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ABSTRACT. CASTOR is a proposed wide-field (30'x 30’ = 0.25 deg?), high-resolution
(FWHM ~ 0.15"), 1-m-diameter space telescope that is under development by the
Canadian Space Agency and the National Research Council of Canada. Optimized
for UV/blue-optical wavelengths, the telescope uses dichroics to enable imaging
in three channels (and up to five bands) that cover the 0.15 to 0.55 um spectral
region, simultaneously. CASTOR will also feature low- and low-medium-resolution
spectroscopic capabilities through the use of a deployable grism for low-resolution
(R 5£420) slit-less spectroscopy in its UV and u channels, and low-medium-
resolution R ~ 1400 multi-object spectroscopy in a parallel field using a digital
micro-mirror device. High-speed, precision photometry will be possible using dedi-
cated CMOS detectors in each of its three channels. We present an overview of the
mission, including the optical design, instruments and detectors, payload layout, sat-
ellite bus, orbit, and ground segment. We describe the mission’s scientific capabil-
ities and expected place within the astronomical landscape in the 2030s. The 5-year
lifetime is baselined on a combination of legacy surveys, guest observer programs,
and target-of-opportunity science. We summarize scientific plans for the mission in
each of eight fields: cosmology, time domain and multi-messenger science, active
galactic nuclei, galaxies, near-field cosmology, stellar astrophysics, exoplanets, and
solar system studies. We conclude by describing ongoing development efforts, high-
lighting areas of particular relevance for NASA’s Habitable Worlds Observatory.
© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.

Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JATIS.11.4.042202]
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1 Introduction

The ultraviolet-optical-infrared (UVOIR) region can be loosely defined as the wavelength range
from 0.0912 um (the Lyman edge of HI, below which the interstellar medium is opaque) to
~5 ym (above which water absorption in the atmosphere makes ground-based observations
nearly impossible). As is well known, most of the emission from stars and gas in the nearby
universe is emitted in a broad peak centered in this UVOIR region, with a second peak in the
far-IR caused by dust emission from reprocessed stellar photons. The UVOIR is thus fundamen-
tal to the study of stars, galaxies, planets, the intergalactic medium, the interstellar medium, and
active galactic nuclei. The ultraviolet (UV) end of this wavelength interval is especially rich in
astrophysical information because it is in this region that radiation and matter interact most
strongly, via atomic ionization and recombination processes and the stimulation and dissociation
of molecules.

1.1 Ultraviolet and Optical Astronomy: Why Observe from Space?

Because the Earth’s atmosphere absorbs and scatters photons in the so-called “vacuum UV”
band (between 0.091 and 0.32 pum), the study of astrophysical sources in this wavelength

J. Astron. Telesc. Instrum. Syst. 042202-3 Oct-Dec 2025 e Vol. 11(4)


https://doi.org/10.1117/1.JATIS.11.4.042202
https://doi.org/10.1117/1.JATIS.11.4.042202
https://doi.org/10.1117/1.JATIS.11.4.042202
https://doi.org/10.1117/1.JATIS.11.4.042202
https://doi.org/10.1117/1.JATIS.11.4.042202
https://doi.org/10.1117/1.JATIS.11.4.042202

Coté et al.: The CASTOR mission

region requires observations conducted from space. In fact, there are a number of reasons to
prefer space-based platforms for wide-field imaging and spectroscopy at UV and optical
wavelengths:

e Direct access to the ultraviolet region. Below ~0.32 um, the atmosphere is almost entirely
opaque due to the combination of ozone absorption and Rayleigh scattering, and absorp-
tion can still be significant in the 0.32 to 0.4 um range. Observing from space provides
direct access to this UV/blue-optical region.

e Image sharpness and atmospheric turbulence. Light from astronomical sources that pass
through the Earth’s atmosphere undergoes turbulent mixing, blurring the source image.
Even at the best ground-based sites, the full width at half maximum (FWHM) of this seeing
disk is typically no better than ~0.7”. The development of adaptive optics systems on
ground-based telescopes can improve image quality, but such gains are typically realized
over small fields, usually only at wavelengths longer than ~0.5 um, and come at the cost of
spatially and temporally varying point spread functions (PSFs).

e Photometric calibration and PSF stability. The photometric precision achieved in astro-
nomical surveys is often limited by systematic errors in the calibration (e.g., changes in
system throughput or zero-point, flat-field corrections, etc.) or the spatial and temporal
stability of the PSF. With proper care, space telescopes can deliver sharp, stable PSFs,
and accurate photometric calibrations.'™

e Low backgrounds. At ground-based sites, moonlight scattered by the atmosphere can
sharply increase sky brightness at short wavelengths so that deep blue-optical imaging
is only possible during periods of low lunar illumination. Even then, varying atmospheric
conditions can make accurate photometric calibration challenging. From space, it is pos-
sible to capitalize on the dark and uniform backgrounds at short wavelengths. Indeed, it is
in the UV region that astrophysical sources often have their greatest contrast against the
underlying background.

There are some technical considerations that link the design and development of observing
facilities across the UVOIR range including the widespread use of silicon-based detectors that
operate by converting incoming photons into electric charge. However, there are no fundamental
obstacles involved in building telescopes that operate over the full UVOIR region, and the
Hubble Space Telescope (HST)—the most famous and productive UVOIR telescope in
history—was designed with the above considerations in mind.

Launched in 1990, HST has now exceeded its design lifetime, and the next generation of
high-resolution space telescopes is focusing on red-optical and IR wavelengths: i.e., JWST,
Euclid, and Roman. However, the scientific motivation for continued access, from space, to the
full UVOIR region, remains very strong. The Astro2020 decadal review recommended the
Habitable Worlds Observatory (HWO) as NASA’s future flagship observatory.* Similar to
HST, HWO will carry out observations spanning the full UVOIR region. With an expected
launch date in the 2040s, NASA has established the Great Observatory Maturation Program
to mature the technologies needed for this ambitious mission. A large fraction of the technologies
requiring technology readiness level (TRL) advancement involve the UV and blue-optical
region.’

In what follows, we describe the proposed CASTOR (Cosmological Advanced Survey
Telescope for Optical and ultraviolet Research) mission. The original concept dates to a
2012 study that examined the science case for such a facility and presented a preliminary
design.® Following a series of technology development studies carried out in the mid-
2010s,”® and a 2019 study to update the science mission,”' the project was selected in the
2020 Long Range Plan for Canadian Astronomy as the highest priority among very large invest-
ments in space astronomy.'' The mission design, science program, partnership scenarios, sched-
ule, and development plan were subsequently advanced in overlapping phase 0 and Space
Technology Development Program (STDP) studies carried out between 2021 and 2024. In this
article, we briefly summarize the current design and expected performance of the mission,
including an overview of ongoing development activities. At the time of writing, the mission
team is hoping to move to phase A in 2025.
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1.2 Context within the International Landscape

To put the mission in context, Fig. 1 presents a comparison between CASTOR and HST.
The panel on the left shows a mosaic GALEX image of M31 (Credit: NASA/JPL-Caltech) with
the distribution of HST fields from the Panchromatic Hubble Andromeda Treasury (PHAT)
superimposed. This 828-orbit survey mapped the UVOIR emission from a region covering
roughly a third of the M31 optical disk.'® On the right, we show how the entire M31 disk could
be mapped with six CASTOR fields, thanks to its ~100x larger field of view. Figure 2 shows
how CASTOR would complement the data from other high-resolution space telescopes (JWST,
Euclid, and Roman) by providing access to the UV/blue-optical region.

Fig. 1 Comparison of CASTOR’s field of view to that of the Hubble Space Telescope (HST) over-
laid on an ultraviolet image from GALEX.? The figure on the left shows the distribution of HST
fields from the Panchromatic Hubble Andromeda Treasury (PHAT)—one of the largest programs
carried out with HST and the most comprehensive existing study of the Andromeda galaxy (M31).
PHAT covered approximately a third of M31’s disk with 414 separate pointings, shown in the panel
to the left, each of which was imaged six times in six different filters over a 40-day campaign.'® The
figure on the right shows how CASTOR could map the entirety of Andromeda’s disk in six point-
ings. The different HST and CASTOR fields are superimposed on the full moon, which is shown to
scale at the center of the image.

10

—

CASTOR
u

Effective Area (m?)

0.1
0.2 0.4 0.6 0.8 1 2

A (um)

Fig. 2 Effective area as a function of wavelength for current and upcoming UVOIR space tele-
scopes. Each of these facilities provides images having high angular resolution (e.g., FWHM
<0.2”). CASTOR will thus complement red-optical/IR imaging from JWST, Euclid, and Roman.
Its wide-field imager uses dichroics to provide simultaneous three-band imaging over the 0.15
to 0.55 ym wavelength range. A deployable broadband filter allows users to subdivide the UV and
u channels (dashed curves).
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Space-based access to the UV skies is also the prime motivation for several upcoming time
domain and multi-messenger (TDAMM) space missions (e.g., Ultrasat,'* UVEX"). These
missions, however, are optimized for ultra-wide fields rather than high angular resolution so
CASTOR will be highly synergistic with these facilities as well (compared with CASTOR,
Ultrasat and UVEX have fields of view that are larger factors of ~800 and ~80. In terms of
encircled energy, CASTOR’s “seeing disk™ is smaller by factors of ~3000 and ~200). Table 1
presents a high-level comparison between CASTOR, Ultrasat, and UVEX, as well as some
notable earlier UV/optical instruments and missions (i.e., the WFC3/UVIS camera aboard HST,
GALEX, and the UVIT instrument aboard Astrosat). CASTOR occupies a unique place among
previous and upcoming missions, having a sensitivity and resolution comparable to HST but with
a field of view similar to Euclid or Roman.

As described below, CASTOR’s science mission will feature a range of high-impact
programs with broad appeal (see Sec. 4). The combination of area (~2000 deg?), depth
(mpp ~ 27.4), and image quality (FWHM ~0.15") to be achieved in its Wide Survey will make
it the widest, deepest, and sharpest view of the UV/blue sky ever produced. CASTOR will per-
form a comprehensive study of star formation within nearby galaxies and across the history of the
Universe. Short-wavelength imaging and spectroscopy will provide unique information on the
early-time UV emission from astrophysical transients, including electromagnetic counterparts to
gravitational wave events. The mission will map the growth of supermassive black holes in gal-
axies over a period of 10 billion years. By mapping the Milky Way’s disk, bulge, stellar streams,
and satellite galaxies, it will shed light on the formation of the hottest, youngest, and most mas-
sive stars; the hierarchical assembly of our galaxy; and the structure of dark matter halos on the
smallest scales. It will probe the atmospheres of exoplanets, including the presence of water and
hazes, and assess how flares from M stars, the most common type of star in the universe, could
affect the survival of life on orbiting exoplanets. It will map the smallest and most distant objects
in our Solar System and characterize their surface chemistry, including organic compounds.

The development of the mission has been led by the Canadian Space Agency (CSA),
National Research Council of Canada (NRC), a consortium of aerospace companies (Honeywell
Aerospace, ABB Ltd, Magellan Aerospace), and a broad network of scientists based at univer-
sities and research institutes across the globe. Technical and scientific development has also
benefited from contributions by international collaborators, such as NASA’s Jet Propulsion
Laboratory and the California Institute of Technology, including contributions from JPL’s Micro-
devices Laboratory-MDL, as well as scientists and engineers based in the United Kingdom, with
support from the UK Space Agency (UKSA), and in the United States, India, France, Spain, and
elsewhere.

This paper is organized as follows. In Sec. 2, we describe the current design of the space-
craft, including the payload, telescope, instruments, bus, launch, orbit, and ground stations. In
Sec. 3, we discuss the science program and present a summary of the candidate legacy surveys
developed by the science team during the recently completed phase O study. In Sec. 4, we provide
more details on the mission’s anticipated scientific impact for each of the eight Science Working
Groups, from cosmology to the solar system. In Sec. 5, we describe development activities that
are underway in the lead-up to the possible start of a phase A study in 2025; we also note how
some of these activities align with technology development for the HWO mission. We conclude
and summarize in Sec. 6.

2 Design

In this section, we give a brief description of the mission design including the payload, telescope
and assembly, instrument suite, guider and fine steering mirror, choice of orbit, launch vehicle
options, and ground station networks. A summary of the mission and its various instruments and
observing modes is presented in Table 2.

2.1 Hardware Layout

The overall hardware layout is shown in the left panel of Fig. 3. The spacecraft will use a small-
SAT panel design with a hexagonal bus structure. The bus module’s primary structure consists of
a clampband interface adapter, thrust cone, and shear struts. Most bus units are mounted to the
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Table 2 CASTOR mission summary.

Primary aperture
Lifetime

Orbit

Operational modes

1 m off-axis, un-obscured, light-weighted Zerodur
5 years minimum, with possible extended lifetime

Low-earth, sun-synchronous, dawn-dusk orbit (~800 km, 98 deg
inclination)

1. Wide-field imaging in three channels simultaneously
2. Precision photometry

3. Slit-less spectroscopy in UV and u channels, simultaneously (full
field)

4. Multi-slit, low-medium resolution UV spectroscopy in parallel field

Imaging field of view
Image quality

Baseline detector

Photometric channels

Spacecraft orientation

Data volumes

Downlink

Wide-field imaging (WFI)
0.485 degx0.508 deg = 0.247 deg? (fill factor = 96.7%)
FWHM =~ 0.15"” in all channels

T-e2v CIS301 9 k x 8.6 k detectors with 10 um (0.1") pixels. 2 x 2
arrays per channel, 12 in total

1. UV (150 to 300 nm)
2. u (300 to 400 nm)
3. g (400 to 550 nm)

Telescope points >90 deg from the sun. Target fields are in the anti-
sun direction

<600 GB/day
High-speed optical downlink (~10 Gbps)

Photometric channels
Combined differential
Photometric precision

Duty cycle

Precision photometry

The same as WFI: UV, u and g

<50 ppm on a 3-h timescale for a g = 10 G2V star

>90% for 1-min integrations

Spectroscopic field

Spectroscopic channels

Resolving power

Point spread function

Grism Spectroscopy
0.485 degx0.508 deg = 0.247 deg? (full imaging field of view)
1. UV (150 to 300 nm)
2. u (300 to 400 nm)
1. R~ 300 in UV channel, A1 over 2 px, 1 px =10 um
2. R~ 420 in u channel, A1 over 2 px, 1 px =10 yum
FWHM <5 0.2” in both channels

Spectroscopic field
Spectroscopic channels
DMD

Spectrograph detector
Spectral dispersion

PSF in spatial direction

UV multi-object spectroscopy
217" x 117", offset by ~4’ from the edge of the imaging field.
UV (150 to 300 nm) at R = 700 to 1400
TI DLP9500 DMD with 10.8 um pixels (1920 x 1080)
2.5 k x 7 k CMOS detector with 10 um pixels (where 0.1” = 10 um)
10.7 nm/mm at R ~ 1000
<0.20”

J. Astron. Telesc. Instrum. Syst.
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Off-Axis Telescope Cover
Assembly
Top Plate Panel

Payload Thermal

Blanketing ASIC Radiator

Secondary Mirror (M2)

Metering
Struts Fine Steering Mirror (FSM)
(3 bipods) Assembly NUV fold
(not shown)
FPA Radiators
Primary Mirror

(M1) Tertiary Mirror (M3)

Baseplate
Panel

Cryocooler

Dichroic and (Bus)

FPA Assemblies

Fig. 3 (Left) lllustration of the main payload elements for the telescope (see Secs. 2.1,2.2, and 2.5
for details). (Right) Schematic diagram showing the opto-mechanical design of the telescope. An
off-axis, three-mirror anastigmat design uses a fine steering mirror for image stabilization and two
dichroics to direct the incoming light onto three focal plane arrays (FPASs).

side panels. The payload structural design utilizes a top structure (for M2) held off the baseplate
(for M1) by metering struts as well as a mid-panel. The telescope mirrors are currently baselined
to be light-weighted Zerodur low-expansion glass. The backbone of the telescope payload is the
support structure, which consists of a baseplate panel, a top plate panel, and metering bipods. The
panels are baselined to be of the honeycomb type with carbon fiber reinforced polymer (CFRP)
facesheets and aluminum honeycomb cores of various densities. A telescope cover assembly
utilizes a panel similar in construction to the CFRP honeycomb panels of the support structure
combined with a motor-driven deployment mechanism. The main baffle will be circular and
supported on the metering struts, with baffles used to shroud the M2 path.

2.2 Telescope and Payload Opto-Mechanical Subsystems

An unobscured Three Mirror Anastigmat (TMA) telescope with a 1m-diameter primary mirror
delivers an image quality of FWHM <5 0.15” over a wide field (i.e., roughly half a degree in
diameter). This optical design (see the right panel of Fig. 3) provides nearly diffraction-limited
[the image quality in each channel, FWHM =~ 0.15", is close to the theoretical diffraction limit of
0.12" in the g-band (Aiyor = 475 nm)'"] performance over this full field, with a field stop for
stray light control and a real exit pupil for thermal control. Channel separation is provided by two
dichroics that separate the incoming light at wavelengths of ~0.3 and ~0.4 ym. The design
includes transmissive elements in two bands so transmissive wedges are used to correct chro-
matic aberration. Bandpasses are defined by the dichroics, broadband dielectric coatings on the
mirrors (M1, M2, M3, and FSM), and multi-layer anti-reflection coatings on the detectors.

To reduce red leaks, the broadband dielectric coatings applied to each Zerodur optical
element feature partial red blocking; carefully offsetting the peaks and valleys of the two
UV/u dichroic reflectors for optimum u-band blocking and then defining the current passbands.
The design goal for all channels—a ratio of out-of-band to in-band transmission of 0.001 or less
—is not yet satisfied in the UV channel (for temperatures below ~12,000 K), and mitigation
options, such as improved coatings or the inclusion of a blocking filter in the UV, will be con-
sidered during the phase A.

An M2 focus mechanism is composed of three individual mechanisms mounted on a
common frame. The mechanism will allow for minor tip/tilt adjustment by employing differential
movements of the three linear actuators. The off-axis design was adopted over an on-axis
approach because it provides a more desirable diffraction pattern by avoiding the center obscu-
ration and supporting spiders of the secondary (i.e., the PSF of an unobscured image has a higher
peak and fainter diffraction rings). In terms of stray light control, the off-axis design is preferred
due to the absence of spider scattering and a shorter front baffle with inner walls between mirrors.

The thermal design of the telescope employs CFRP bulkheads and struts that would be
nearly “net zero” in terms of CTE, minimizing the effects of temperature gradients on the
space-frame dimensional stability. Structural analysis was performed and followed up by a
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Fig. 4 Zerodur fine steering mirror (FSM) prototype, without reflective coating, undergoing
wavefront error testing at the ABB Measurement and Analytics facility in Quebec City. The fully
functional FSM tip-tilt mechanism is mounted on a damped optical table, in front of a Zygo inter-
ferometer. See Sec. 2.3 for details.

thermo-elastic and structural, thermal, and optical analysis (note that the primary CFRP
composite employed in the analysis was the same as that employed in the ISIM space-frame
structure of JWST). Residual deformations are meant to be mitigated through the three degrees
of freedom (dof) actuation of M2. The WFE sensitivity was assessed over the FOV for six dof for
all optical elements, and the telescope was found to be most sensitive to the focus adjustment
DOF on M2. Direct feedback from UV-band imagery will be used to “meter” the adjustments.

2.3 Guider and Fine Steering Mirror

During science imaging, the spacecraft must maintain an inertially fixed three-axis orientation,
with the telescope boresight pointed directly at the celestial target, and zero nominal rotation
about that axis. In practice, disturbances on the spacecraft will prevent perfect pointing, and
to achieve the subarcsecond limit on image jitter during exposures, the telescope optics include
a fine steering mirror (FSM) operating at high frequency, with guide star images used to correct
for short-term spacecraft movement (on a timescale of fractions of a second). Figure 4 shows a
prototype of the FSM during wavefront error testing. Guiding will be performed using two
CIS120 sensor chip assemblies (SCAs) located at the corners of the g-band focal plane array
(FPA) to compensate for roll (Fig. 5). These star tracking SCAs are identical to the precision
photometer SCAs (see below), which allows a layer of redundancy in the attitude and orbit
control system design.

2.4 Science Instruments
A schematic view of CASTOR’s instrument suite is shown in Fig. 5. We briefly describe each
of these instruments and observing modes below.

2.4.1 Wide-field imaging and slit-less spectroscopy

CASTOR'’s primary instrument is a wide-field imager for high-resolution imaging in the UV/
blue-optical region. A pair of dichroic and wedge filters are used to divide the incoming light into
three imaging channels that cover the UV (0.15 to 0.3 ym), u (0.3 to 0.4 ym), and g (0.4 to
0.55 um) passbands, simultaneously.'” Each focal plane is mosaicked with a 2 x 2 array of
CMOS devices having 10 ym (0.1") pixels.

The choice of detector is fundamental as many science programs (Table 3) require high
quantum efficiency, low read noise, low dark current, large fields, and small pixels. In addition,
the selected device should be compatible with the power resources of a small satellite bus and
have low power dissipation on the focal plane to stay within the cooling and power budget.
Following extensive detector assessment efforts, the CIS300-series large-format, back-thinned
CMOS detectors from Teledyne-e2v were selected (see Scott et al. for an early discussion of the
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Guide
Cameras —*

Precision
Photometry

J\
H
-

UVMOS (150 to 300 nm)
3.4'x2.0

g (400 to 550 nm)
u (300 to 400 nm)

UV (150 to 300 nm) 47\ Wide-field Imaging /
Slit-less Spectroscopy in
UVandu

Fig. 5 Schematic view of CASTOR’s instrument suite. Simultaneous wide-field imaging in the
UV, u, and g passbands is enabled by dichroics that divide the incoming light into three channels
covering the 0.15 to 0.55 um range. A deployable grism provides low-resolution (300 < R < 420)
slit-less spectroscopy over the full imaging field, in the UV and u channels. Each of CASTOR’s
three focal plane arrays (FPAs) is accompanied by a dedicated CMOS detector for high-precision
photometric measurements of transiting exoplanets. Low-medium resolution long-slit and multi-slit
spectroscopy is possible using a UVMOS instrument that observes an adjacent field. Two CMOS
devices in the g-band channel provide spacecraft guiding.

methodology).” These devices measure 9000 x 8600 with 10 um pixels so that the 2 x 2 array in
each channel covers an area of 0°.485 x 0°.508 ~ 0.239 deg” (excluding ~26" gaps between
adjacent devices). The expected read noise and (beginning of the mission) dark current are
3e px ! and 107* e~ s~ ! px~!, respectively, although these values will need to be verified
by laboratory measurements (see Sec. 5.3). Similarly, the full well depth and linearity range
of the detectors will need to be characterized in the laboratory; for reference, the predicted full
well depth of 140,000 e~ in low gain mode corresponds to saturation magnitudes in the range
11.1 to 11.4 mag for a 1 s exposure.

The FWHM in each channel is roughly 0.15”. Because the PSFs (shown in Fig. 6) are
slightly undersampled by the 0.1” pixels, most imaging programs will be carried out using a
combination of small and/or large dithers to fill detector gaps and adequately sample the PSF.

A deployable filter with a central wavelength of ~0.3 um and full width ~0.12 ygm may be
inserted (between the dichroic) to divide the light in the UV and u channels for finer sampling of
the spectral energy distribution of astrophysical sources. This same mechanism can also be used
to insert a grism for low-resolution, slit-less spectroscopy over the full imaging field. A single
grism provides a resolving power R between 280 and 360 in the UV channel and 360 to 460 in
the u channel.

2.4.2 Precision photometers

Each of the three FPAs includes a single CMOS detector optimized for high-speed observations
of transiting exoplanets (Fig. 5, Sec. 4.7). The photometer SCAs can be integrated onto the same
mosaic FPA mounting structure as the main scientific FPAs and remain in focus.

The photometer detectors are currently baselined as the Teledyne-e2v CIS120 back-
illuminated CMOS array with 2048 x 2048 pixels at0.1” pitch. Anticipated frame rates are 20 fps
full frame and up to 82 specified half rows at 1 kHz. The CIS120 detectors make it possible
to capture multiple “regions of interest,” with minimum sizes of 20 x 20 pixels, for both target
objects and adjacent reference stars in the 11 arcmin? field of view. The need for a diffuser or
Fabry lens will be examined in future design studies.
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Table 3 Candidate legacy surveys.

Candidate legacy

Area (deg?)

ID survey SWGs or Targets Data Program notes
1 CASTOR Wide Survey COS, GAL, NFC, 2227 WFI Roman HLWAS
SA, SS footprint, two epochs
2 CASTOR CADENCE: TD, AGN, SA, 10 WFI, grism, Daily cadence,
A Wide-Field UV GAL, COS UVMOS LSST DDFs
Time-Domain
3 CASTOR ToO: Rapidly TD, SA, NFC, GAL 10 WFI Rapid response
Responding to the
Dynamic Universe
4 CASTOR AGN AGN, TD, GAL 10 WFI, grism, Daily imaging,
Reverberation Mapping UVMOS targeted fields are
Survey LSST DDP fields
5 CASTOR Nearby GAL, NFC, TD,SA 700 WFI
Galaxies Survey galaxies
6 CASTOR Deep and Ultra GAL, COS, TD, 83 WFI Survey, map and
Deep Imaging Surveys AGN, NFC monitoring program
7 CASTOR Grism GAL, COS, AGN, 83 Grism Grism to map the
Legacy Survey NFC, TD same field of the
Deep Survey
8 CASTOR Galactic NFC, SA, TD, 276 (90  WFI, UVYMOS Multiple epochs
Substructures Survey GAL, COS targets)
9 CASTOR Magellanic NFC, SA, 105 WFI, grism,
Clouds Survey GAL, TD UVMOS
10 CASTOR Square SA, NFC, TD 1075 WFI, grism,
Kilodegree Galactic UVMOS
Plane Survey
11 CASTOR M Star UV SA, EXO 150 (+5  WFI, UVMOS
Radiation Environments targets)
Survey
12 CASTOR Transit EXO, SA 22 targets PP CVZ targets
Exoplanet Survey
13 CASTOR Trans-Neptunian SS, SA, NFC 2160 (wide) WFI, grism Moving targets
Objects Survey 30 (deep)
14 Uncovering the Drivers SS 25 targets  Grism, UVMOS ToOs selected

of Cometary Activity

from LSST

2.4.3 UV multi-object spectrograph

Given CASTOR’s 1m aperture and UV sensitivity—and the expected community interest in UV
spectroscopic capabilities during the period between the end of HST operations and the launch of
HWO—a low-medium resolution (R ~ 1400) spectroscopic capability for the UV region is under
consideration (see Sec. 5.4). This instrument would be located adjacent to the UV FPA and offer
a multi-object spectroscopic capability in a field offset by ~4' from the main imaging arrays. The
(compact) instrument currently uses an Offner-type design with two concave mirrors, a convex
grating with 1190 lines/mm, and a digital micro-mirror device (DMD) as the object selector. The
field of view is set by the DMD size; currently, the design is baselined to the TI DLP9500 DMD
with dimensions 20.7 X 11.7 mm (or 217" x 117"). The large number of elements, and small
size of the individual mirrors, are well suited to spectroscopic observations that require high
042202-12
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Fraction of Flux Contained Within Pixel
ion of Flux Contained Within Pixel

Fraction of Flux Contained Within Pixel
Fracti

Fig. 6 Point spread functions (PSFs) at the field center in each of CASTOR’s UV, u, and g chan-
nels (left to right).!”

spatial resolution, such as sources in dense environments. The spectrograph design gives a spec-
tral resolution of R ~ 1000 between 150 and 300 nm or roughly double that over a restricted
wavelength range of 180 to 300 nm.

2.5 Spacecraft Bus

The satellite bus is responsible for providing attitude control, command and data handling, com-
mand and control communications with the ground segment, electrical power during the mission
to support payload operations, and the structural support needed to protect the ~630 kg payload
from the stresses of launch and orbit insertion. CASTOR is baselined to the customizable MAC-
200 small-SAT bus by Magellan Aerospace, which has been flight-proven on various missions,
including CASSIOPE (Cascade Small-sat and Ionospheric Polar Explorer) launched in 2013 and
the RADARSAT Constellation Mission launched in 2019 (Fig. 7).

Fig. 7 CASTOR will be mounted on the MAC-200 satellite bus from Magellan Aerospace
Corporation. This bus is pictured during the assembly of the Radarsat Constellation Mission which
launched in 2019. For more details, see Sec. 2.5.
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Key bus design drivers for CASTOR are attitude determination and control (due to the need
for low jitter during imaging), telemetry downlink, and structure and layout (to keep the space-
craft compatible with launch vehicle options). Input power will be provided by four solar arrays:
two body-mounted and two deployable (see the left panel of Fig. 3). This system will provide
sufficient power for nearly all science attitudes, except near the ecliptic poles at the solstices
during peak power draws. A heritage battery with a capacity of 36 Amp-hours will provide power
during such cases. Power will be distributed to the bus and payload by Magellan’s Power
Control Unit.

2.6 Launch and Orbit

A range of orbits were considered for the mission, each with its own advantages and disadvan-
tages. In the end, a circular, sun-synchronous low earth orbit (LEO) with an inclination of
98.6 deg and altitude ~800 km was adopted. A “dawn-dusk” configuration is preferred over
“dusk-dawn” (although either can be supported) given the former’s slightly higher observing
efficiency for southern targets (such as LSST and Roman survey fields). This choice of orbit
allows for efficient observing in the anti-Sun direction with minimal earth occultations and has
good ground link opportunities—and correspondingly short (<3 h) target-of-opportunity
response times. Moreover, this orbit is achievable with a variety of launchers (e.g., PSLV,
Falcon 9, Nuriho, etc) and has a more favorable radiation environment than Medium Earth
or Geostationary orbits. A final selection of launch vehicles will be made in the next phase
of mission development.

The continuous viewing zone (CVZ) for this choice of orbit is a conical region of the sky
centered on the orbit anti-normal direction and includes all parts of the sky that are never blocked
by the Earth during any part of an individual orbit. As such, the CVZ varies throughout the year
and, for an altitude of 800 km, covers an instantaneous area of ~1000 deg2 for an Earth exclusion
angle of 10 deg. Over the course of the year, the CVZ sweeps out an area covering roughly a third
of the sky.

We pause briefly to discuss the radiation environment and CASTOR’s proposed detectors.
CIS120 devices have been shown to be free of SEL (single event latch-up) and SEU (single event
upset) up to 67.7 MeV cm? /mg linear energy transfer. Proton displacement damage effects are
known to be linear in non-ionizing energy loss.'® Silicon degradation models®” have been used to
determine the estimated end-of-life temperature range required to meet dark current limits based
on typical radiation environments for 800 km altitude. Radiation tests*” have shown that these
models are quite conservative for CIS120 (see also M.R. Marconi’s technical note (S&C 906/
424) on Feb 17,2000). e2v CMOS sensors are well known to be tolerant of high ionizing doses in
excess of 500 krad.>! CIS300 is based on the same pixel-level radiation tolerant design rules as
TRL9 CMOS devices from e2v and is expected to perform similarly.

2.7 Ground Station Networks

Given the high data rates expected for certain programs, the current baseline calls for science data
to be downloaded to a network of optical ground stations. A minimum of four geographically
distributed optical ground stations will be required to overcome the obscuration of optical gate-
ways due to unfavorable atmospheric conditions for pre-planned and on-demand requests. This
optical network will include a recently installed facility in Gatineau, QC; another such station
could be located at Inuvik Satellite Station Facility, NT, whose high latitude (68°.4 N) is well
suited to CASTOR’s near-polar orbit. Download speeds of ~10 Gbps will be sufficient for the
currently envisioned science programs (Table 3). Additional optical ground stations would be
accessed either through newly developed facilities, interagency (partner) networks, or commer-
cial networks. Although an optical downlink network is the current baseline, a reevaluation of
this choice (including a trade study for optical versus radio wavelengths) is planned during the
phase A study.

Routine control, monitoring, and communication with the space system will be provided by
the Ground Station Network for S-Band Telemetry, Tracking, and Commanding, which consists
of radio frequency stations distributed across Canada and in TrollSat, Antarctica. Based on a link
assessment around the summer solstice, only two contact gaps in excess of 90 min were iden-
tified, meeting the requirement for most target-of-opportunity programs.
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3 Science Program and Division of Observing Time

A fundamental issue in defining the science program is the choice of operations model. Some
previous missions have operated largely as experiments, performing surveys or conducting a set
of measurements (e.g., WMAP, Planck, Kepler, TESS, Euclid). Others have operated chiefly as
Guest Observer (GO) facilities (e.g., HST, Chandra, Astrosat, JWST). A third model adopts a
hybrid approach, carrying out large surveys while reserving a fraction of the time for GO pro-
grams. Examples in this case include GALEX, Spitzer, Herschel, and Roman.

CASTOR will use this hybrid approach, devoting the majority of the observing time to leg-
acy surveys (62%) and reserving a fraction of time for GO programs (25%). Note that legacy
surveys are distinguished from GO investigations by the criteria defined by the Spitzer mission:
i.e., they are

o large and coherent science projects, not reproducible by any reasonable number or combi-
nation of smaller GO investigations;

o projects of general and lasting importance to the broad astronomical community with the
observational data yielding a substantial and coherent database.

A total of fourteen candidate legacy surveys were developed during the phase 0 study (and
listed in Table 3). More information on these programs is given in Sec. 4, which discusses science
drivers in detail. Some observing time will also be reserved for target-of-opportunity (ToO)
observations (8%), whereas a smaller fraction of time will be taken up by performance verifi-
cation and calibrations (3%). This overall breakdown, which will be revisited during future devel-
opment phases, is illustrated in the left panel of Fig. 8.

As discussed in Sec. 2, CASTOR will offer several options for observing mode. The break-
down of time requested by these 14 candidate legacy surveys is shown in the right panel of Fig. 8.
More than half of the time required for these surveys utilizes wide-field imagers (58%). Roughly
a third of the time relies on spectroscopic observations, either slit-less spectroscopy using the
deployable grism (25%) or UVMOS instrument (9%). Photometric monitoring of transiting exo-
planets accounts for the remaining 8% of the time. It is expected that these numbers will change
when the legacy surveys are revisited in the next development phase.

As discussed in Sec. 2, the observatory will operate in a dawn-dusk, sun-synchronous orbit
with the telescope constrained to point in anti-sun directions. This choice of orbit has good ther-
mal stability (because the telescope avoids earth eclipses, except for short periods around the
solstices) and a relatively high observing efficiency. A scheduling analysis for a subset of the
(imaging) surveys listed in Table 3 shows a range in efficiency, with a value of ~70% being
typical. This scheduling tool includes telescope slews and rolls, guide star acquisitions, observa-
tory settling, small angle maneuvers, and time for data downloads (https://github.com/kao-
michelle/survey_planner). The tool remains under development, and the final choice and scope
of legacy surveys are expected to evolve throughout subsequent phases.

DIVISION OF OBSERVING TIME TIME REQUEST BY OBSERVING MODE (LEGACY SURVEYS)

Targets of Opportunity UVMOS Spectroscol Py
8% e

Legacy Surveys 9%

Wide Field Imaging
58%

Fig. 8 (Left) Preliminary division of observing time recommended in the phase 0 study; see
Sec. 3 for details. (Right) Division of observing time by instrument for the 14 candidate legacy
surveys from the phase 0 study and summarized in Table 3. Surveys will be refined in subsequent
phases according to developments in the international astronomy landscape and partner
requirements.
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4 Science Program

In this section, we provide short descriptions of science drivers and opportunities for the mission,
as developed by eight science working groups during the recently completed phase O study.

4.1 Cosmology

Stage IV dark energy experiments will survey the skies at optical and IR wavelengths to under-
stand the structure, expansion, and geometry of the universe. This is an undertaking beyond any
single facility as it requires “perfect datasets””” that combine high sensitivity and spatial reso-
Iution, wide wavelength coverage, and specific observing cadences that depend on the cosmo-
logical probe of choice: i.e., weak gravitational lensing, baryon acoustic oscillations, or Type Ia
supernovae. CASTOR will add unique information to these surveys due to its focus on the UV/
blue-optical region, wide field of view, and high angular resolution.

The primary CASTOR legacy survey for cosmology research is the Wide Survey, which
targets the ~2200 deg” region in the southern hemisphere that will be covered in Roman’s
High Latitude Wide Area Survey (HLWAS; Table 3). The Wide Survey will provide imaging
and photometry in multiple passbands covering the 0.15 to 0.55 ym range; observations
with, and without, the broadband filter (which divides the UV and u channels) will be collected
at two epochs separated by 1 to 3 observing seasons. Reaching point-source depths of
map =~ 26.5 — 27.5, the survey is designed to match the 10-year g-band depth of the Rubin-
LSST survey with a roughly five-fold improvement in angular resolution (Fig. 9).

The main survey of the ground-based Rubin Observatory, LSST, will be a photometric im-
aging survey covering 18,000 deg? to image of billions of galaxies with hundreds of repeat
observations.”* The addition of CASTOR data will add discrimination power in several areas,
including the determination of photometric redshift outliers, deblending of sources at the limit of
the ground-based data, galaxy shape measurements, and SED-fitting of astrophysical sources,
including strong-lensing systems: e.g.,

o Photometric redshifts: CASTOR improves the LSST photo-z estimates across all redshifts
by about 10% and up to 20% at low- (z < 0.6) and high- (z > 2.0) redshifts. It will do this
by breaking degeneracies in the optical colors of low- and high-z galaxies, and more
securely identifying galaxies that are truly low-z objects. In addition to improving
photo-z accuracy, CASTOR has the potential to reduce outlier fractions at low- and
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Fig. 9 (Left) Depths of wide-field UV/optical/IR imaging surveys plotted as a function of wave-
length. Results are shown for several surveys: UNIONS,2® LSST,>* Euclid-Wide,?® Roman-
HLWA, 26 CSS-0S,%” and CASTOR Wide. Note that CASTOR Wide targets the same footprint
as the Roman HLWA survey. The labels under each filter indicate the survey’s approximate image
quality (i.e., EE50 radius). (Right) Predicted improvements in the determination of SFR (upper
panels) and specific SFR (lower panels) from the CASTOR Wide Survey (right panels) compared
with the GALEX Medium-Deep Survey (left panels). The gains are most dramatic for quenching
galaxies located in the transitional zone (i.e., the Green Valley).
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high-z by a factor of two.?® An information theoretic metric of potentially recoverable red-
shift information applied to LSST, Euclid, Roman, and CASTOR? indicates that CASTOR
provides similar redshift information to the infrared surveys at z < 1.5 and combinations of
CASTOR and LSST have similar potentially obtainable redshift information as combina-
tions of LSST and Euclid (see Fig. 4).

e Source deblending: The CASTOR PSF'7 is ~5x sharper than that of LSST in the g-
band,***” which will allow it to resolve ~80% of the blends in deep LSST ¢-band imaging.
By reducing ambiguous blends of galaxies at different redshifts, CASTOR will reduce the
level of shear noise in lensing surveys and reduce the level of correlated biases between the
measured local density, shear, and redshift.

o Galaxy shape measurements: To use weak lensing to detect cosmic shear, surveys need to
detect a distortion of galaxy shapes at the level of ~0.01.>! CASTOR will be able to provide
robust shape measurements in the g-band for a significant number of sources. Combining
this data with that of the Roman HLWAS will provide improved shape measurements at a
catalog level, whereas multi-filter shape measurements can test for systematic effects. In
combination with LSST and Euclid, CASTOR will improve shape measurements and
reduce blending, in addition to detecting small and/or faint galaxies not otherwise
detectable.

o Strong lensing SED and lens modeling: CASTOR’s angular resolution will allow it to
improve strong lensing modeling for systems observed by LSST and Euclid, and by pro-
viding UV/blue-optical data, will contribute to spectral energy distribution fitting. It is fore-
cast that the Wide Survey alone will contain over 60,000 strong lenses, with the Deep and
Ultra-Deep Surveys adding ~2000 more.

In many cases, the CASTOR cosmology surveys will be further enhanced by the availability
of red-optical and IR data from the Euclid®® and Roman®? missions.

4.2 Time Domain and Multi-Messenger Astronomy
Great efforts are being devoted to wide-field time-domain astronomy across the electromagnetic
spectrum, as is apparent from the many ongoing and upcoming facilities, ranging from the optical
(Rubin LSST)* to the infrared (Nancy Grace Roman)* and radio (SKA).** CASTOR can fill an
important gap at UV wavelengths, particularly for the follow-up of transients. CASTOR has been
designed to respond to external triggers within <3 h. Its simultaneous imaging in three bands
(spanning 0.15 to 0.55 ym) will allow rapid assessment of the temperature evolution of hot and
young transients with minimal ground-based support.

CASTOR will be a broadly valuable tool for time-domain astronomy, from explosive tran-
sients and exoplanets to moving objects and variable stars. In particular,

o Explosive transients: CASTOR will contribute to the study of explosive transients, includ-
ing supernovae, peculiar and exotic transients, using two survey strategies: surveys with no
pre-selection of targets, including CASTOR Cadence survey, and target-of-opportunity
(ToO) observations in response to external triggers (see Table 3). Together, these surveys
will (1) provide high-cadence UV light curves for thousands of transients, supernovae, and
peculiar transients in their infancy; (2) deliver statistical samples of UV spectra for super-
novae and more exotic transients such as superluminous supernovae, tidal disruption
events, and rapidly evolving transients; (3) perform rapid searches for EM counterparts
of gravitational waves and neutrinos over large regions; and (4) facilitate studies of the
local environments of extragalactic transients. Figure 10 shows CASTOR mock observa-
tions of GW170817-like kilonovae.*

o Compact object binaries: Close binaries containing compact objects (white dwarfs, neu-
tron stars, or black holes) are multi-messenger systems and represent the direct progenitors
to compact object mergers detectable by LIGO/Virgo/KAGRA and LISA. Multi-epoch
photometric and spectroscopic surveys of the galactic plane, star clusters, and the
Magellanic Clouds will identify large samples of UV bright and variable objects, including
detached white dwarfs, X-ray binaries, accreting white dwarfs, and stripped-envelope stars.
Any such object’s precise characterization can also be achieved with CASTOR’s precision
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Fig. 10 Mock CASTOR observations of a GW170817-like kilonovae at 150 Mpc using our baseline
survey strategy described below. (Left). Expected observations for a transient with both a red
(heavy r-process elements) and a blue (light r-process elements) ejecta component. (Right).
Expected observations for a transient with only a red ejecta component. Although the infrared
emission (yellow curve) is almost unchanged, dramatic differences are evident in the ultraviolet
and blue bands on a timescale of 1 to 10 days. Even at these moderate distances, tracing the
evolution of the UV emission requires depths of >25 to 26 mag AB. Quoted depths of various
proposed UV/u-band survey missions are highlighted (with depth indicated at the upper boundary
of each shaded region).

photometer, which will allow for the identification and characterization of tight white dwarf
binaries (with periods <30 min) needed as calibration standards for gravitational waves
detection with LISA.*
Interacting binary systems hosting a compact object can undergo spectacular
“outbursts” lasting days to months, during which time they grow in mass and in radiative
output by accretion of material from the companion star. In addition to the capability of
tracking the long-term evolution of such outbursts, CASTOR’s photometer will be sensi-
tive to physically interesting sub-second timescales relevant for the inner accretion envi-
ronments, with the simultaneous triple-channel coverage enabling new studies of the disk-
jet interactions in such systems.?’-*®

o Supermassive Black Holes: CASTOR will study both active/accreting and quiescent black
holes (SMBHs) through a dedicated reverberation mapping® campaign, measuring
SMBH masses in thousands of galaxies out to redshift z ~2.5. CASTOR will also search
for time-lag signatures indicative of binary SMBHs" that will be detectable in gravita-
tional waves from LISA and/or pulsar timing arrays and mini-flares indicative of stellar
mergers within AGN disks. Through its blind time domain surveys, CASTOR will also
detect and localize hundreds of tidal disruption events, probing the extremes of the SMBH
mass function.

4.3 Active Galactic Nuclei

At the centers of many, and perhaps all, massive galaxies lies an SMBH, typically with a mass of
millions to billions of solar masses.*' When SMBHs accrete gas from their surrounding envi-
ronment, they release vast amounts of energy, with a profound impact on the galaxies in which
they reside.*” We call these rapidly accreting SMBHs active galactic nuclei (AGN), yet we still do
not understand how these objects grew to be so massive over cosmic time, nor their role in the
evolution of galaxies.*> SMBHs in the AGN state are relatively rare objects (with ~80 per deg?
detected in soft X-rays),** with emission that peaks in the UV and varies over timescales of days
to weeks or even years. Accurate measurement of the light from the central compact source
requires a clean separation of the AGN from its host galaxy. CASTOR’s unique sensitivity
in the UV, large field of view, and high angular resolution make it a powerful tool for AGN
imaging and spectroscopy.
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Fig. 11 Luminosity-redshift parameter space spanned by CASTOR (light gray area) compared
with all previous studies (colored symbols). CASTOR will be able to probe uniformly a unique
region in the phase space of redshift and luminosity (black circles showing a simulated sample
in 5 deg?) as well as galaxy-host properties to study how black holes grow and how they affect
galaxy evolution over 10 billion years of cosmic time.

Spectra of AGNs exhibit some prominent features at the short wavelengths to which
CASTOR is uniquely sensitive: e.g., Ly-a, in emission and absorption, plus broad and narrow
emission lines of NV, SilV, CIV, Hell, CIII, Mgll, and [OII].** CASTOR will undertake a rever-
beration mapping (RM)*> campaign that combines multi-band imaging and low-resolution slit-
less UV spectroscopy over a region of 12.5 deg?. By monitoring this field over a period of 4-6
months, CASTOR will measure masses for roughly a thousand SMBHs—four times more than
all previous AGN RM studies combined—over the largely unexplored redshift range 0 <z < 2.3
(see Fig. 11).

The Wide Survey will also detect AGNss at the centers of galaxies and resolve the associated
star formation, surrounding ionized gas, and AGN jets. This will be possible for a vast number of
galaxies spanning the last 4 billion years of comic history, sampling the full range in host envi-
ronments from isolated galaxies to rich clusters. An exciting recent development in AGN physics
has been the discovery of so-called “changing look™ quasars, whose origin remains under
debate.*® Deep imaging from CASTOR, when combined with results from previous surveys,
will make it possible to identify and study these rare systems. Finally, in the local universe, the
relationship between nuclear star clusters and supermassive black holes in low- and intermediate-
mass galaxies has emerged as an important question for galaxy evolution and feedback models,
and CASTOR’s UV imaging and spectroscopy will fill a critical niche in this area.

Synergies with current and future facilities will enhance the science return from all
CASTOR AGN legacy and GO programs.’*’ Red-optical and near-IR observations from LSST
will further enable accretion-disk RM for a significantly large sample of ~1000 AGN (probed by
the AGN RM program). AGN campaigns with one or more of the next-generation spectroscopic
survey telescopes (e.g., the Maunakea Spectroscopic Explorer,*® PFS/Subaru,* or ESO’s Wide-
Field Spectroscopic Telescope®®) will provide CIV black hole masses for high-redshift AGN,
which will allow a consistent calibration of black hole masses over a vast range in redshifts.

4.4 Galaxies

Star formation, which drives the evolution of baryonic matter in the universe, acts as the primary
regulator of galaxy evolution.’' The evolution of star formation rate—both as a function of envi-
ronment and over cosmic timescales—is thus central to our understanding of the physical mech-
anisms that drive, regulate, and quench the evolution of galaxies.52 UV radiation, which is
usually dominated by short-lived, massive stars, provides our most direct probe of the star
formation process.” However, distant galaxies are faint at UV wavelengths, and beyond the
local universe, they subtend only a few arcsec in the sky. CASTOR’s wide field of view, high
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Fig. 12 Simulation of part of the Hubble Ultra Deep Field (UDF) in passbands from CASTOR (u, g)
and Roman (F184). This image shows a ~1.5" x 1.5’ field or just ~0.06% of the area that will be
covered by the proposed Ultra-Deep Survey. Although Roman’s IR imaging (red) is sensitive to
existing stellar mass, CASTOR picks out regions of ongoing star formation. With comparable spa-
tial resolution from the UV to the near-IR, it will be possible to map stellar populations and other
physical parameters across galaxies, out to cosmic noon.

sensitivity, and high angular resolution at UV/blue-optical wavelengths will open a new era in the
study of cosmic star formation (see Fig. 12).

With three nested imaging surveys—the wide, deep, and ultradeep—the CASTOR sample
will consist of tens of millions of galaxies spanning a huge range of masses and redshifts.>* The
Deep Survey (80 deg? with 5 h exposures, to a 56 per-pixel surface brightness depth of
~25.6 mag/arcsec? in the UV) and the ultradeep survey (1 deg® to ~27 mag/arcsec®) will pro-
vide extraordinarily sensitive imaging complementing CASTOR’s Wide Survey. For ease of
comparison, a general overview of the expected point source, extended source, and per-pixel
5o detection limits expected for the deep and ultradeep surveys is presented in Table 4. This

Table 4 For the planned Deep and Ultradeep Galaxy surveys, exposure times and limiting point
source, extended source, and per-pixel 5¢ detection thresholds.

Exposure 5¢ point 56 extended source depth Surface brightness to
Survey and time source depth (AB mag, Sersic index reach S/N = 5 pixel
filter (hours) (AB mag) n=1, Re = 0.25") per (AB mag/arcsec?)
Deep
uv 5 29.75 28.31 25.61
UVL 5 28.90 27.46 24.76
us 5 29.23 27.80 25.10
u 5 29.37 27.89 25.28
g 10 29.11 27.57 25.07
Ultradeep
uv 50 31.12 29.61 27.07
UVL 50 30.28 28.76 26.22
us 50 30.61 29.10 26.56
u 50 30.69 29.16 26.66
g 100 30.38 28.83 26.36
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will allow an unprecedented characterization of the evolution of the spatial distribution of star
formation within galaxies out to redshifts of z ~ 2.

In the local universe, the Nearby Galaxies Survey will carry out targeted imaging of ~700
highly resolved galaxies, an unprecedented study of galactic star formation in the local
Universe—especially in the low-density, outer regions that are effectively inaccessible to
HST due to its much smaller field of view.

The grism instrument will provide a low-resolution spectrum for every object in CASTOR’s
field of view simultaneously, a powerful tool for detecting galaxies with strong emission lines or
spectral breaks in the UV. Using CASTOR’s grism mode, slit-less spectroscopy covering the
0.15 to 0.40 pm region will yield >10° Ly — a emitters between 0.4 < z < 2.2 in the deep field,
enabling a comprehensive map of the cosmic web. At the same time, Lyman continuum (LyC)
detections for statistically complete samples of bright galaxies will offer an opportunity to char-
acterize LyC emitters at “Cosmic Noon,” when star formation in massive galaxies reaches
its peak.

In addition, the UVMOS observing mode will provide higher resolution spectroscopy, ena-
bling the measurement of SMBH masses for AGN at 0.25 < z < 2.3 (see Sec. 4.3), which is vital
for understanding one of the primary mechanisms through which galaxies cease star formation
over time.* Certain compact extragalactic objects—such as blue compact dwarfs in the local
universe—would be ideal targets for the UVMOS instrument, which could resolve individual
star-forming regions with very low backgrounds. Taken together, legacy imaging and spectro-
scopic surveys will explore a range of galactic stellar masses over the past ~10 billion years of
cosmic history, with a survey area sufficient to study some of the rarest galaxies in the Universe.

4.5 Near-Field Cosmology

Near-field cosmology aims to characterize the halo of the Milky Way and its substructures
(satellite dwarf galaxies, globular clusters, stellar streams) to understand to what extent their
observed properties are consistent with the predictions of cosmological models on sub-galactic
scales, in particular, the cold dark matter (CDM) framework. CASTOR’s dedicated imaging
surveys will make multiple contributions to near-field cosmology:

o The CASTOR galactic substructure survey will observe a representative sample of halo
substructures (four stellar streams, 57 globular star clusters, and 33 dwarf galaxies) in
multiple bands, and with multiple epochs over the mission lifetime, to measure proper
motions for stars fainter than the Gaia limit. These observations will deliver clean samples
of members for studying the morphology of these objects and for spectroscopic follow-up.
Figure 13 shows, with mock data, how CASTOR will increase the number of streams iden-
tified and provide details of their morphology.

o The CASTOR Wide Survey will allow us to study the metallicity distribution of the stellar
halo and the most chemically pristine stars of the Milky Way.>’

o The CASTOR Wide Survey, combined with Roman HLWAS,® will enable the discovery of
new substructures in the galactic halo, helping to assess the role of accretion events in its
formation.

o With several key halo tracer populations uniquely characterized by CASTOR UV/blue-
optical photometry (Blue Horizontal Branch BHB stars, blue stragglers, main-sequence
turnoff stars), imaging programs such as the Wide Survey will provide measurements
of the density profile and virial radius of the Milky Way halo.” CASTOR will also make
it possible to target halo tracers, such as BHBs, beyond our own galaxy to probe the struc-
ture of local group galaxies such as M31.

CASTOR spectroscopy would also enable a range of near-field cosmology programs: e.g.,

o Using the UVMOS instrument, it will be possible to measure the chemical makeup of stars
in globular cluster cores, generally too crowded for ground-based spectroscopy.®

o Through GO programs, CASTOR slit-less spectroscopy could be used to trace stars bear-
ing the chemical signature of multiple populations across stellar streams and constrain the
nature of the progenitors of these streams.®!
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Fig. 13 Mock CASTOR observations of the Pal 5 stellar stream (at a distance of 20 kpc) based on
an N-body simulation of the stream (orange points in top panel) inside a smooth Milky Way halo (D.
Erkal, private communication) combined with background/foreground contamination from
Galaxia® stellar catalogs in fields surrounding the stream (blue points). On-sky positions of the
stars are shown in the top and right panels. Panel C shows a selection based on the CASTOR
proper motions (from panel B). A further selection based on the CASTOR color-magnitude diagram
(from panel D; along the metal-poor isochrone corresponding to the stream) is shown in panel E,
where the stream appears as a clear overdensity. CASTOR’s deeper observations (compared with
Gaia) with a transverse velocity proper motion precision corresponding to 50 km/s or better at this
distance (fainter stars with poorer proper motion precision are not included in this figure) will sig-
nificantly increase the number of stream members identified, improve the contrast, and reveal an
unprecedented view of stellar streams and their morphology. The proper motion uncertainties
(<0.5 mas/yr for stars brighter than g ~ 25) were calculated assuming a time baseline of 4 years
and an exposure time of 2200 s per epoch for each CASTOR field (see Sec. 4.3 of Cheng et al."”
for more details on the astrometric error budget and proper motion estimates).
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o Slit-less UV spectroscopy from the Square Kilodegree Galactic Plane Survey and the
Grism Legacy Survey will enable serendipitous discoveries of chemically peculiar stars
and extremely metal-poor stars in the galactic halo and bulge.®” Slit-less UV spectroscopy
would be valuable for probing the mix of stellar populations in compact stellar systems
around nearby galaxies and in nearby clusters.

4.6 Stellar Astrophysics

The UV region has a special importance in stellar astronomy. Unobservable from the ground, this
region is highly sensitive to hot continuum sources, such as the high-mass stars that are dispro-
portionately responsible for the synthesis, ionization, and dissociation of elements, as well as the
kinetic energy input to galaxies.”® The UV region also harbors a wealth of atomic and molecular
spectral features, including numerous resonance transitions, whereas the UV continuum is highly
sensitive to the integrated light of young stellar populations, making it a powerful diagnostic of
recent star formation.>®

CASTOR’s imaging capabilities will be uniquely suited to UV/blue-optical studies of stellar
objects. The Square Kilodegree Galactic Plane Survey will image the galactic plane and bulge
over ~1100 deg? in three passbands, detecting hundreds of millions of stars with a depth of 25.5
AB mag, and revealing thousands of the hottest massive stars (Wolf-Rayet and OB supergiants).
The Wide Survey will itself observe half a million white dwarfs, with the UV /u/ g filters able to
effectively separate standard hydrogen-atmosphere white dwarfs from more exotic objects,
including double white dwarf merger products and white dwarfs that are accreting rocky plan-
etary material.

CASTOR’s imaging and spectroscopic capabilities are also well suited for monitoring the
flaring properties of M stars. A dedicated monitoring campaign will measure the M star flare
rates across stellar ages and masses, assessing the habitability of the 40 billion habitable zone
terrestrial exoplanets orbiting M stars in our galaxy. Similarly, observations in the UV band will
permit the monitoring of the accretion variability of young protostars.

The Magellanic Clouds imaging survey will provide a database for the study of massive
stars, clusters, accreting compact objects, and supernova remnants in a low-metallicity environ-
ment markedly different than that of the solar neighborhood (Fig. 14).%* CASTOR imaging sur-
veys will discover previously missed supernova remnants, planetary wind nebulae, and neutron
stars in the Milky Way and Magellanic Clouds. CASTOR’s angular resolution and sensitivity
will allow the detection of white dwarfs in clusters within the Magellanic Clouds. These obser-
vations will provide much-needed constraints on the initial-final mass relation of stars. Repeated
imaging over multi-year baselines will allow precise proper motion measurements, enabling
clean samples of cluster members for populations that are beyond the magnitude limits of Gaia.

Fig. 14 Observations of a 100” x 100” region in 30 Doradus from GALEX/NUV (left) and simu-
lated CASTOR observations (right) based on smoothed data from HST/WFC3 F275W. The depth
is 24 mag, so the CASTOR Magellanic Clouds survey will reach about 50 times deeper.
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In addition to the science cases enabled by CASTOR’s imaging capabilities, its spectro-
scopic observing modes will further enable revolutionary stellar astrophysics. CASTOR’s
UVMOS will be able to characterize the chemical makeup of stars in globular cluster cores,
where severe crowding makes ground-based spectroscopy impossible. Several programs are
planned to serve this need using CASTOR’s UVMOS, targeting massive star populations in the
Carina Nebula, Tarantula Nebula, and others. Finally, grism spectra taken in the Galactic Plane
Survey will enable a study of galactic reddening law variations in synergy with the Roman
Galactic Plane Survey,” providing a probe of the extinction due to interstellar dust.

4.7 Exoplanets

Evidence from direct imaging studies, transit surveys, and radial velocity monitoring campaigns
has revealed exoplanetary systems to be commonplace. The physical properties of known
exoplanets—such as their masses, radii, and orbits—are surprisingly diverse and include classes
of objects without analogs in our solar systems: e.g., “super Earths” and “mini-Neptunes.”
Exoplanetary systems provide direct insight into how Earth-like planets capable of sustaining
life may arise.

CASTOR will be able to leverage its 1 m aperture and UV/blue-optical sensitivity to obtain
high-precision photometry and low-resolution spectroscopy of exoplanets and their host stars.
The CASTOR passbands are unique among any operational astronomical spacecraft, including
JWST, except for the aging HST. These wavelengths provide a unique window into the structure
and composition of planetary atmospheres through Rayleigh scattering and molecular absorp-
tion. With optimized CMOS detectors in each of its three focal planes, and wide-field imaging
capabilities that will enable photometric monitoring surveys in crowded fields, CASTOR’s leg-
acy surveys and GO programs can address several questions in exoplanet research:

o Transit spectroscopy. Transit surveys of bright transiting exoplanet systems will be used to
measure atmospheric scale heights and scattering properties, providing information on how
atmospheres survive and evolve. Such measurements are essential for interpreting measure-
ments made at optical and IR wavelengths because UV-blue observations sample the
Rayleigh slope, making it possible to establish the presence of scattering hazes and cloud
decks in the upper atmospheres. By targeting the UV/blue-optical region, CASTOR will
complement observations at red-optical/IR wavelengths from JWST, TESS, ARIEL, and
PLATO to separate exoplanet transit signatures from star spot artifacts.

e Exoplanet albedos. The sensitivity of CASTOR will enable high-precision phase curve
measurements for exoplanets orbiting bright stars (i.e., planets ranging from Jupiter to
Earth sizes will be accessible). Phase curves provide unique measurements of scattering
angles to reconstruct particle size distributions, cloud properties, and potentially even
meteorological studies.

o Kepler habitable zone planets. Follow-up multi-wavelength transit measurements for can-
didate Earth-sized exoplanets in the habitable zones of Sun-like stars will allow candidate
validation and the elimination of false alarms from the Kepler habitable zone sample. Such
data can yield true “eta-Earth” measurements to enable validation.

o Exoplanets in Globular Clusters and the Galactic bulge. In its wide-field imaging mode,
transit surveys in the UV, u, and g-bands that target dense star fields (i.e., bulge fields or
globular clusters) can provide a window into the number and properties of exoplanets in
new, or under-explored, environments or metallicity/age regimes.%>%

e Bulk composition of rocky material in white dwarfs. UV/blue-optical imaging and, espe-
cially, low-resolution grism spectroscopy from CASTOR (such as that from the cadence,
reverberation mapping and grism surveys, or GO programs designed to build on the wide,
deep, and ultra-deep surveys) will make it possible to efficiently identify and derive abun-
dances (Mg, Fe, and Ca) for large numbers of metal-polluted white dwarfs, which have
accreted heavy materials from planetesimals, asteroids, small planets, and comets.®”%

4.8 Solar System
Small bodies in the solar system—such as near-Earth objects, asteroids, comets, trans-Neptunian
objects (TNOs)*”° and members of the distant Oort cloud’!”>—are debris that failed to coalesce
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during the formation of the major planets. The study of these bodies opens a window to the
dynamics of the forming solar system, the chemistry of the primordial planetary disk, the den-
sities within that disk, and the process of planet formation. By taking into account the properties
of these bodies in the comparison between exo-disks observations and exo-planetary systems, we
can explore planetary system similarities, conditions for life, and our planet’s place in the galaxy.

CASTOR has several unique capabilities for exploring these small bodies. Three strategic
surveys, designed to explore the present-day properties of the minor planets in our solar system,
will probe the process of planetesimal formation:

o The Faint component of a TNO survey will reach smaller sizes than any existing or planned
ground-based project, whereas searching a significantly larger area of the sky than is fea-
sible from JWST. Such programs provide a tie-in between the very faint and small KBOs
(Kuiper Belt Objects) that JWST will probe and the much larger objects that can be studied
from the ground.

o The Wide component of a TNO survey will measure u-band surface colors of all KBOs that
LSST will detect in the southern sky. The LSST southern survey will provide a large sample
of KBOs with well-measured orbits and optical surface properties. With CASTOR, we can
extend that coverage into the u band where the silicates on the KBO surface dominate the
spectral reflectance, probing the chemistry of the disk at the time of planetesimal formation.
Figure 15 shows simulations of the CASTOR-wide survey in the g and u bands.

o The third component of the survey will utilize CASTOR’s grism capability to undertake a
survey of spectral reflectance of KBO surface properties. The grism spectra will probe the
spectral features whose bulk properties will be probed by the wide-area u-band survey of
LSST-discovered southern KBOs.
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Fig. 15 Simulations of the TNO wide survey component from a high-precision model of the outer
Solar System.” The wide footprint will include all objects within 6 deg of the ecliptic and having
& < 0 deg, the region that will be best sampled by LSST. Colored points show the objects detected
by the wide component of the CASTOR census of TNOs. Red symbols show objects are detected
in both u and g; blue symbols show objects detected in g only. For clarity, the figure shows only
10% of total model and detected objects and only the 12 to 24 h zone, the part of the ecliptic south
of the equatorial plane.
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5 Current Development Activities

As noted in Sec. 1, the mission team hopes to begin a phase A study in 2025. During that devel-
opment phase, the system conceptual design, system requirements, concept of operations, and
operation requirements will be further advanced while simultaneously raising the TRL of critical
technologies and mission elements. A number of development efforts are already underway, and
we present brief descriptions of these below.

Given the CASTOR design, these programs are heavily focused on UV and blue-optical
technologies and so are relevant to the HWO mission, which is aiming to begin operations
in the 2040s. Ongoing or planned future activities for CASTOR include the development and
testing of UV-enhanced CMOS arrays; light-weighted, low-expansion mirrors in the UV; pol-
ished optics with smoothness and micro-roughness requirements appropriate for UV wave-
lengths; UV multi-shutter systems; and high-performance, stable dichroics, grisms, gratings,
and mirror coatings for use in the UV. As an example, an updated design study for the dichroic
coatings is now underway at the UK-Astronomy Technology Centre (UKATC), with support
from the UKSA. This program aims to maximize throughput in the UV, better define the photo-
metric passbands, and minimize red leaks in the UV channel.

The CASTOR science program, which will focus on survey and pointed observations at UV/
optical wavelengths—during a time frame roughly bracketed by the probable end of HST oper-
ations and the launch of HWO—will itself help define a scientific pathway to the beginning of
the HWO era.

5.1 Science Planning Tools

The design, development, and implementation of CASTOR’s instrumentation and science sur-
veys require a unified software framework for mission and survey planning, as well as supporting
future GO proposals. To this end, the University of Manitoba, in partnership with NRC’s
Herzberg Astronomy and Astrophysics Research Centre (NRC-HAA), is leading the develop-
ment of “Finding Optics Requirements and Exposure times for CASTOR” (FORECASTOR), a
suite of simulations of CASTOR’s full optical chain, survey strategy, and anticipated science
results. The FORECASTOR tools are developed under three guiding principles:

1. The code base, as well as all simulation input data and results, should be open source and
accessible through multiple channels, to enable a wide and diverse contributor and user
base, and in keeping with the Government of Canada’s Open Data policy framework.

2. To the greatest possible extent, the tools should be written in the Python programming
language, for ease of use within the astronomical community and to maximize interop-
erability with existing, publicly available astronomy software.

3. All tools should be available and executable within Jupyter Notebooks on the Canadian
Astronomy Data Centre (CADC)’s Canadian Advanced Network for Astronomy Research
(CANFAR) platform’*” so that any individual or team can both utilize and contribute to
the development of the FORECASTOR tools independent of their local resources, on a
shared, integrated platform.

The first tool released within this framework is the FORECASTOR Photometry Exposure
Time Calculator (CASTOR_ETC),” a Python package that allows the user to carry out signal-
to-noise calculations for CASTOR or other instruments (see, e.g., Figs. 16 and 17). In addition
to a suite of Python modules and associated Jupyter Notebook templates, a graphical user
interface was also developed for the CASTOR imaging and photometry ETC (Sec. 2.4.1),
available through the CADC CANFAR platform. The ETC can also be used to explore the
impact of red leaks on specific science programs'’ and evaluate possible mitigation strategies
(see Sec. 2.2).

A specific tool for exoplanet studies (Sec. 4.7) using the planned precision photometer
instrument (Sec. 2.4.2) has also been released within the same graphical interface, developed
in collaboration with the Photometric Observations of Exoplanet Transits (POET) team.’® A pre-
liminary exposure time calculator for the DMD-based UVMOS instrument (Sec. 5.4) was devel-
oped within the same pixel-based, user-friendly framework as the imaging and photometry ETC,
and incorporated into the same workflow (with the addition of a “UVMOS” Object).”’
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Fig. 16 Point-source sensitivity (AB mag) in each of CASTOR'’s three primary passbands,
expressed as the time needed to reach a signal-to-noise ratio of S/N = 5. The time for
CASTOR to complete a single orbit is shown as the dashed horizontal line. This calculation
assumes the default telescope and detector parameters for CASTOR given in Table 1 of
Cheng et al.,'” with the inclusion of Earthshine, zodiacal light, and “average” [O II] 2471A geo-
coronal emission as defined in Sec. 3.2 of the same text and was carried out using version
1.3.2 of the FORECASTOR ETC. The code to generate this curve can be found at https://
github.com/CASTOR-telescope/ETC_notebooks/blob/master/snr_table.ipynb.

TELESCOPE PARAMETERS ~ BACKGROUND PARAMETERS  SOURCE PARAMETERS Source Without PSF Convolution

ETCV11.1

Input parameters for the telescope below.

x (arcsec)

Passband Response Curves and Source Spectrum

ed red leak in that passband.

3000 4000

Wavelength (R)

Fig. 17 Sample screenshot from the web application developed for the FORECASTOR suite on
the CANFAR Science Platform."”

An exposure time calculator and full scene simulator for the grism mode (Sec. 2.4.1) have
been developed and a beta version is publicly available (https://github.com/gnoirOt/ETC_grism).
The tool has been primarily developed and tested for planning of the Grism Legacy Survey (see
Sec. 4.4). Figure 18 shows the simulated CASTOR grism spectrum, in the u-channel, of a u =
23.4 mag (AB) Lyman-break galaxy at z = 2.793, after 6 h of exposure. This particular example
shows the noiseless signal, for illustrative purposes, but the tool allows the user to customize the
simulation to include user-specified values for the sky background, read noise, and dark current
(i.e., the CASTOR default values can be changed by the user). Thus, astronomers can optimize
the observing cadence for each application. At the time of writing (v0.7.0), the tool also offers
simulating full grism scenes with overlapping sources and spectra, as well as redshift fitting of
grism spectra for extragalactic sources (Noirot et al., in prep). A lite version of the grism ETC for
single sources is incorporated in the FORECASTOR GUI presently available on CANFAR.

To simulate realistic images for CASTOR’s planned field surveys of galaxies (Fig. 19),
FORECASTOR employs an adapted version of the open-source Python package GALSIM.*
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Fig. 18 Simulated CASTOR grism spectrum of a Lyman-break galaxy at z = 2.793. The top left
panel shows the simulated direct image of the source (r¢ = 0.15”, ellipticity of 0.55, Sérsic index
n = 1.05) at CASTOR resolution. The top right panel shows the Lyman-break template used for the
source SED. The shaded bands show the wavelength range of the CASTOR UV, u, and g chan-
nels (purple, cyan, and hatched green, respectively). Only the UV and u channels have grism
capabilities. The bottom panel shows the noiseless electron counts of the simulated grism spec-
trum after 6 h of exposure for a u = 23.4 mag (AB) source. The grism tool also simulates the noise
properties of the grism observations (including the sky background, read noise, and dark current)
to produce SNR maps and derive exposure times.

For our baseline predictions for the wide, deep, and ultradeep surveys,>* we draw expected gal-
axy populations from the “Santa Cruz” semi-analytic model-derived catalog’®” to provide
model CASTOR band magnitudes for hundreds of millions of galaxies spanning 10 billion years
of cosmic history. Simulations of resolved stellar populations can also now be carried out using a
modified form of the publicly available ArtPop Python package.?! ArtPop takes synthetic pho-
tometry in a given passband, together with input properties of a given stellar system and a chosen
observing facility, to produce output images with realistic modeling of the instrument perfor-
mance included. A Python wrapper for ArtPop, also available as a Jupyter Notebook, has been
developed, which includes CASTOR UV, u, and g passbands as well as the # and UV channels
when divided by the deployable broadband filter (see Fig. 2 and Sec. 2.4.1).

Additional software development for the CASTOR mission continues with the support of
NRC-HAA. This includes support for the UVMOS instrument (see Sec. 5.4), as well as a survey
scheduler and optimization tool developed in partnership with Magellan Aerospace. Detailed
simulations of the performance of the CIS300 series of detectors, given the expected specifica-
tions and environment of CASTOR, are presently being developed using the Pyxel python pack-
age,* in collaboration with the University of Manitoba and with the support of the Open
University and the UK Space Agency. In addition to being available on the CADC’s CANFAR
Science platform, all FORECASTOR tools are published on https://github.com/castor-telescope
as soon as they are prepared for public release.

Pre-phase A science development for the mission is also underway with support from the
UKSA through its Science and Exploration Bilateral Programme. Several of the science planning
tools described above are being refined and applied through this effort, which focuses primarily
on science applications in areas of near-field cosmology, galaxy evolution, TDAMM science,
and the solar system. This work involves a collaboration between the University of Edinburgh’s
Wide-Field Astronomy Unit (WFAU) and the Canadian Astronomy Data Centre (CADC) to
define the CASTOR data flow system including the definition of requirements for a CASTOR
alert broker.
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Fig. 19 Simulated images for a small patch of CASTOR’s planned Wide Survey in the UV, u,and g
channels, generated using a synthetic light-cone catalog drawn from published semi-analytic mod-
els of galaxy populations.”®”® With total exposure times in the range of 1000 to 2000 s, these
images reach 5¢ point-source depths of ~27.5 in all three channels.

5.2 Vacuum Ultraviolet Calibration Facility

Mission development is making use of the Vacuum Ultra-Violet Laboratory (VUVLab) located at
the University of Calgary (Fig. 20). This is a specialized facility designed for the testing of photo-
sensitive detectors that operate at UV wavelengths. The VUVLab was previously used to char-
acterize the UV-sensitive photon-counting CMOS devices used in the Ultra-Violet Imaging
Telescope (UVIT) on the Astrosat mission'®**** that was led by the Indian Space Research
Organization. The VUVLab is now being repurposed for the testing and characterization of new
CIS120 CMOS sensors, variants of the devices slated to fly aboard CASTOR.

The facility consists of a clean room, within which sits a 0.544 m? stainless steel vacuum
vessel connected to separate optical and UV arms. The latter arm contains an ARC Model
DS-775-100 Focused Deuterium Light Source and adjoining Model VM-503 monochromator
assembly capable of producing a broad-spectrum 115 nm <4 <5370 nm UV emission, with
multiple distinct emission lines below 165 nm. Rays are collimated and attenuated through
an aperture assembly before passing into the main vacaum chamber, where an engineering-grade
CIS120 detector can be mounted together with an LN2-mediated temperature control system on a
five-axis manipulator assembly. The manipulator is capable of three translational degrees of free-
dom, as well as two rotational, which allows for a comprehensive coverage of the detector. LN2
cooling lines and readout electronics are provided via feed-throughs to permit the entire volume

Fig. 20 (Left) View of the exterior hardware. (Right) Manipulator mounted inside of the vacuum
vessel.
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of the vessel to be held at a consistent vacuum. The LN2 passes through a copper heat exchanger
block, which, in tandem with a temperature control and heater unit, keeps the sensor at the oper-
ating temperature. Finally, a NIST-calibrated photodiode will soon be installed to provide an
accurate measurement of the UV flux entering the test chamber.

The vacuum itself is achieved through a two-stage pump down. Initial pumping from atmos-
pheric pressure is achieved by two Varian SD-450 roughing pumps, and the second stage from
~1073 torr is handled by a water-cooled cryo-pump that allows trace gases to condense upon a
cold surface. Vacuum pressure is monitored initially via thermocouple gauges until pressure is
low enough that Bayard-Alpert (ionization) gauges take over below ~10* torr. In anticipation of
renewed testing in the VUVLab, the vacuum capability of the setup was verified upon light
refurbishing of the equipment including new oil mist eliminators and coaxial traps. Furthermore,
the cryo-pump and pressure gauges were tested to ensure their integrity. Presently, the system is
capable of achieving pressure stability of 10~(7-8) torr within 24 h of the initial pump down.

To mount the CIS120 device and temperature control system to the manipulator assembly, a
custom interface was designed and fabricated. The mounting system is composed of stainless
steel, aluminum, and G10 composite that together provide a secure mounting system for the
detector, LN2-cooled Cu cooling block, and calibration diode with excellent thermal stability
properties. The five-axis manipulator provides fine control of the sensor orientation with respect
to a collimated UV beam, with a minimum precision on the order of sub-millimeter translation
and a hundredth of a degree in rotation. Control is achieved via stepper motors feeding data to
display units constructed in-house.

The ongoing work aims to provide as complete a characterization of the CIS120’s imaging
performance as possible, by conducting measurements of dark current and quantum efficiency
over the full range of expected temperature conditions. The standard set of astronomical cali-
bration frames will be collected (darks, biases, and flats), to which end an integrating sphere will
be employed to provide an even illumination across the full sensor area. Furthermore, all tests
of imaging capability will be conducted over a range covering the near (370 nm) to far
UV (115 nm).

5.3 Detector Testing and Calibration Programs

Despite its modest 1 m aperture, CASTOR will rival the sensitivity of the 2.4-m HST partly due
to advances in UV detectors. The baseline imaging detector for the CASTOR mission is the
Teledyne-e2v CIS300 series CMOS device, currently under development at Teledyne-e2v.
This detector has both low dark current (50.01 e px~!s™!) and read noise (<6 e~ rms). A
CSA-funded STDP study, which advanced mission readiness, included a work package for the
advancement of detector technology. This effort included TRL advancement for the detector FPA
and ongoing development of the delta-doping process on CIS series Teledyne-e2v detectors. As
part of this STDP study, a mechanical prototype of the FPA was designed, built, and used to
demonstrate that critical flatness requirements can be maintained both over the SCA and the
FPA after assembly.

Delta doping is a surface passivation process for silicon detectors developed by JPL. This
process alleviates the problem of charge trapping of photo-electrons in silicon detectors. UV
detectors are particularly prone to charge trapping due to the shallow absorption depth of the
UV photons. The JPL delta doping technique is unique in that using low-temperature molecular
beam epitaxy, the surface doping can be controlled to near atomic-scale precision. Being a low-
temperature process, it can also be used on fully fabricated devices. With this process, 100%
internal quantum efficiency (QE) has been demonstrated, meaning that the QE of these devices
becomes a reflection of limited response. JPL has also advanced antireflective coating on silicon
detectors using atomic layer deposition to maximize in-band QE.%%¢

A UV-enhanced CIS120 prototype is being created under a cooperative development pro-
gram between the CSA and JPL and working with Teledyne-e2v. In 2023, a set of CIS120 detec-
tors were delta-doped and antireflection-coated for enhanced UV sensitivity. The performance of
these detectors is now being quantified in an international effort involving NRC-HAA, the
University of Calgary, and the Open University (UK). The Open University is currently testing
the detectors down to 150 nm in their UV detector test system. NRC-HAA is working with the
University of Calgary to independently test the detectors down to 150 nm using the VUVLab in
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Fig. 21 Two views of the CIS120 detector and platen installed in the cryostat at NRC-HAA.

Calgary (see Sec. 5.2 and Fig. 21). NRC-HAA has recently completed a CIS120 readout elec-
tronic system that will allow the detectors to be controlled in the VUVLab test chamber. Initial
testing is focusing on detector read noise, dark current as a function of temperature, device uni-
formity, and quantum efficiency. Upcoming tests will include out-of-band QE, image persistence,
and read noise versus clocking speed and temperature. An upgrade to the test system, which will
allow the imaging of a PSF on the detector for characterization of intrapixel capacitance and
charge diffusion is in development.

A complementary effort to develop, test, and characterize the CASTOR detectors is under-
way in the UK with support from the UKSA. The Open University is undertaking the first steps to
test and space qualify 7-e2v CMOS devices for the precision photometer (CIS120/220) as well as
for the imager and spectrograph (see Fig. 22).8” A significant part of this program is a contri-
bution from 7-e2v to accelerate the development of the radiation-hardened CIS 300-series detec-
tors to align with the CASTOR timeline. A comprehensive radiation testing campaign is being
planned, which will include the total ionizing dose (TID), total non-ionizing dose (TNID), and
single event testing. The program aims to raise the TRL level to 5/6, as well as de-risk the per-
formance and manufacturability of the UV enhancement technologies used for the detectors.
Using CIS120 devices, three different coating technologies will be tested: 2D-doping (JPL),
black silicon (Aalto Uni/Elfys), and UV-enhanced coating (T-e2v). Work is also underway
to model the CASTOR radiation environment and assess the radiation backgrounds that will
be experienced by the instruments and payload. The results of the modeling will be used to
determine the local shielding design needed for in-orbit protection. In a related effort, the

Fig. 22 CIS120 and monochromator test setup at The Open University. A CIS120 device is
mounted inside the vacuum chamber on the left, currently set up for dark tests. The chamber
on the right is a housing for a dual deuterium and halogen lamp feeding the monochromator in
the middle.
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University of Leicester is now commissioning a vacuum-UV test facility for the calibration of the
CASTOR sensor and developing a top-level electrical, mechanical, and thermal design for the
front-end electronics.

5.4 UV Multi-Object Spectrograph: Design and Prototyping

A low-medium-resolution, multi-object spectroscopic capability was identified as a scientifically
interesting capability during the 2019 CASTOR science maturation study. A UVMOS instrument
would enable compelling scientific investigations in its own right and ensure a flexible UV spec-
troscopy capability in the post-HST era. It is possible that HWO will feature a MOS capability in
the UV/optical region, so UVMOS development for CASTOR will raise the technology read-
iness level of instrument designs that feature a digital micro-mirror device (DMDs) as the object
selector.

The CASTOR UVMOS is based on that of the BATMAN spectrometer,®® which was
designed for use at optical wavelengths and successfully tested on ground-based telescopes.®
The optical design is an Offner-type system (Fig. 23). The Offner relay is an elegant optical
system consisting of three spherical mirrors configured symmetrically about the stop; this sym-
metry cancels the Seidel aberrations to provide high-quality imaging. An Offner spectrograph
is a modified Offner relay with a convex mirror replaced with a grating. This design is ideal for
UV optics because it incorporates all reflecting optics—avoiding the UV absorption that is inevi-
table in lenses—with only three reflections in a compact system. The multi-object slit is a modi-
fied TI DLP9500 DMD. The DPL9500 has an array of 1920 x 1080 10.8 ym pitch MEMS
micro-mirrors. Each micro-mirror measures 0.108” on the sky and can be independently
switched between two states for object selection.

The CASTOR UVMOS design employs a DMD, as opposed to a microshutter array, for
several reasons. Most crucially, the physical size of DMD micromirrors (10.8 um for the
DLP9500) and high fill factor are better matched for CASTOR’s image scale, than the much
larger microshutters (100 X 200 ym), which would result in a spatial sampling of 1” X 2" on
the sky. Furthermore, although the Next-Generation Microshutter Arrays” (NGMSAs) currently
in development by NASA represent a significant improvement over the magnetically actuated
arrays developed for JWST, the NGMSAs still show significant rates of inoperable shutters.”!

On the other hand, DMDs that are being actively developed for astronomical applications in
the UV and the CASTOR UVMOS design face three challenges of their own:

1. UV performance of DMDs: Although such devices have been thoroughly studied (and
mass-produced) for operation at visible wavelengths, additional development is needed
for use at UV wavelengths and in space environments.’*%*

2. Convex UV gratings: The use of convex grating enables an efficient and compact design,
an important consideration for space missions. Although there has been progress in ruling
gratings on convex surfaces,”® further development is needed to produce a grating with
high efficiency, low wavefront error, and low scattering for use in the UV region.”’

3. UV detectors: CMOS devices were selected as the baseline detector for the wide-field
imager following a performance ranking of competing technologies (see Sec. 5.3). To min-
imize cost and complexity, the same CIS300 detectors are currently baselined for the
UVMOS instrument, although this choice will be re-evaluated during the ongoing
Small Teams project. Broadly speaking, advancement in characterizing these detectors
is valuable for maturing this exciting technology, including the delta-doping processes
that will be used to maximize their quantum efficiency at UV/blue wavelengths
(see Sec. 5.3).

In spring 2024, NRC funded, through its “Small Teams” program, a 3-year project to mature
these three technologies. The study is now underway, led by NRC-HAA (Victoria, BC) with
contributions by the Laboratoire d’ Astrophysique de Marseille (LAM, Marseille, France) on the
development of the convex UV grating; Laboratory for Atmospheric and Space Physics (LASP,
University of Colorado) on the development of UV modifications to the TI DMD devices, JPL/
Teledyne-e2v/CSA on the delta-doped detectors (Sec. 5.3), and the VUVLab (University of
Calgary) for the vacuum UV testing (Sec. 5.2). The program will develop and test prototypes
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Fig. 23 Front and side view of the UVMOS optomechanical concept (upper and lower panels,
respectively). OM1 and OM2 refer to the first and second Offner mirrors.

for each of these components, followed by the assembly of a UVMOS spectrometer test bench
that will itself be tested at the VUVLab. This program aims to raise the technology readiness level
of the UVMOS instrument to TRL6 by characterizing the use and performance of the integrated
system within a vacuum environment and at UV wavelengths.

6 Summary

We have presented a brief overview of the proposed CASTOR mission including its current
design, operations model, science program, and ongoing development activities. The mission
has recently completed a technology risk-reduction study as well as a phase 0 study, and the
team is aiming to move to phase A in 2025. Because the mission is optimized for high-resolution,
wide-field imaging, and spectroscopy in the UV/blue-optical region, its scientific capabilities
will complement those of JWST, Euclid, Roman, and Rubin. Similarly, its sensitivity and angular
resolution complement the wide-fields of upcoming UV TDAMM missions (Ultrasat, UVEX).
The mission will help bridge a potential gap in UV/optical facilities defined by the end of Hubble
operations and the anticipated launch of HWO in the 2040s; indeed, through its planned legacy
surveys and GO programs, CASTOR will also help optimize the scientific exploitation of HWO
through the selection of the optimal UVOIR targets. Finally, we describe a number of pre-phase
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A technology development programs that are now underway, some of which may also be relevant
for HWO.
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