for different tan-
gential velocities. The red histogram
shows the distance distribution of
halo substructures (i.e., globular
clusters, dwarf galaxies and ultra-
faint dwarfs).
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o1 ] 10 100 ! CASTOR, with its similar image
D (kpc) quality but much larger field of view,
has the potential to far exceed HST in
this area. An important advantage of
CASTOR relative to HST, is that, by the end of this decade, ESA’s GAIA mission will have established an
accurate, all-sky astrometric grid based on positional measurements for roughly one billion Galactic stars
(Perryman et al. 2001). As shown in the upper panel of Figure 12, this grid will provide ~1000 “astromet-
ric standards” in each CASTOR field down to GAIA’s limiting magnitude of V = 20. Imaging from CAS-
TOR can then be used to measure accurate positions, tied to the GAIA reference frame, for stars with V >
20 (and all GAIA stars brighter than this, subject to saturation constraints). The lower panel of Figure 12
illustrates how repeat observations with CASTOR, separated by a nominal period of 5 years, could be
used to measure proper motions and space velocities for star clusters, dwarf galaxies and stellar streams in
the halo; for the nearest star clusters, it will also be possible to study their internal dynamics and deter-
mine accurate masses for any central black holes. Alternatively, single-epoch data from CASTOR could
be combined with archival imaging from HST to give, for many targets, an astrometric baseline of up to a
quarter century.

3.4. The Origin of Compact Stellar Systems

One of the more pressing questions to have emerged from the study of nearby galaxy clusters during the
past decade has been the origin of the faintest and most compact stellar systems. The relationship between
these so-called “ultra-compact dwarf” galaxies (UCDs) and massive star clusters remains a mystery,
largely because there exists no comprehensive (i.e., complete and unbiased) catalog of star clusters and
UCDs within even a single environment. At still lower luminosities, about 20 “ultra-faint dSph galaxies”
have been discovered in the Milky Way during the past seven years, prompting efforts to use these galax-
ies as laboratories for understanding stellar feedback and adiabatic contraction in the lowest-mass dark
matter halos. With its excellent sensitivity and superb image quality, CASTOR will allow the first com-
plete and unbiased survey of such compact, low-luminosity objects in the local volume. For instance, a
two-week survey of the Virgo cluster, at D = 16.5 Mpc, would allow a complete census of all compact
stellar systems down to g = 28 in this environment, equivalent to a limiting stellar mass of roughly
5000Mo. It will also be possible with CASTOR to resolve individual UCDs, star clusters and dwarf gal-
axies with sizes as small as Re = 3 pc (0.0125"; Jordan et al. 2005). Such observations would provide a
wealth of information (such as luminosities, stellar masses, concentration indices, mean surface densities
and spatial distributions) that can be used to tests models for their formation and evolution.
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3.5. Stellar Nuclei in Nearby Galaxies and the Connection to Supermassive Black Holes

A surprising discovery from several HST surveys undertaken during the past 10—15 years has been detec-
tion of compact, structurally distinct stellar components in the centers of most intermediate- and low-mass
galaxies. Since these compact stellar nuclei are found in galaxies spanning the entire Hubble sequence,
and located in a wide diversity of environments, it is clear that a quite generic formation mechanism (or
mechanisms) is needed to explain this remarkable ubiquity (C6té et al. 2006, Ferrarese et al. 2006). With
its simultaneous wide-field coverage and excellent angular resolution, CASTOR will allow a definitive
characterization of the core vs. global structure for complete samples of many thousands of galaxies in
field, group and cluster cluster environments. Given the low luminosities of these nuclei (typically less
than ~1% of the host galaxy luminosity) and their small sizes (R. < 0.1" at the distance of the Virgo clus-
ter), CASTOR offers the only hope of identifying these nuclei in a complete sample of cluster galaxies,
and measuring their luminosities, stellar masses, and structural parameters. Such a survey would certainly
be the departure point for future stellar-dynamical studies with 30m-class telescopes that aim to: (1)
measure the black hole occupation function in the low-z universe; and (2) characterize the relationship
between stellar nuclei and super-massive black holes in z ~ 0 galaxies.

4. Stellar Astrophysics

CASTOR offers unique and powerful capabilities in the area of stellar astrophysics by virtue of its wide-
field, excellent spatial resolution imaging, UV performance, and spectroscopic capabilities. Figure 8
shows how data from the combined GALEX (NUV) and SDSS (u, g) databases can be used to identify
and classify astrophysical sources, including many different types of stars. With CASTOR, it will be pos-
sible to use a nearly identical color-color selection but with a spatial resolution = 10 (SDSS) to 30
(GALEX) times better, and with a roughly hundred-fold improvement in depth (e.g., wim = 22.0 and 27.1
for SDSS-DR8 and the Wide Survey of CASTOR, respectively). Below, we briefly describe some obvi-
ous areas in stellar astrophysics where CASTOR should make important contributions.

4.1. Hot and Massive Stars

UV-, u- and g-band imaging from CASTOR would allow efficient isolation of the hottest and most mas-
sive stars, with little or no contamination from other sources (see Figure 8). The Wide Survey would al-
low a complete study of young stellar populations — down to faint limits, in potentially crowded fields
and covering 1/8th of the sky — that would be impossible with any other facility. The Nearby Galaxies
Survey and the Nearby Clusters Survey will similarly provide deep and homogeneous samples of such
stars in the local volume. For instance, 30 minute exposures with CASTOR will go faint enough to reach
9 solar mass, main-sequence (B0) stars in Virgo, and 2 solar mass (A0) main-sequence stars in M31. Slit-
less spectroscopy for some targets will enable mapping of WR stars in all local group galaxies, subject to
crowding limitations. Such global studies of star formation in local environments will be a unique contri-
bution of CASTOR and of considerable importance to the stellar evolutionary community by providing
much-needed constraints on high-mass star formation and feedback from stellar winds.

4.2. Symbiotic Binaries

The blue outliers in the lower right region of Figure 8 are symbiotic binaries, which have components of
similar luminosity but very different temperatures (i.e., binaries in which one star has become a red giant
and is transferring mass to a hot, compact companion). To date, such binaries have been discovered en-
tirely serendipitously. CASTOR would enable a global study of this important stage of evolution in
nearby galaxies and, for the first time, allow a detailed comparison between observations and the predic-
tions of stellar evolution models. Spectra will be invaluable in separating the components of these rare but
important systems.

4.3. Degenerate Stars in Dense Stellar Systems

CASTOR will be an efficient tool for identifying and studying the hottest white dwarfs in star clusters.
Deep UV-, u- and g-band exposures will greatly extend the pioneering work carried out by HST on Galac-
tic white dwarfs by mapping out white dwarf cooling sequences and measuring cluster ages. In addition,
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CASTOR will readily identify other types of “stellar exotica” in star clusters and dwarf satellites, such as
cataclysmic variables and sdB stars, and measure their spatial distribution and fundamental parameters
(effective temperatures, intrinsic variability, binary light curves) through repeated, short-exposure obser-
vations.

4.4. X-Ray Binaries and Transients

The spatial resolution and sensitivity of CASTOR will make it ideally suited to identifying the UV/optical
counterparts of X-ray sources. Somewhat surprisingly, the global populations of X-ray binaries in Local
Group galaxies have not been fully studied despite their significance in understanding star formation as
well as the fundamental physics of extreme objects. Such a program would likely consist of new monitor-
ing exposures (to identify previously unknown transients) as well as data taken as part of surveys (i.e., the
Nearby Galaxies Survey or Wide Survey). In addition to monitoring X-ray sources, novae, supernovae,
and even GRBs, could be followed up by CASTOR. Spectroscopic monitoring will add greatly to the
value of this imaging, by locating emission line objects.

4.5. Pulsating Variables

Unprecedented studies of pulsating variables in nearby galaxies, such as RR Lyraes and Cepheids, could
be carried out with CASTOR. For example, RR Lyraes in Local Group galaxies could be detected with
nearly 100% completeness in just ~30 minute exposures. A series of exposures spanning a day or so
would be required to identify these variables, whose periods and luminosities would yield an independent
determination of the local distance ladder. Such data would also allow an assessment of whether the
Oosterhoff dichotomy exists in other environments, a matter of longstanding debate. The same observa-
tions used in the search for pulsating variable will also reveal massive eclipsing binaries in nearby galax-
ies, yielding stellar masses and additional (independent) distance measurements.

4.6. Post-AGB Stars and Planetary Nebulae

Post-AGB stars reflect a brief evolutionary phase for stars of a few solar masses, when the star becomes
hot, luminous, and variable. The systems are of interest in understanding the final stages of stellar evolu-
tion and may be an important source of emission line spectra of LINER galaxies (rather than low-energy
AGNs). CASTOR UV monitoring will readily discover such stars in galaxies out to the distance of the
Virgo cluster, while CASTOR spectra will also reveal PNe in these galaxies via their characteristic
emission-line properties, providing observational constraints on the formation histories of intermediate
mass stars.

4.7. Extremely Metal-Poor Stars

CASTOR would be the obvious instrument to perform a dedicated, wide-area search for hot stars in the
Galactic halo (e.g., through the Wide Survey; see §111a). The addition of slitless spectroscopy for a subset
of the Wide Survey fields would be powerful resource for the identification of candidate metal-poor stars,
for ground-based follow up at high spectral resolution. In combination with imaging in other optical
bands (e.g., Euclid, LSST) CASTOR could map structure of the Milky Way halo out to unprecedented
radii (see Juric¢ et al. 2008).

It is worth re-emphasizing that any CASTOR exposures will contain a number of Galactic halo stars (e.g.,
a typical high-latitude CASTOR field in the Wide Survey will contain an average of ~7000 halo stars
brighter than g = 27.8). In other words, each of the CASTOR Legacy Surveys, as well as virtually every
GO program that might be implemented, would have an enormous potential for stellar/halo studies. In
fact, a coordinated spectroscopic survey with large multi-object spectroscopic telescopes on the ground
(such as ngCFHT) would have huge benefits in many areas of astronomy and cosmology, including Ga-
lactic Archaeology and stellar astrophysics.

5. The Outer Solar System

The Outer Solar System (OSS) extends from roughly the orbit of Neptune (30 AU) out to a few thousand
AU. This region — which is known include the centaur population, the Kuiper Belt, the scattering/
scattered disk and the inner Oort cloud — has experienced little physical or dynamical evolution over the
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last 3 billion years and thus provides a window into the ancient processes of giant planet and planetesimal
formation (the building blocks of planets). Two decades of theoretical and observational study of the OSS
have provided a wealth of new information about the processes of planet formation.

Figure 13: 4 top-down view of the outer solar sys-
tem (OSS). The orbits of the giant planets (Jupiter
through Neptune) are shown along with their cur-
rent locations (blue dots). Grey dots represent the
locations of outer solar system objects that will be
detected by CASTOR (based on the Canada-
France-Ecliptic Plane Survey model of the outer
solar system [http://www.cfeps.net]). The ‘gaps’in
the distribution of OSS objects represents the ga-
lactic plane, which will lie outside the CASTOR
Wide Survey. Approximately 20000 OSS objects will
be discovered during the Wide Survey, a factor of
20 increase in the number of such objects currently
known.
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Surveys of the OSS have revealed dynamical complexity and a sometimes puzzling physical structure.
The main object classes in the OSS can be grouped according to their current dynamical (orbital) state.
The nearest group, the Centaurs, have semi-major axes interior to Neptune as well as high eccentricities.
These sources are currently experiencing gravitational scattering with Neptune and will, in a few 10*
years, become the comets. Beyond Neptune is the Kuiper Belt, which consists of the material with mean
orbital radii (i.e., semi-major axes) between 30 and 50 AU. The Kuiper Belt is further composed of a
“hot” component whose members exhibit inclined orbits with inclinations in excess of ~2° and a “cold”
(or low inclination) component. The “cold” population is yet further sub-structured. Interestingly, the
physical properties of these two components of the Kuiper Belt appear distinct. In addition, the “cold”
objects are often found in binary systems that are fragile to dynamical perturbation.

Moving beyond the Kuiper Belt one comes to a population of objects whose histories are rather poorly
understood, as they shown very large semi-major axes (up to hundreds of AU) and many of these sources
appear to be experiencing gravitational encounters with Neptune. These scattering sources are likely ob-
jects that were recently ejected from parts of the Kuiper Belt (which is itself only meta-stable) and are
transitioning via Neptune encounters to become Centaurs. Finally, stretching beyond these sources one
enters the Inner Oort Cloud, whose existence was only established in 2004. The precise origin of this re-
gion of the solar system is an area of intense and active research. The emerging picture is that this region
of the OSS was formed via gravitational scattering between members of the OSS and stars that formed
near the Sun.

However, at this time only two, or perhaps three, members of the OSS population are known, providing
few constraints on models of the formation environment of the Sun. Given the small number of known
objects the precise boundary between this population and the scattering objects is open to debate; many
authors choose to only consider those sources whose closest approach to the Sun is larger than 47 AU as
members of the Inner Oort Cloud. At present, roughly 1500 OSS objects are known, of the more than
~10° whose detection should be possible and the more than ~10° that are thought to exist in this region.
Efforts to provide a better measure of the contents of the OSS now dominate the observational landscape
in OSS research.
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The current flurry of discovery of planetary system and stellar dust rings has clearly demonstrated that
many of our previously accepted scenarios of the processes of planet formation must be incomplete.
Modern theories of planet formation must explain giant planet systems with orbits of only a few hours

duration to ones at distances of hundreds of AU from their host stars. The bewildering variety of planetary
systems clearly point to a highly dynamically active phase for those systems and there is no reason to ex-
pect that a similar phase did not occur in our own planetary system. Such a dynamically excited phase for
our solar system would have imprinted its signature on the structure of the small body belts (i.e., the as-
teroid and Kuiper Belts, and the Inner Oort Cloud), placing objects in the small body belt reservoirs onto
orbits for which the current structure of the solar system provides no reasonable dynamical pathways.

Disentangling the various formation scenarios for the OSS will require a statistically significant sampling
of the various subcomponents of the belt. Models that form the Sun in a dense cluster environment (as
opposed to a loosely bound open cluster) produce Inner Oort Clouds with different radial distributions;
those difference, though, will requires tens of sources with q > 100 AU to be detectable. The process of
giant planet migration causes significant stirring of the Kuiper Belt region, effectively disrupting the bi-
nary systems with moderately close encounters. A census that includes a large number of KBOs in a range
of distance could determine the extent of Neptune‘s past outward motion. More recently, several pieces of
evidence appear to point to planetesimals having formed with large sizes. Such a scenario could be tested
by examining the size distribution of KBOs down to km-scale objects. Observational surveys of the struc-
ture of the OSS will provide important and exciting clues to the solar system‘s formation history; result-
ing models will help guide our interpretation of data for exoplanetary systems.

The CASTOR Wide Survey will detect more than ~20000 OSS objects, a factor of nearly twenty im-
provement over existing catalogs (see Figure 13). Although the cadence of the main surveys will provide
only limited orbital information, the net knowledge gain for planet formation will be dramatic.

5.1. Mapping the Inner Oort Cloud

The lack of known objects with pericenters larger than 47 AU (only two such objects are currently
known) leaves an enormous void in our understanding of the evolution of the OSS and the environment in
which the Sun formed. Studying the OSS will unveil the formation environment of the Sun (i.e., the na-
ture of the birth cluster), the possible source of Halley-type comets, and the evolution of the giant planet
orbits which are themselves coupled to the process of planet formation. The OSS presents the most acces-
sible laboratory for determining and understanding the details of planet formation and planetary system
evolution.

Ground-based facilities will continue to provide powerful data sets that are ideal for dynamical modeling
the dynamical structure of the OSS. Large programs conducted on the CFHT, as well as results expected
from the LSST and PanSTARSS-2 projects, will result in an large number of objects that can be used in
probing the evolutionary history of the giant planets. Such surveys, however, will be fundamentally lim-
ited in two distinct ways: (1) Individual ground-based surveys, like the CFHTLS, do not cover sufficient
area to be sensitive to rare and distant (> 60 AU) solar system objects*; while (2) surveys that cover suffi-
cient area do not have the image quality/cadence required to allow the detection of such distant objects.
To detect objects at distances beyond 400 AU requires sensitivity to motion of less than 0.3” per hour.
This is well below the sensitivity of typical large-area surveys, which normally observe at cadences of
just one hour and often with image quality worse than 1”. Objects bright enough to be detected (r < 25)
are exceedingly rare (perhaps as few as 400 over the entire sky). The CASTOR Wide Survey, covering
~5000 deg? to a depth of » ~ 26 with a cadence of three exposures in one hour and an image quality of
FWHM = 0.15" would result in the detection of ~50 such distant sources. As only two such sources are
presently known, this would open an entirely new window on the outer solar system.

5.2. Serendipitous Stellar Occultations

The size-frequency distribution (SFD) of Kuiper Belt objects is an excellent probe of the processes of
planetesimal formation. Indeed, the Kuiper Belt SFD provides the most pristine sampling of these proc-

4 At a limiting magnitude of r ~ 25.5, these objects have a surface density of about 0.01 per deg?.
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esses available in our solar system. A belt of planetesimals will evolve towards an equilibrium SFD over
the full size range if coalitional processing dominates for more than a few 100 Myr. If the material in the
belt is self-similar (i.e., strength is independent of size), then the equilibrium SFD is a power-law, n(r)dr =
(r/r0)4, with index ¢ = 3.5, regardless of the material strength of the bodies. If, however, the objects are
not self-similar, but instead have a size dependent strength, then the SFD will exhibit a “wavy” structure
that depends on the strength-size relation of the underlying population and the collision speeds. The ob-
ject size where the SDF transition occurs also depends on the timing of the collision phase and the inten-
sity of gravitational stirring by nearby planets. Measuring the SDF of the surviving material in the Kuiper
Belt will provide a measure of the strengths of the KBOs and the collision environment in which they
evolved. The 20000 sources detected by CASTOR will allow an unprecedented measurement of the SFD
for OSS objects. Unfortunately, the size of the SFD transition likely occurs in objects that are so small and
faint (» ~ 33) that it is beyond the reach of any facility that relies in reflected sunlight, including CAS-
TOR.

An additional, exciting possibility is to operate CASTOR in a mode where serendipitous occultations of
stars by passing Kuiper Belt and Inner Oort Cloud objects can be detected. This is the only technique that
is sensitive to sub-km objects in the OSS, and it clearly requires a space-based observing platform. In re-
cent years, CSA completed a concept study for a dedicated space-based occultation observatory (OCLE-
DOCLE) and demonstrated the feasibility of this approach with a dedicated 30 cm telescope. A detector
focal plane on CASTOR that is capable of reading 300 sampling regions (ROIs) at 10-20 Hz sample
speed, once combined with its large aperture relative to OCLE-DOCLE, would allow the detection of
multiple occultations by small (sub-km) Kuiper Belt and Inner Oort Cloud objects.

5.3. UV Observations of KBOs

Spectroscopic compositional studies of small bodies have played a critical role in helping piece together
the formative history of the solar system. This is particularly well demonstrated in the asteroid belt. Not
only have spectra revealed that asteroids are primarily silicate in nature, but observations have revealed
hydrous and pyritic alteration features. These startling properties have helped paint a picture in which all
the silicate material we currently observe in the terrestrial region was once intimately mixed with water
— and possibly other — ices. Violent heating both by accretion as well as radiogenic decay caused the
water ice to become liquid long enough for aqueous alteration to occur, and in some cases, sufficiently
heat the progenitor silicate materials for serpentization and differentiation of the minerals to occur.

Observational efforts are currently ongoing to repeat this same success in the OSS. Unlike in asteroids,
ice is a dominant component in OSS objects. Characterization of these ices remains elusive; even their
identification is possible only for water-ice and methane which happen to exhibit deep absorption at near-
IR wavelengths. Broadband colors for OSS objects reveal a curvature of their reflectance slope (or color)
in the u-band to much more neutral colors than that seen in the optical. This has been interpreted as being
caused by organic ice, which exhibits a similar behavior. The shape of this flattening into the UV region is
not only a diagnostic of the what surfaces ices may exist, but also of the amount of radiation-induced
chemistry the ices have undergone. The coarseness of available data (which are primarily colors) prevents
quantitative interpretation of the observations. Of the ~20000 OSS objects detected by CASTOR, roughly
800 will have high high-quality u- and g-band measurements (compared to only 10 for which u-band
fluxes are currently available). A further subset of roughly 50-100 objects will be bright enough for spec-
troscopy with resolution R~50 (depending on their UV fluxes, which are currently unknown). Such a data
set will allow us, for the first time, to probe the nature of this curvature. For instance, it would allow us to
not only constrain the types of ice that exist in the OSS, but also to explore both the nature of the primor-
dial ices from which that these bodies originated, and the chemical pathways that gave rise to them. Col-
ors from CASTOR would thus become the standard reference catalogue for OSS objects.
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I'V. Technical Implementation
IVa. Concept Overview

CASTOR is a proposed CSA-led ~1250 kg ‘smallSAT’-class space telescope mission (see Figure 14).
CASTOR has been designed to meet distinct and far ranging scientific goals by virtue of a simple but in-
novative design and a flexible operations model. These include characterizing the effects of dark energy
on the cosmos, understanding the history of galaxy evolution and star formation, and detecting the most
distant objects in our solar system. The spacecraft is designed to be compatible with multiple launchers
(i.e., Polar Satellite Launch Vehicle, Falcon 9, etc.) and will operate in a sun-synchronous polar orbit with
an altitude between 600 and 800 km.

Space Telescope
Cryocooler and
Radiator

Bus Structure

Space
Telescope

1194 mm Clampband
launch interface

SolarArrays deployed at
45° from +/- Y: and +/- Z

4 Phased Array Antennas
panels

3 Star Tracker Camera
Head Units mounted to
the optical bench

Figure 14: External spacecraft layout for CASTOR.

The CASTOR mission features the following fundamental distinguishing capabilities:

* A 1m diameter, unobscured Three Mirror Anastigmat (TMA) telescope that provides Hubble-like
image quality of <0.15” over an unprecedented 1.16° x 0.58° field of view (see Figure 15).

* A huge 725 Megapixel camera with wavelength coverage from 0.15-0.55 pum that allows access
to wavelengths that are difficult or impossible to observe from the ground.

* A survey area of 5000 deg? in less than 2 years, due to the increased efficiency relative to ground-
based telescopes which are limited by daylight and weather to <30% efficiency.

* An unobscured aperture that provides u-band imaging to a depth of > 27 for the Wide Survey.
Because high angular resolution leads to improved depth for unresolved sources, CASTOR will
have a point source sensitivity comparable to a 40m ground-based telescope in good (0.6") seeing
conditions.

IVb. Payload Layout

The CASTOR instrument consists of the optical assembly, thermal control system, electronics unit and
software.

The layout is dictated by the optical prescription with the large input aperture and field of view driving
the size of the optical system. The optical path runs through the TMA with its large primary mirror, re-
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flecting off the selectable optic on the three axis mechanism, off the fixed fold mirror and onto the Focal
Plane Array (FPA). Internal to the TMA, between the secondary and tertiary mirror, is an intermediate
image where a shutter mechanism is placed. Another feature of the optical design is an accessible internal
pupil, where the three axis mechanism optic resides, this feature is designed in to allow the insertion of a
grating for spectroscopy. The optical design includes a fold mirror after the pupil in order to decrease the
instrument length for packaging and aid in structural performance.

Primary Mirror Focal Plane

'jl

Secondary Fold Mirror
Mirror
Shutter } Tertiary
Mechanism Mirror

Three Axis
Mechanism

Figure 15: Telescope optical layout showing the TMA design that delivers a 1.16° x 0.58° field of view
with nearly diffraction-limited image quality at 1 < 0.55 um.

The optical design has the tightest optical tolerances to be located in the TMA assembly. This allows the
instrument to be assembled and aligned on the main structure to machining tolerances. The assembly con-
sists of a main structure element, TMA sub-assembly, FPA sub-assembly, three axis mechanism, shutter,
contamination cover, fold mirror and kinematic mounts.

The main structure is a composite truss structure with invar or titanium interface mounting pads for at-
tachment of the sub-assemblies and optical components. The interface pads would be designed to allow
for shimming or use of a “shoe” for alignment of the optical components. The use of composite material
for the main structure is to leverage the high strength to weight ratio as well as low (near zero) CTE to
achieve an athermal optical instrument design. Mounting the structure to the bus deck will be done using
a kinematic mount design with a large footprint to distribute the loading. The telescope mounting inter-
face will be designed to be vibrationally decoupled from the bus at high frequencies to isolate the imag-
ing function from high frequency momentum wheel jitter, resulting in a reasonably achievable update rate
for the fine guidance system.

The TMA is the heart of the telescope design. It is a standalone optical system which will be designed,
manufactured, assembled, aligned and tested as a unit. The material for the TMA is SiC, which has ex-
ceptional strength to weight and thermal characteristics making the optical system very stable along with
providing good optical polishing properties.

The shutter mechanism is located at an intermediate image of the system between the secondary and ter-
tiary mirrors. This feature of the optical design allows for an accessible area to be used as both a shutter
system as well as effective stray light control. The shutter will actuated during loss of satellite control or
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when the sun may come into view. A one-time deployable door will be used for contamination control
during launch and early commissioning of the spacecraft bus.

Figure 16: Conceptual fine steering

mirror, showing a two-face, reaction-
less tip/tilt system with flip capability.

A fine steering mirror is placed at the
internal pupil of the instrument and
will be used for fine alignment while
imaging. It will have a turret mount
with which two optical elements can
be placed and aligned in the optical
path (Figure 16). The two selectable
optics will be a flat fold mirror for
normal mode observing, and a grat-
ing for spectroscopy. The mechanism
will control tip and tilt of the optic as
well as single axis of rotation to select the optic to be placed into the system. It is possible to envision
that more faces be added to the turret such that more than one grating, hence spectral resolution be of-
fered. However, the telescope layout would need to be modified slightly to allow more margins between
this assembly and the beam passing just above. A flat field calibration source optic could also be added
by back illuminating a pot opel diffuser optic when placed in the ray path; the calibration source is cur-
rently just a fixed light source inside the telescope enclosure and turned on only during calibration.

A fold mirror is placed and aligned in the system on a mount with a “shoe” interface which allows for
alignment on final assembly. The mirror will be fabricated from SiC to maintain the athermal design of
the instrument. The mount and interface shoe will be weight-relieved invar to allow for alignment ad-
justments on assembly.

The FPA consists of the detector array mounted to a SiC assembly plate with cutouts to allow the detector
flex cables to feed through and connect to the ASIC readout chips mounted to the back side. The plate
will accommodate a thermal strap interface that connects to the cold finger of the cryo-cooler. This ther-
mal strap design will accommodate vibration decoupling from the cryo-cooler pump actuation along with
a set of trim heaters and decontamination heaters. Thermal connections will be implemented using heat
pipes or thermal straps where appropriate. The FPA assembly plate will be attached to its mount with
thermally resistive components to minimize parasitic loads to the FPA cooling system. Detailed design
and analysis will be performed to determine an acceptable mounting design which will complement the
cooling system analysis.

IVc. Instrument

The driving scientific requirements for the observatory are primarily aimed at conducting a survey using
imagery in three bands. The potential to conduct spectroscopic observations once the survey is completed
(or sporadically before completion) is viewed as an opportunity of great interest given the near decom-
missioning of the Hubble Space Telescope and the lack of planned replacement. However, the design phi-
losophy adopted for CASTOR is adding a spectroscopic mode should not affect the likelihood of flying
the main mission if significant added complexity and costs were involved. Hence, it was assumed by the
design team that the CASTOR should remain a “prime focus” camera-telescope system (Figure 17).

The wavebands, governing the design of the filters and detector coatings are directly based on the scien-
tific requirements:

* A three-channel design for the focal plane is needed for the core science programs discussed in
§III: i.e., three “stripes” having filters and coatings optimized to give the highest possible
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throughput in UV, u and g bands. Complete coverage over large areas of sky would then be
achieved in all bands by stepping and integrating in this layout. Since the latter two bands are
“standard” astronomical bands, they should match the commonly defined filters as closely as pos-
sible: e.g., the CFHT u band has a central wavelength of 0.374 um, and a wavelength range at
50% transmission of 0.337—0.411 pm; for the g band, these numbers are 0.487 pum and
0.414-0.559 pm.

» The UV band is defined such that it extends from the cutoff of the u band (the CFHT u filter has
2% transmission at ~ 0.303 pm) as far into the UV as possible, with a requirement of 0.200 um
and a goal of 0.150 um).
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TERTIARY
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MOUNTS
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Figure 17: Payload mechanical layout for CASTOR. The total volume and mass of the payload are 13.8
m?3 and 518 kg, respectively, where the latter value includes a 30% contingency.

IVd. Detectors

It would ease procurement, qualification, and readout electronics design if the same basic type of detector
were to be used for the entire FPA. Detector coatings can vary with little system impact in this case. De-
tectors are therefore selected to be sensitive over the entire waveband. Silicon based photovoltaic array
detectors are known to be highly sensitive over the full spectral range down to 0.12 um. Suitably mature
detector choices include monolithic Back Illuminated CMOS (BICMOS), silicon PIN hybridized to
CMOS ROIC (e.g., Teledyne HyVisl), and various flavors of back illuminated CCD (BICCD). “Back

illumination” refers to the geometry where light is incident directly on the active area of the silicon, and is
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not vignetted by the pixel circuitry and gate contacts as in typical commercial camera chips. This is ex-
tremely important for blue and UV sensitivity where the typical photon penetration depth is very small.

With their random access, non-destructive readout capability, random access sub-windowing capability,
simplified readout electronics, and intrinsic proton radiation tolerance, we consider CMOS the choice for
detectors. An additional advantage is that the Silicon PIN can be hybridized to familiar infrared astron-
omy ROICs such as the H2RG, recently used by the CSA in the JWST program. One competing draw-
back, however, is that the PIN material needs extra thickness to retain structural integrity during indium
bump bond hybridization (>50 m), and this leads to a larger dark current at fixed operating temperature
and higher transient sensitivity to trapped proton flux. CMOS sensors have the additional important op-
erational benefit that many of them support high speed sub-windowing readout without affecting the rest
of the scientific data collecting area. This would allow using the main scientific camera as the source for
fine guidance information. Indications from Teledyne are that the H4RG-10 will provide less than 0.01 ¢/
p/s at around 160 K operating temperature. This will keep the dark current at or below the expected read
noise levels on a 10 minute exposure. They have also developed and delivered a 4-side buttable packag-
ing design in collaboration with GL Scientific. This is important for minimizing the gaps between nearby
arrays in the FPA. The design allows for <3 mm gaps between active areas of subsequent arrays on 3
sides and <6 mm gap on the fourth bondpad side. The H4RG-10 detectors have been selected as the base-
line due to their high TRL, space-qualified status, and mission criticality.

Fine guiding for the fine pointing mirror image stabilizer will be done using small window fast reads in
the science array on 2-3 guide stars selected (or recognized) autonomously without interrupting scientific
integrations.

Figure 18: Proposed focal
plane array (FPA) layout for
CASTOR, which has a total of
45 4k x 4k detectors. Each band
is covered by 3 x 5 FPAs. Gaps
between FPAs are neglected in
the dimensions shown.

L
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IVe. Focal Plane Array/ASIC

The FPA identified for this program is the HAWAII-4RG (H4RG). This array is a large (4096x4096
pixel) array with 10 um pitch (Figure 18). Reference rows and columns are provided for common-mode
noise rejection. Guide window output is available with simultaneous science data acquisition of full array.
The window is programmable and may be read out at up to 5 MHz pixel rate for guiding. The FPA read-
out is designed to allow interleaved readout of the guide window and the full frame science data. The
FPA provides for a selectable number of outputs (1, 4, 16, 32 or 64) and user-selectable scan directions.
The array is 4-side buttable to allow assembly of large mosaics of 4096x4096 H4RG modules, and is
fully compatible with the TIS SIDECAR™ ASIC Focal Plane Electronics.

The ASIC back end for the FPA is identical to the version used on the JWST program. The ASIC handles
up to 500 kHz A/D conversion with 16-bit resolution per channel, or up to 10 MHz A/D conversion with
12-bit resolution per channel. The ASIC provides a preamp whose gain is programmable from 0dB —
27dB in 3dB steps. There are 32 programmable digital I/O signals (clock generation), 20 programmable
bias voltages/currents and a 16-bit fully programmable microcontroller. The ASIC provides 1-24 digital
input/output channels for data transfer (LVDS or CMOS).
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IVf. Orbit, Launch and Operations

For Earth orbits, sun synchronous LEO orbits are preferred between 600 and 800 km. These allow stable
thermal environment and protection of the detectors from solar exposure, stable lighting conditions for
astronomy, and modest communications infrastructure. Additionally, these maximize the potential for
launch ride sharing. Either a dawn-dusk or dusk-dawn orbit would be targeted depending on launch avail-
ability and detailed science objectives. A summary of launch options is given in Table 4.

Table 4. Preliminary Launch Vehicle Survey

LAUNCH VEHICLE APPROXIMATE ENVELOPE NOTES
(MM)
DELTA IV/ATLAS V-ESPA 4070 DIAMETER X 6931 REALISTIC OPTION ONLY IF

RIDESHARE OPPORTUNITY IS
AVAILABLE.

DNEPR 3000 DIAMETER X 5200 LIMITED QUANTITY BASED ON
ICBM, AVAILABLE UNTIL
~2020.
FACLCON 1E 1550 DIAMETER %X 1750 VOLUME TOO SMALL. RE-
(2 STAGE BURN) TIRED, BUT COULD BE POTEN-
TIALLY BE NEGOTIATED WITH
SPACEX.
FALCON 9* 3200 DIAMETER X 5400 PRIMARY VOLUME COULD BE
(3.6M FAIRING) SHARED WITH 1-2 OTHER
SPACECRAFT.
RocCcKOT 2100 DIAMETER %X 3711 LIMITED QUANTITY BASED ON
ICBM.
TAURUS Il (ANTARES) 1000 DIAMETER X 1828 VOLUME LIKELY TOO SMALL.
(1.6M FAIRING)
MINOTAUR | 1200 DIAMETER %X 2100 CURRENTLY RESERVED FOR
US GOVERNMENT PAYLOADS.
MINOTAUR |V 2000 DIAMETER %X 3100+ CURRENTLY RESERVED FOR
US GOVERNMENT PAYLOADS.
PEGASUS 1100 DIAMETER X 2100 AIR LAUNCH, MAY NOT BE IN
PRODUCTION.
PLSV* 2900 DIAMETER %X 4500 PRIMARY VOLUME TIGHT BUT
(TAPERED) FEASIBLE.
GSLV™ 3800 DIAMETER X 6000 PRIMARY VOLUME COULD BE
(TAPERED) SHARED WITH 1-2 OTHER
SPACECRAFT.
ARIANE 5 4500 DIAMETER X 11500 REALISTIC OPTION ONLY IF
RIDESHARE OPPORTUNITY IS
AVAILABLE.
SOYUZ/ZENIT 4000 DIAMETER X 9000 REALISTIC OPTION ONLY IF

RIDESHARE OPPORTUNITY IS
AVAILABLE.

VEGA™ 2300 DIAMETER x 5500 VOLUME POTENTIALLY TOO
(TAPERED) SMALL.

*

INDICATES LEADING CANDIDATE BASED ON AVAILABILITY AND COST.

With dawn-dusk or dusk-dawn orbits, there are only short transient eclipses during certain months of the
year. Thus a high duty cycle should be achievable. For a duty cycle of 80%, the data generation rate will
be roughly seven 10 minute exposures per orbit. Each image will be ~14 gigabits in size, for a total data
generation rate of ~100 Gbits per orbit. On board storage and ground links should be designed for 2-3
times this, and data compression may need to be considered. A phased array ground link is very desirable
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in eliminating a moving antenna and its associated jitter. Cosmic rays will also be a significant considera-
tion for these orbits and might have an impact for onboard data handling.

With a dawn-dusk or dusk-dawn orbit, scientific surveys will be concentrated in the anti-sun direction,
which varies throughout the year relative to the Galactic coordinate system. This implies that most solar
panels should be mounted on the anti-sun side, however, in order to survey at some angle off the anti-sun
direction (science considerations suggest an off-anti-sun angle of up to 40° would be highly desirable),
side mounted solar panels will likely be required.
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Figure 19: The monthly variation in the continuous viewing zone (CVZ) for CASTOR is shown by the

cyan bands. The orange and green bands show regions with 75-min and 60-min viewing times per orbit
for an 800 km sun-synchronous orbit.

Depending on the time of year, the orbit anti-normal direction will vary between -15.5° and +31.5° away
from the anti-Sun direction: i.e. the CVZ is not, in general, centered on the anti-Sun direction, although it
is close to anti-Sun direction for much of the year. Figure 19 shows the CVZ throughout the year (as well
as 75 minute per orbit and 60 minute per orbit viewing areas) with respect to the Galactic plane. Over the
course of the year, the CVZ sweeps out roughly a third of the sky.

While the CASTOR Wide Survey could be carried out entirely within the CVZ, it will be important to
conduct deep imaging over intermediate-sized fields (20-40 deg?) located at, or near, the Galactic poles.
The science team has determined that a viewing zone including all regions ~30° from the anti-Sun direc-
tion would provide adequate coverage to carry out a wide (5000 deg?) survey. However, a larger slew
from the anti-sun direction would be required for many other science programs (e.g., surveys of M31, the
Coma and Fornax clusters, etc). Many of the most interesting extragalactic survey fields are located close
to the ecliptic poles (e.g., JWST, Euclid) and it will therefore be important to access these regions, even at
the price of reduced observing efficiency. Based on these objectives, the science team has determined that
the capability for at least a £40° slew from the anti-Sun direction is necessary (with a goal of 45°).

A typical mission profile would include imaging within the CVZ at high duty cycle for the majority of the
year, with some limited excursions (at lower duty cycle) to areas of interest outside the CVZ at certain
times of the year as allowed by power and thermal considerations. The solstices would likely be the best
time for these extra-CVZ excursions, since the CVZ will be overlapping with the galactic plane at those
times and the spacecraft will be flying over a bright Earth with a lower angle from the terminator to the
boresight (reaching a minimum of 25° in December at 800 km).
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The data volume budget for CASTOR is summarized in Table 5. The Ground Segment consists of four
key systems responsible for controlling, monitoring, and communicating with the space systems, operat-
ing the mission, processing and distributing the data, and producing scientific results. The ground station
locations should be such that at least one ground station is available for downlink each orbit. As such,

international partnerships for science data downlink along with sharing agreements for science data end
use should be a key component of CASTOR. The key components of the Ground Segment fulfilling a
mission control and/or data processing roles have been considered.

Table 5. Data Volume Budget for CASTOR

PARAMETERS VALUES UNITS NOTES
PIXELS/EXPOSURE 0.725 GIGA PIXELS/ SCIENCE TEAM INPUT
EXPOSURE
EXPOSURES/IMAGE 4 EXPOSURES/IMAGE SCIENCE TEAM INPUT
TIME PER EXPOSURE 10 MINUTES/EXPOSURE SCIENCE TEAM INPUT
BITS PER PIXEL 16 BITS/PIXEL SCIENCE TEAM INPUT
BITS PER IMAGES 46 .4 GIGA BITS/IMAGE
EXPOSURE TIME PER 40 MINUTES/IMAGE WIDE SURVEY
IMAGE
DATA GENERATION 2.4 MB/SEC
RATE
OPERATION DUTY CY- 80 % SCIENCE TEAM INPUT
CLE (TARGET)
ORBITAL PERIOD 100 MINUTES/ORBIT LEO SSO
DATA PER ORBIT 12 GB/ORBIT
DATA PER DAY 172.8 GB/DAY

Typical scientific operations will start by stabilizing the spacecraft on a target field making up a portion
of a legacy survey. During re-pointing operations, the detector arrays will be held in global reset mode to
prevent super-saturation damage to the sensitive gate oxides. Once the spacecraft has stabilized to its re-
quired levels, the instrument will start imaging. A series of fast images will be taken to acquire a set of
guide stars from the known field of view, and determine the position of bright star sub-windows that need
to be continuously read out at a high rate to prevent super-saturation. The instrument fine pointing mirror
will then be activated to provide fine image stabilization based on the guide star feedback. A series of
images will be taken at the appropriate integration time, with multiple non-destructive reads to provide
read noise reduction and cosmic ray rejection. This data processing will be done on-board in real time
and will be co-added into a final image that will be stored in on-board memory for future download.

Using the proposed CASTOR Wide Survey as a guide, each of the four "dithered" exposures taken at
each pointing will be approximately 10 min in duration. Dithering is performed by the instrument to off-
set the image by half a pixel in the pitch and yaw directions, respectively, in separate images to over-
sample the PSF. Slightly larger half-integral pixel offsets may be considered to fill in the gaps between
individual FPAs.

Because the focal plane array is tiled in three large sections, each optimized for a different passband, the
spacecraft will need to yaw or pitch by one third of the field between subsequent images to provide full
spectral coverage on each field.
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If the optional slitless grating mode is included in the instrument, the fine pointing mirror turret will be
designed to be rotated intermittently to replace the planar fine pointing mirror with a slightly curved re-
flective grating at the pupil stop.

When flat field calibrations are required, the shutter will be closed and an internal UV lamp will be
turned on to provide pixel-to-pixel relative photo-response non-uniformity maps. Absolute calibrations
across the entire focal plane will be built up over the mission lifetime through statistical brightness meas-
urements on millions of known stars.

The four X-band phased array antennae will be situated such that one will always be pointed at the
ground and will be available for science data downlink during ground station overpasses without inter-
rupting science data measurements. This data will then be sent directly to the CADC for processing, ar-
chiving, and distribution to the users.

Spacecraft commands and housekeeping telemetry will be transferred using the encrypted S-band link
whenever the spacecraft passes over the TT&C stations in St. Hubert or Saskatoon. Most legacy survey
science operations will be autonomously generated at the Mission Operations Centre (MOC) in St. Hu-
bert without science team intervention based on the mission plan. Targets of Opportunity and PI-led Sci-
ence observations will be provided to the MOC for implementation and scheduling through a secure web-
based PI interface when appropriate.

V. Education and Public Qutreach

The CASTOR mission has the potential not only to transform astronomy, but also to capture the imagina-
tion of the public in a way that few scientific projects before it have managed. First and foremost, CAS-
TOR would be an indisputable example of a “flagship”” CSA space mission having a high level of interna-
tional visibility. While HST remains the “gold standard” in terms of public visibility for astronomical fa-
cilities, CASTOR could match, or even exceed, HST’s high level of visibility, by virtue of its much larger
field. Indeed, by combining the wide-field and high-resolution elements of CFHT and HST images that
have been so effective in captivating the public, CASTOR would be an unique opportunity for CSA to
play a leading role in communicating the importance of science, technology and research to the public. It
would also be an extraordinary teaching tool, offering many opportunities for students of all ages to expe-
rience the joys of scientific discovery firsthand through outreach programs like Galaxy Zoo>.
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