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CDIM will transform our understanding of the era of reionization when the universe formed
first stars and galaxies, and UV photons ionized the neutral medium.
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Figure 1. CDIM design and capabilities focus on the needs of detecting faint galaxies and quasars during reionization and
intensity fluctuation measurements of key spectral lines, including Lyman-a and Ha radiation from first stars and galaxies. The
design is low risk, carries significant science and engineering margins, and makes use of technologies with high technical
readiness level for space observations. CDIM will fill the gap between LUVOIR/HabEX operating out to ~1-2 um and Origins
Space Telescope at above 5 um.
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Figure 2. The three-tiered CDIM survey sensitivities in 840 bands (R = 300; dashed lines) and in broadband (R = 5; solid lines)
are designed to match science requirements. CDIM is uniquely sensitive to detect rest-frame optical emission lines or their
aggregate intensity over the entire cosmic history of galaxy formation and evolution, and out to the end of cosmic dawn (z ~ 10).
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1 EXECUTIVE SUMMARY

The Cosmic Dawn Intensity Mapper (CDIM) will transform our understanding of the era of reionization when the
Universe formed the first stars and galaxies, and UV photons ionized the neutral medium. CDIM goes beyond the
capabilities of upcoming facilities by carrying out wide area spectro-imaging surveys, providing redshifts of
galaxies and quasars during reionization as well as spectral lines that carry crucial information on their physical
properties. CDIM will make use of unprecedented sensitivity to surface brightness to measure the intensity
fluctuations of reionization on large-scales to provide a valuable and complementary dataset to 21-cm
experiments. The baseline mission concept is an 83-cm infrared telescope equipped with a focal plane of 24 x
20482 detectors capable of R = 300 spectro-imaging observations over the wavelength range of 0.75 to 7.5 um
using Linear Variable Filters (LVFs). CDIM provides a large field of view of 7.8 deg? allowing efficient wide area
surveys, and instead of moving instrumental components, spectroscopic mapping is obtained through a shift-and-
stare strategy through spacecraft operations. CDIM design and capabilities focus on the needs of detecting faint
galaxies and quasars during reionization and intensity fluctuation measurements of key spectral lines, including
Lyman-a and Ha radiation from the first stars and galaxies. The design is low risk, carries significant science and
engineering margins, and makes use of technologies with high technical readiness level for space observations.

1.1 Scientific Objectives

The development of a comprehensive understanding of the physics that led to the formation of first stars
and galaxies is challenging, but remains a fundamental goal of extragalactic astrophysics and cosmology.
Over the next decade, multi-wavelength observations of the first galaxies and the early intergalactic medium
will yield significant new clues in our quest to develop a fundamental understanding of the physics of the
epoch of reionization (EoR). Though a great deal has been learned in the past two decades, and more
information will be forthcoming with JWST and WFIRST over the coming decade, many key questions
will remain unanswered: (i) what is the history of stellar, dust, and metal build-up in early galaxies
during reionization?; (ii) what is the contribution of quasars to the reionization history of the
Universe?; and (iii) what is the exact reionization history of the Universe?

One reason for this limitation in our science understanding of reionization is that JWST extragalactic
surveys will be likely limited to a handful of deep fields, with a total area of several hundred arcmin?. While
WFIRST will be capable of wide area surveys, due to the lack of spectroscopic capability beyond 1.8 pm,
spectroscopic studies involving Ha will be limited to z < 2; the selection of z > 6 galaxies will be limited to
photometric data using the Lyman-break signature, leading to uncertainties on their exact redshifts. Thus,
both JWST and WFIRST will not be definitive missions to complete our understanding of reionization —
leaving open critical questions on the rate at which first galaxies formed their stars, dust and metals, the
role of active galactic nuclei (AGN) in reionization, and the history and topology of reionization.

A Probe-class mission optimized for reionization studies will need to expand both imaging and
spectroscopic capabilities over the expectations from JWST and WFIRST. The Cosmic Dawn Intensity
Mapper (CDIM) is designed with an improved understanding of reionization as the primary science goal.
The science program is directly linked to two of the NASA top-level goals in astrophysics (2018 NASA
Strategic Plan and 2014 NASA Science Mission Directorate Plan): how does the Universe work? And how
did we get here?

CDIM survey data will allow us to address the above three questions and many more, through the
science program outlined in Table 1-1. In particular, CDIM spectro-imaging data with a spectral resolving
power R=A/A) of 300 can be used to: (i) determine the spectroscopic redshifts of WFIRST-detected Lyman-
break galaxies (LBGs) out to z ~ 8-9; (ii) conduct a complete census of first-light galaxies in over 2-3
decades of stellar mass by establishing their mass, metal abundance, and dust content by spectrally
separating [NII] from Ho, and by detecting both HB and OIII; (iii) establish the environmental dependence
of star-formation during reionization through clustering measurements; (iv) detect Lya emission from
individual bright first-light galaxies and combine with Ha line detections of the same galaxies for studies
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Table 1-1. Science Program of the CDIM Probe Mission

NASA Science How does the Universe work? How did we get here?

Goals (from 2014 NASA SMD Strategy Document)

CDIM Science Galaxy Formation and Active galactic nuclei Reionization history through
Themes Evolutionat5<z<8 atb<z<8 Lyman-a intensity

CDIM Science Trace the stellar mass buildup, | Establish the role of active Establish the progression and

Goals dust production, and metal galactic nuclei (AGN) in cosmic | topology of reionization from
enrichment history during reionization cosmic dawn at z=10 to the end
cosmic reionization. of reionization at z < 6.

CDIM Scientific Determine if the rate of growth | Determine the fractional Determine the progress of

Objectives of metals and dust contribution of super-massive reionization by measuring the
corresponds to the growth of black hole/AGNSs to reionization | ionization fraction in at least 10
stellar mass at 5 < z< 8. photon budget. redshift bins at 5 < z < 10, with

accuracy better than 10%.

of variations of Lya escape fraction with environment and other physical properties; and (v) use the redshift-
evolution of spectral-line intensity fluctuations to determine the reionization history of the Universe.
While the primary focus is EoR, CDIM is also designed to study galaxy formation and evolution
throughout cosmic history. It will map out, for example, Ha emission from z = 0.2 to 10 and will detect
Lya emission from galaxies present during reionization. Wide area spectral mapping with CDIM will allow
searches for rare sources, such as bright quasars, active galactic nuclei (AGN), and galaxies that make up
the bright-end of the luminosity functions. CDIM surveys will provide a three-dimensional view of the star-
formation history, its environmental dependence, and clustering over 90% of the age of the Universe.

The three Level-1 scientific objectives that are summarized in Table 1-1 flow to mission and instrument
requirements. These in turn determine the scientific measurement capabilities of CDIM. For the first theme,
using galaxy samples and their exquisite spectra from CDIM, we will address the rate of growth of metals
and dust during reionization. The same CDIM data can also be used to address whether the initial mass
function (IMF) of stars in reionizing galaxies at z > 6 is different from the IMF of stars in galaxies today.
The difference could be attributed to differences in the physical properties of stars during reionization,
which are likely to be metal poor and, on average, have masses that are higher than the stars in galaxies at
low redshifts.

With AGN or quasar samples, our second theme seeks to address if they make a substantial contribution
to the UV photon density budget during reionization. Current expectations are that galaxies are primarily
responsible for reionization, but uncertainties remain on the role played by quasars and AGNs.

For the third theme, CDIM is capable of detecting Lyo emission from bright galaxies present
throughout the full history of reionization, without the restrictions of ground-based narrow-band Lya
emitter surveys that are only limited to a handful of redshifts allowed by the atmospheric window. When
combined with Ha and UV continuum detections of the same galaxies, CDIM will allow a complete
statistical study of the escape fraction of ionizing radiation, relating galaxy properties to their environment.
For the fainter population undetected as individual galaxies, CDIM is capable of sensitive surface brightness
measurements leading to intensity mapping of spectral lines, including Lya during reionization. These line
intensity maps will be compared with 21-cm fluctuations that trace neutral hydrogen. Galaxies bright in
Lya emission are expected to have a relatively high ionizing photon emissivity, leading to a larger size for
their surrounding ionized bubbles than the bubbles of Lya-deficient galaxies. Therefore, galaxies bright in
Lya emission should be anti-correlated with the 21-cm emission from the intergalactic medium (IGM) on
scales smaller than their bubbles. This anti-correlation provides ways to establish the bubble sizes during
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Table 1-2. CDIM Survey Requirements Summary

CDIM Science | Galaxy Formation and Evolution at | Active galactic nuclei at Reionization history through Lyman-a.
Themes 5<z<8 5<z<8 intensity

CDIM key Wavelength range of 0.75-7.5 uym to | Large 300 deg? survey for |Large field of view to capture the large-

Technical detect Lya and Ha. determining the faintend | scale reionization topology on >100 Mpc
Requirement Spectral lution R > 300 ¢ of AGN luminosity function | scales, with a survey area of 30 deg? to
pectral resolution 0 atz=6 overlap with wide epoch of reionization 21-

separate [NII] from Ha for metallicity
measurements. Point source sensitivity
down to K band magnitude | Surface surface brightness sensitivity to
of 23.5 in a wide survey of | detect Lya at a minimum signal-to-noise

cm surveys

Line flux sensitivity to detect Ha
below L* at z= 6 in a deep survey of

15 deg?. 300 deg?. ratio of 500 in a medium survey of 30 deg?.
Table 1-3. Proposed CDIM Surveys
Survey Area (deg?) Sky Point | Spectral line flux | Surface brightness Scientific drivers
Require- | Survey |location| source detection limit | sensitivity (1.1um at
ment | Design | (§2.6) depth | (1 umatR=300; | R =300; 10) [10-"9 erg
(K-band AB 3.50) st em2Hz ! sr)
mag; 50) | [10-'7 erg/sicm?]
Deep 15 15.6 | SEPor 25.7 1.5 0.70 Galaxies - stellar mass,
NEP dust, and metallicity
Medium| 30 31.1 | ECDF-S 25.0 3.2 15 Deep Survey drivers, plus
reionization history through
Lyman-a. intensity
Wide 300 311 | SEPor 24.0 8.0 3.3 Deep and medium Survey
NEP drivers, plus Quasars/AGNs

reionization as a function of redshift. The two in combination also allow reionization history to be
determined, improving over the current uncertainties by an order of magnitude or more, while not subject
to systematics that can negatively impact 21-cm alone measurements.

1.2  Science Requirements

Currently prioritized science programs, conducted over four years, will be accomplished with a three-
tiered wedding-cake survey with the shallowest spanning 300 deg? and the deepest tier of about 15 deg?.
Table 1-2 summarizes survey requirements, while Table 1-3 lists the surveys anticipated to meet the
requirements. See §2.6 for the Science Traceability Matrix (STM). The primary science goal addressed by
the deep survey (in the north or south ecliptic pole regions — NEP or SEP) is pioneering observations of the
Lya, Ha, and other spectral lines from individual galaxies throughout the cosmic history, but especially
from the first generation of distant, faint galaxies when the Universe was less than 800 million years old.
The deep survey requirement is a line sensitivity of better than 5x10-'® erg s™! cmat 4.6 um for Ho at z =
6, with spectral resolving power of 300 to separate Ho and [NII] for accurate metallicity measurements and
galaxy/AGN separation. The medium survey aims for a three-dimensional tomographic view of EoR
mapping Lya emission from galaxies and the IGM, with a surface brightness sensitivity requirement of
1.3x10 8 erg s™! ecm™? Hz !'sr! at 1.1 pm. The wide survey requirement will be K-band AB mag = 23.5 for
detecting quasars at z > 6.

1.3  Science Implementation

The proposed NASA Probe Class Mission CDIM is an 83-cm effective aperture (1.1-m physical
aperture), passively cooled telescope (down to 35 K), designed to meet NASA’s Class B mission
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requirements. CDIM is capable of three-dimensional spectro-imaging observations over the wavelength
range of 0.75 to 7.5 um, at a spectral resolving power R=A/AL of 300. The focal plane is made up of 24 x
2048 detectors, leading to an instantaneous field-of-view (FoV) of 3.4 x 2.3 = 7.8 deg? with 1" pixels.

CDIM will make use of fixed linear variable filters (LVFs) to image the sky at narrow AA wavelengths,
rather than a using a dispersing element or a grism. This design has no moving parts, and is ideally suited
to measuring spectra across a wide-field focal plane. An integral field spectrograph for such a large focal
plane is not feasible on a Probe-mission budget.

CDIM will cover a spectral range between 0.75 and 7.5 um with 840 independent spectral channels
(Fact Sheet Figure 2). A fully Nyquist-sampled spectrum then requires 1680 individual pointings towards
a given line of sight, with pointings offset by an angle that is 06/2 of the LVF width 66 on the sky. The LVF
varies in wavelength along the 3.4° direction with a width of 36 at 15”. To ensure uniform spectral sampling,
the step size must be accurate to about 0.5”. Even though a survey requires 1680 individual pointings in
each sky position, CDIM is designed to be very efficient (§4.2); current best estimate for design and
operations is 93%. The key science programs build on a survey strategy that requires 250 seconds of
integration at each LVF position in the shallowest survey, while deeper surveys interleave multiple visits
at the same integration time. The spacecraft requires less than 10 seconds to slew and settle.

CDIM builds on the existing heritage of using LVFs for spectral mapping on the sky. Past successes
include WFPC2 on HST, OVIRS on OSIRIS-REx and LEISA on New Horizons. By taking repeated
images, the spectrum is constructed in the data analysis process. CDIM is a natural follow-up mission to
SPHEREZX, an explorer class mission that utilizes R =35-130 LVFs to map the whole sky between 0.75
and 5 um using a 20-cm aperture telescope. While the focus on SPHEREXx is all-sky cosmological
measurements using shallow depths to cover the spatial distribution of galaxies out to z of 1.5, by going
deeper on 15-300 deg? patches on the sky, CDIM aims to focus on the era of reionization.

CDIM is low-risk. The two key technology development items are the production of LVFs to meet the
requirements on filter shape and out-of-band leakage and the H2RG detectors that allow imaging out to the
longest wavelengths covered by CDIM of 7.5 um. The LVF technology has substantial development
already by industry, while substantial work is underway to space qualify long-wavelength H2RGs as part
of NASA concept missions such as NEOCAM. The CDIM telescope and other technical components are
already commercially available and are already flight qualified or will be flight qualified. This includes
components such as Teledyne SIDECAR ASICs that will be qualified as part of the Euclid mission to be
launched in June 2022.

1.4 Science Operations

While the CDIM concept proposed here assumes four years of operations to meet the key scientific
objectives, the mission lifetime is limited primarily by consumables. The design allows science operations
that could last substantially longer than the four years necessary for the key science identified in the report.

CDIM is fully capable of functioning as a general-purpose observatory, enabling substantial
community-led observing campaigns, to be selected via the usual peer-review process. These could be in
the form of mapping the Galactic plane to targeted studies of nearby galaxies, or other deep cosmological
fields, for example. Due to its large FoV and rapid mapping capability, CDIM can also function as a
transient source identifier for time-domain science. Of interest in the 2030s will be identification of
electromagnetic counterparts to gravitational-wave sources, especially super-massive black hole merger
events detected by the LISA gravitational-wave space observatory. CDIM is capable of rapid scanning of
LISA error boxes, expected to be on the order of 10 to 100 deg?.
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2  SCIENCE INVESTIGATION

21 Science Landscape

Cosmic Dawn and Reionization are ripe for discoveries. Cosmic Dawn — when the first stars lit up
the Universe, eventually coalescing into the first generations of galaxies — and the epoch of reionization
that follows are among the most exciting frontiers in cosmology and astrophysics. Sometime between 200
and 800 Myr after the Big Bang (z ~ 6-20), the first collapsed objects formed in dark matter halos and
eventually produced enough Lyman continuum photons to reionize all of the surrounding hydrogen gas in
the IGM (Becker et al., 2001; Fan et al., 2006b). This epoch of reionization (EoR) marked the end of the
dark ages, and is the first chapter in the history of galaxies and heavy elements (Barkana & Loeb, 2001).
Large-angle CMB polarization suggests an optical depth to reionization of 0.054 £0.007 (Planck
Collaboration et al., 2018), corresponding to an reionization redshift of 7.7 +£0.8 (if modeled as
instantaneous). It is likely that the reionization epoch is extended and inhomogeneous (Fan et al., 2006a).

Existing theoretical studies suggest that a combination of the first metal-free stars (Bromm & Larson,
2004), the subsequent generations of stars, and accretion onto remnant black holes (such as mini-quasars;
Venkatesan et al., 2001) contributed enough UV photons to reionize the Universe. Given the existing estimates
of the UV luminosity functions (LFs) at z > 6 (Bouwens et al., 2015; Finkelstein et al., 2015), reionization is
clearly dominated by lower mass, lower luminosity systems (Salvaterra et al., 2011).

While galaxies are responsible for producing the bulk of ionizing photons, one major uncertainty is the
escape fraction, the fraction of ionizing photons that are able to escape the galaxies to ionize the surrounding
neutral intergalactic medium. Existing reionization models require escape fractions at the level of 20%
(Robertson et al., 2015). Such a high escape fraction is inconsistent with direct measurements, which are at
the level of a few % (Hayes et al., 2011; Vanzella et al., 2012). For this reason, quasars may also contribute
a significant amount of the energy required to reionize the Universe (Madau & Haardt, 2015).

Although the basic framework is in place, we have significant deficiencies in our understanding of the
physical processes at work during EoR. This is primarily due to the small number of detected galaxies and
quasars at z > 6 in existing surveys, biases in current sample selection, and cosmic variance in pencil beam
surveys. Furthermore, the ground-based telescopes are limited in sensitivity to < 2.4 um allowing only
strong UV lines like Lya and Hell 1640 to be detected, which do not allow the tracing of many of the
physical quantities in the early Universe such as the stellar mass distribution, metallicity, ionization
parameter, and nature of stellar winds responsible for galaxy feedback. A necessary goal for reionization
studies is therefore to overcome these small sample sizes and small survey volumes, and to extend in
wavelength coverage to measure the rest-frame optical lines.

In addition, the favored cosmic downsizing scenario predicts that, as a result of the feedback
mechanism, gravitational collapse and star-formation is more efficient in high-mass halos; this results in
rare, massive galaxies forming more efficiently than lower-mass galaxies. Due to the steep shape in the
dark matter halo mass function, detecting these galaxies at high redshift requires both deep and wide area
surveys of many tens of deg?. For instance, at z~10, there are 40 halos/deg? with masses Mhaio >10'° Mo
while there are more than 4000 halos/deg® with My, >10° Mo. Assuming that the earliest halos maintain
the cosmological fraction of baryons to dark matter, this means that there are merely 40 galaxies per square
degree more massive than 2x10° Mo in baryons, with an even smaller fraction of stars. These massive
sources would be easily missed in small, deep surveys due to their sparsity.

Upcoming reionization missions. JWST and the next generation of large, ground-based telescopes
will be able to take deep spectra to characterize faint emission line galaxies in the epoch of reionization (z
> 6). However, due to their relatively small (~10-50 arcmin?) fields of view, detecting the massive, rare
sources that require deep, wide-area surveys of many tens of deg? will be difficult for JWST and TMT or
ELT to undertake.

WFIRST and Euclid will increase the sample sizes of galaxies and quasars at z > 6. Due to the lack of
wavelength coverage of the grism spectra beyond 1.8 pum, the identification of z > 6 galaxies will be limited
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to a photometric selection based on the Lyman dropout signature. Confirming and characterizing them
requires deep, wide-field spectroscopy that extends to rest-frame optical emission lines. Thus, a dedicated
mission with capability to cover wide areas like those of WFIRST, and to similar depths, but with
wavelength coverage beyond 2 pum is essential in the post-WFIRST era to advance our knowledge of the
distant Universe including reionization (Fact Sheet Figure 1).

CDIM offers comprehensive and complementary probes. CDIM therefore aims to provide a
complete view of cosmic dawn and reionization processes by enabling wide-field, deep spectro-imaging
surveys capable of capturing the rare, massive sources and the fainter population, and detecting the key
diagnostic lines of Lya, [OII], HB, [OIII], Ha and [NII], as well as the rest-frame UV and optical continuum
from galaxies and quasars. With a three-tiered survey covering 0.75-7.5 pm, CDIM is uniquely sensitive
to rest-frame optical emission lines over the entire cosmic timeline from the end of cosmic dawn (z ~ 10—
15) through to the end of the reionization era (z ~ 6). CDIM will be able to extend the deep, small surveys
by JWST to a wider area and complement data collected from WFIRST to longer wavelength (Figure 2-
1), with depths sufficient to detect faint galaxies during reionization with stellar masses as low as 10° Mo
(Figure 2-5). The expected CDIM point source depth, surface brightness sensitivity, and spectral line flux
sensitivity are shown in Fact Sheet Figure 2. We now discuss each of our three key CDIM mission design
science themes and their requirements.

2.2 Theme I: Galaxy Formation and Evolution during Reionization

CDIM will access the Lya and Ha emission from galaxies up to z~10, which will serve as tracers of EoR
galaxy formation and evolution. They are sensitive to the instantaneous rate of star formation. These lines,
combined with [OIll], HB, [NII] and the rest-frame UV and optical continuum, will provide critical clues to
the stellar mass and metal content of first-light galaxies in the Universe. The CDIM Galaxies science theme
aims to reveal the stellar mass and metallicity build-up of EoR galaxies, and determine their stellar initial mass
function, which are critical for the understanding of galaxy formation and evolution at these early epochs.

2.2.1 CDIM measures EoR galaxy optical e Wavelength () 6 7

emission lines 100FTG ™ 5 oM “Fap
Simulated CDIM galaxy spectrum. Figure2-1 | | logM=9.8

shows a simulated CDIM spectrum of a massive

galaxy (10°® Mo) at z = 6, including realistic noise 2 1ol | coiMDeep

level from the CDIM deep survey sensitivity estimate  § |

shown in Fact Sheet Figure 2. CDIM can clearly -

detect strong emission lines such as Lyo, Ha, [OIII], T 1 WFIRST

HP, and [NII] over the rest-frame optical wavelength; 01 Em

the R=300 spectral resolution is sufficient to de-blend 100F | ‘ ' T

the Ha and [NII] emission lines, as shown in Figure 5 T10F Loyt Mme“‘ww %

2-2, which is required for metallicity measurements. 1 Bl

0.8 1 2 3 4 5 6 7

These are critical for the science cases discussed Wavelength (i m)

below. As shown in Figure 2-3, each of the CDIM
three-tier surveys will be able to detect ~10* galaxies

in multiple en_nsswn lines, including Ha, [Om]’ [NI] CDIM deep survey. While WFIRST (red) will probe only the

and Hp, at z = ? - The CDIM deep survey will detect ot frame yitraviolet at R~5, the CDIM R~300 spectrum

greater than 10° galaxies via [OIII] and hundreds of propes hoth the rest-frame UV and optical at SIN > 5 (see

galaxies via [NII] at z = 6, and hundreds of galaxies pottom panel, gray line denotes S/N = 5), allowing the

via Ha, HB and/or [OIII] to z of 8. detection of not only the metallicity and ionization-parameter
sensitive emission lines, but also the stellar continuum. While
JWST is also capable of observing spectra at this depth from
1-5 pm, JWST will only survey small areas and these galaxies
will be rare, thus only the CDIM deep survey will build a statis-
tically significant sample of spectra from massive galaxies.

Figure 2-1. Simulated CDIM spectra of a moderately
massive galaxy at z = 6, including realistic noise from the
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CDIM spectral resolution requirement. The nebular-line metallicity measurements require the

ratio of [NII]/Ha; that is, the two lines [NII] and Ha need to be to spectrally resolved with

adequate spectral resolution to distinguish Ha from [NII], in star-forming galaxies in the

reionization epoch. This goal leads to the CDIM spectral resolution requirement of R = 300. At
R =300 we are able to spectrally de-blend the 6549.86 and 6585.27 A [NII] lines from the 6564.6 A Ha line
(Figure 2-2). Once resolved, the spectral line sensitivity is such that we are able to carry out metallicity
measurements down to galaxy stellar masses of 10%% Mo at z> 6 in the CDIM deep field.
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Figure 2-2. Spectral de-blending of Ha and [NII] with CDIM. The bottom panel shows a simulated spectrum for a galaxy
with solar metallicity, with a Ha flux of 6.2 x10~'8 erg s~ cm2. The narrow peaked curves show the input spectrum, while the
histogram shows how this object looks sampled at CDIM spectral resolution. We then tested the ability of the CDIM deep
survey to recover the ratio of [NII}/Ha with a Markov Chain Monte Carlo method. The top panels show the distribution of
MCMC chains for the Ha flux, [NI] 6584 A flux, and the ratio of [NII}/Ha. The vertical black and dotted red lines show the
recovered median and intrinsic values, respectively. As can be seen, CDIM recovers this metallicity-dependent line ratio with
high accuracy. In Figure 2-6 we show the full distribution of the recovered [NII]/Ha ratio for a range of metallicities and Ha
line fluxes.

2.2.2 Dust-corrected star formation history during reionization

Ha galaxy detections. Ho emission is a good tracer of star-formation. To estimate the expected Ha
galaxy detections, we compile a set of models to first estimate the Ha luminosity functions, including
models: (1) combining star-formation history with the Flexible Stellar Population Synthesis code (Conroy
& Gunn, 2010); (2) using the Millennium simulations; (3) deriving from the UV luminosity function with
aratio between Ha and UV luminosity; (4) deriving Ho from the distribution from Stark et al. (2013). These
models are broadly consistent with each other and encompass our current theoretical and observational
uncertainties at high redshift.

Here we present an estimate of the expected Ha line count predictions based on the UV luminosity
function and its evolution paired with the inferred Ho EW distributions at z ~ 4 (Stark et al., 2013; Smit et
al., 2016), a nebular line model assuming 40% solar metallicity, and a moderate ionization parameter. The
expected emission line counts are based on detections above the 3.5¢ threshold for each survey
configuration.
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The CDIM wide survey will detect >10° galaxies
via Ha emission lines at z = 5. Figure 2-4 shows the
anticipated depth in luminosity for Ha detections in
the deep and wide surveys. Estimated Ho galaxy
number counts and forecasts for the [OIII], [NII] and
Hp emission for the CDIM deep, medium, and wide
surveys at z ~ 4-8, are shown in Figure 2-3.

Cosmic star formation history. The Ha
emission line is a robust tracer of the global star-
formation rate of galaxies (Kennicutt Jr, 1998). Given
the expected large number of Ha detections, CDIM
will provide an unprecedented opportunity to
constrain the cosmic star-formation history from z =
2 to 8. In addition, the combination of Ha and Hf
measurements enabled by CDIM can be used to
correct for dust extinction and improve the accuracy
of star-formation rate estimation. Figure 2-7 shows
the expected constraints from CDIM on the global
star-formation rate density between redshifts 4 and 8.

2.2.3 Stellar mass, metallicity, and dust
build-up during reionization

Stellar mass measurement. Current state-of-
the-art observations have discovered thousands of
candidate galaxies as Lyman-break drop-outs at z > 6
(e.g., Song et al., 2016), including one at z =10
(Oesch et al., 2016). However, apart from the
brightest subset detected in Spitzer at 3.6 and 4.5 um
(e.g., Song et al., 2016), most of these galaxies lack
reliable masses and other physical properties (Eyles
etal., 2005; Yan et al., 2006). CDIM will increase the
number of galaxies in the epoch of reionization with
robust stellar masses by 3—4 orders of magnitude. It
will measure the stellar mass function of galaxies
from z = 5 to 8 and down to masses of 10° Mo much
more robustly and accurately than present results.

The future large area of the WFIRST High
Latitude Survey will discover tens-to-hundreds of
thousands of galaxies in the epoch of reionization.
The abundances of these galaxies trace galaxy
evolution at this time in the early Universe (e.g.,
Behroozi et al., 2013; Finkelstein et al., 2015). CDIM
will further provide the rest-frame optical spectrum
of these galaxies to measure dust-corrected star-
formation rate, determine accurate stellar masses, and
allow the discovery of galaxies with little star
formation (UV-faint) during EoR.

The left panel of Figure 2-5 highlights the
measurements allowed by CDIM, showing model
spectra for both a z=5 and a z =8 galaxy, with
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Figure 2-3. Predictions for the number of emission lines of
Ha, [Olll], HB, and [NII] detected in the deep (top), medium
(middle), and wide (bottom) surveys. These predictions were
made by pairing the evolution of the galaxy luminosity function
with inferred Ha EW distributions at z~4 (Stark et al., 2013;
Smit et al., 2016), and a nebular line model assuming 40%
solar metallicity, and a moderate ionization parameter.
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102 ) T 3 stellar masses of M/Me = 10°3 and 1037,

i z=5 respectively. Compared to the CDIM flux limits of

Sl ;z? deep and wide surveys, shown in red and green

- 10 P28 horizontal bars respectively, this highlights that

B galaxies at this modestly large stellar mass (for that

7, 10%E epoch) will be detectable at z = 5 in the wide survey,
2 £ CDIM Deep @ z=8 and z = 8 in the deep survey.

o L CDIM Wide @ z=5 The right panel of Figure 2-5 shows the

107 g : cumulative number of galaxies as a function of stellar

: // / 1 mass expected per square degree. Down to our limit

10l S A | of M/Moe = 10°3 over the 300 deg? wide survey, we

44.0 435 43.0 425 420 expect to detect ~100,000 z > 6 galaxies in their rest-

log Ha Luminosity frame optical emission (3—5 pm observed). In the

Figure 2-4. Ha Luminosity function and CDIM luminosity ~ deep 15 deg” survey, we will detect and characterize,
depth. Predicted Ha luminosity functions, created assuming ~ through  stellar mass and other SED-based

the Hat equivalent width (EW) distribution from Stark et al. measurements, at least 15,000 galaxies with z > 8.

(2013), the rest-frame UV luminosity functions from Finkelstein Metallicity measurements. Metallicity can be
etal. (2015), and a flat SED (consistent with a ~100-500 Myr  directly inferred from the so-called N, index, the
continuously star-forming population). The vertical and ratio of [NII] to Ho emission. Based on metallicity

horizontgl lines show the expected luminosity limits for the measurements of Lyman-break analogs in the local
CDIM Wide survey at z =5, and CDIM Deep survey at z = 8. Universe (Shim & Chary, 2013), the estimated
number of galaxies that will have both Ha and [NII] detected at each redshift with CDIM is highlighted in
Figure 2-3. For instance, the CDIM deep survey can measure the metallicity of ~10* galaxies via detections
of both Ho and [NII] emissions at z =5, as well as the metallicity-sensitive [OIII] emission lines.

In Figure 2-6, we highlight the accuracy to which [NII]/Ha can be measured with CDIM spectra as a
function of the stellar mass and assumed metallicity of the galaxies. These predictions make use of the
existing z~5 galaxy measurements to calibrate our simulations. Although the median value of [NII]/Ha is
0.3 in the present-day Universe, the expectation is that [NII]/Ha may be < 0.1 at z > 4 due to the limited
cosmic time galaxies have had to build up their stellar mass and elemental abundance.
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Figure 2-5. CDIM detects faint galaxies at high redshifts. Left: The two spectra shown are model star-forming galaxies at
z=5and z = 8, with stellar masses of log(M/Mo) = 9.3 (top line) and log(M/Mo) = 8.9 (bottom line). These masses represent the
detection threshold in notional wide and deep surveys of CDIM at z=5 and z = 8, respectively, where the CDIM broadband
(R~5) continuum sensitivities for the 300 deg? wide survey are indicated by the green horizontal bars and the 15 deg? deep
surveys indicated by the red bars. Right: The expected cumulative number of galaxies per square degree as a function of stellar
mass; the orange vertical bars denote the approximate stellar mass sensitivity of CDIM at log (M/Mo) = 9.3 and log (M/Mo) = 8.9
from the left panel. We expect clear detections leading to physical properties for at least 105 z > 6 galaxies with CDIM, with
detailed characterization of at least 104 galaxies with z > 8 from the surveys.
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Figure 2-6. The ratio of the [NII] flux to the Ha flux, which
defines the metallicity-sensitive N2 index, versus stellar
mass, for simulated galaxies in the CDIM deep survey.
The shaded regions denote the 68% confidence for the
recovered N2 index as a function of simulated metallicity. For
log (M/Mo) > 10, the CDIM deep survey will robustly measure
the metallicities of galaxies, easily distinguishing between
0.02, 0.2, 0.4, and solar metallicity. At the lowest masses
CDIM will probe, CDIM will still distinguish high (~solar) from
low (~few percent solar) metallicities.
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Figure 2-7. The cosmic star formation history inferred
from Ha galaxies detected by CDIM. CDIM will be able to
constrain the star formation history at redshift of 4 to 8,
inferred from the measured Hot luminosity function; dust
extinction can be corrected for from the HR measurements.
Over-plotted are IR and UV based data points in Madau &
Dickinson (2014), constraints from Finkelstein (2016) and a
model from Robertson et al. (2015).

Due to uncertainties on the mass-metallicity relation, we make our predictions for a range of
metallicities from solar abundance to 2% solar abundance. While for galaxy stellar masses above 10'° Mo,
reliable (<5% error uncertainty) N, index measurements are feasible, for low-mass galaxies the
uncertainties are larger, especially when the metallicities are lower than 20% solar abundance.

The numbers, particularly the lower mass limit, are somewhat uncertain, due to the ignorance in the
nature of the mass-metallicity relationship at these redshifts. However, by using the Ha derived star-
formation rate observed in z~5 galaxies, and using the observed evolution of the specific star-formation rate
with redshift (Shim et al., 2011), we can derive an estimate of the stellar mass and thereby their metallicity.

Dust in First-Light Galaxies. Finally, CDIM is sensitive to the continuum emission of stars as well as
the nebular emission lines. The combination allows the evolution of dust extinction curve to be fit, as a
function of age, stellar mass, and metallicity. Figure 2-9 highlights a measurement of the dust extinction
law at z of 5, which will be extended to z = 68 with CDIM data to address the formation and growth of
dust in first galaxies. Using a combination of measurements, CDIM provides a unique window into the
growth of all the key components of galaxies—stars, dust, and metals—at the epochs at which the first
galaxies were being formed.

2.2.4 Separating star-forming galaxies from active galactic nuclei (AGN)

The [NII]/Ha measurements, when combined with [OIIl]/Hf have another application. Extending the
Baldwin et al. (1981) BPT diagrams that have been so far constructed out to z of 2 (Coil et al., 2015; Azadi
et al., 2017), we can construct a BPT diagram during reionization to study the relative role of AGNs during
this epoch. Figure 2-10 shows results from a simulation matched to CDIM survey sensitivities. Such a
construction can confirm if the high ionization parameters — the ratio of ionizing photon density to hydrogen
density — expected of these galaxies is due to a top-heavy stellar IMF or due to activity from central massive
black holes in them. This can be further confirmed when [NII]/Ha measurements of metallicity are
combined with R23 (the ratio of [OII] and [OIII]) lines. This combination directly constrains the ionization
parameter (Shim et al., 2011; Kewley et al., 2013), and the stellar initial mass function (Chary, 2008).
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2.2.5 Stellar initial mass function

The deep CDIM surveys detect the key
diagnostic lines allowing simultaneous
spectroscopic confirmation and characterization of
the physical properties therein. Measurement of
[OlI] and Ho at z ~ 8 provides a direct
measurement of the ionization parameter and the
stellar initial mass function in the first stars. Based
on deep Spitzer observations and UV spectral
properties of galaxies at z ~ 5-6, there are already
hints that the ionization parameter in EoR galaxies
is much higher (Figure 2-11), although the reason
for this is unclear.

It has been argued that this could be due to a
top-heavy IMF (dN/dM~M-'7) (Chary, 2008),
which in turn results in a population of super-
stellar mass black holes, a hypothesis which is
supported by the enhanced gamma ray burst rates
at these redshifts (e.g., Chary et al., 2016).

Alternately, these galaxies could be harboring
massive seed black holes that in turn would be
bathing the ISM in these galaxies with a strong UV
photon field and potentially enhancing the CIV and
NIV emission (e.g., Fosbury et al., 2003).
Distinguishing between these and other
hypotheses, such as a higher binary fraction of
stars and an elevated angular momentum
distribution (e.g., Levesque et al., 2012; Dorn-
Wallenstein & Levesque, 2018), would require
using BPT type relationships (Figure 2-10) at z >
6 which is only possible with the multi-line
detection capabilities of CDIM.

2.3  Active Galactic Nuclei (AGN)
and Quasars during
Reionization

CDIM will provide an unbiased high-redshift
AGN sample covering both their rest-frame

CDIM

CDIM Galaxy Evolution science
requirement: Mass-metallicity
relation at reionization

CDIM aims to measure the mass-
metallicity relation of EoR galaxies down to the stellar
mass intrinsic spread at M > 10° Mo at z = 6 to better
than 10%. This requires combined Ha detections in all
three CDIM surveys and a line flux sensitivity of the
deep survey to be 5.0 x 108 erg s™' cm=2 at 4.6 pum.
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Figure 2-8. A realized CDIM mass-metallicity relation. We
combined the observed UV-luminosity functions (Finkelstein,
2016) and mass to UV light ratio (Song et al., 2016) to estimate
the number of galaxies as a function of stellar mass in the three
CDIM surveys, and we used the same method as in Figure 2-
6 to estimate reasonable Ho fluxes. We then assigned
metallicities to galaxies assuming the z = 3.5 observed relation
from Maiolino et al. (2008), and assumed an intrinsic scatter in
12+log(O/H) of 0.1 dex (seen locally; Tremonti et al., 2004). We
used the Pettini & Pagel (2004) N2 index to get N2 index values
for these galaxies, and then applied uncertainties from Figure
2-7 to derive CDIM-observed N2 values, which we then used
the above relation to convert back into 12+log(O/H), which is
plotted. The combination of the CDIM surveys probes nearly
two dex in stellar mass, and constrains the M-Z relation down
to the intrinsic spread at log (M/Mo) > 9 at z = 6.

UV and optical spectra. Quasars can be selected and identified directly from the R=300 spectroscopy,
which fully resolves their broad and strong emissions, in particular Lya, Mgll, and CIV, based on which
black hole masses can be estimated. CDIM’s AGNSs science theme will measure the anchor luminosity important
for determining the faint end of the AGN luminosity function at z = 6, and constrain their ionizing photon
contribution to reionization.

Understanding the formation and growth of supermassive black holes (SMBHs) is fundamental to two
key frontier science issues at the epoch of reionization (EoR). First, how was the Universe reionized? And
second, what allowed supermassive black holes to form at high redshift? We discuss these in turn.

Current observations indicate a rather high hydrogen ionizing photon escape fraction (~20%) under
the stellar reionization framework, in order for the observed galaxies to have the ability to maintain the state
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Figure 2-9. CDIM is capable of studying the growth of dust during reionization. The detection of optical Balmer lines,
particularly Ha to z ~ 8 combined with the UV continuum emission, enables a unique characterization of the growth in early
galaxies as shown in this figure at z ~ 5 from Shim et al. (2011). The left panel shows the Ha/1500 A UV continuum ratio relative
to the UV continuum slope, 8, as measured for Ho emitters (HAEs) at z ~ 4 compared to the same for local Universe dusty
starbursts (SBs). The Ha/1500 A UV continuum is a proxy for the reddening over a factor of 4 in wavelength while the UV
continuum slope B measures the reddening slope over a short wavelength range. The combination of the two is sensitive to both
the type of dust and the amount of dust In galaxies. The expected differences are captured by the lines of different star-formation
histories and different extinction laws shown in the plot for SMC-type, LMC-type, and SB-type dust. The current data at z are
more consistent with SMC/LMC-type extinction law with more small dust grains (slope captured by the red line) dominated by a
very young (~10 Myr old) stellar population, with a total lifetime since the initial star-formation t of 500 Myr. This observation
implies that small grains may have formed first. The right panel shows the same data points, binned by UV slope for clarity.
CDIM measurements will extend these studies to the epoch of reionization at z > 6 and statistics will allow measurements for UV
slope B > —0.5 to improve the existing determinations that are currently somewhere uncertain even at z ~ 4. CDIM will directly
address whether SMC type dust continues to appear in the galaxies at z > 4 and out to z ~ 8. This is particularly important since
ALMA has been rather unsuccessful thus far in detecting the FIR continuum from dust emission at z > 6 for all but the most
extreme massive galaxies.

of ionization at z ~ 6 under the already somewhat generous assumption with respect to the clumpy factor of
the intergalactic medium (e.g., Robertson et al., 2015). An alternative significant source of ionizing photons
may be provided by active galactic nuclei (AGN). How much contribution that AGN make to the ionization
depends critically on the faint end slope of their luminosity function.

AGN luminosity function. The exact slope of the AGN luminosity function is hotly debated, in large
part due to limited statistics of faint high-redshift AGN. Even though the rapid decline of quasar number
density at z > 5 (e.g., Wang et al., 2018) suggests an AGN contribution on the level of 10% or less (Onoue
et al., 2017; Parsa et al., 2017), other deep AGN surveys at high redshift suggest that AGN could be a
primary contributor to the ionizing photon budget at z ~ 6 (Giallongo et al., 2015). The faint-end slope of
the AGN luminosity function is currently below the flux limit of any ground-based AGN survey; even
surveys such as Euclid will not be able to reach the AGN population that contributes most to the photo
budget, especially considering the limitation of follow-up spectroscopy.

For predictions related to CDIM and to establish survey and mission requirements related to quasar
science, we estimate the quasar number counts in the CDIM wide survey based on two quasar luminosity
functions: Model A adopts a luminosity function estimated at z < 6 from Kulkarni et al. (2018), with redshift
evolution for z > 6 from Wang et al. (2018). Model B is based on the quasar luminosity function from
Willott et al. (2015). The key differences are: (1) Kulkarni et al. has a steeper faint end slope and a very
bright break magnitude; (2) Wang et al. shows that the evolution at z > 6 is steeper than at z ~ 3—6, so the
number at very high redshift is smaller compared to Model B.
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Recent new measurement from a larger sample of o T T T T T
faint quasars discovered in the Subaru HSC survey [ © CDIM Detected
(Matsuoka et al., 2018) is largely consistent with the I
Willott et al. (2015) result. However, quasar .
luminosity function at slightly lower redshift (z ~ 4-5) 1.5
in deep field with X-ray data showed a much higher I
density (Giallongo et al.,, 2015), suggesting that
surveys based on optical (rest-frame UV) colors such
as SDSS and HSC could have missed a significant
fraction of quasars due to dust reddening and
extinction. A key advantage of the CDIM quasar
survey is that it is based on low-dispersion
spectroscopic selection, therefore it is not strongly 0.5
affected by either broad-band colors or dust extinction. I
It is expected to be highly complete and able to resolve
this controversy and yield a definitive measurement of . LY
the faint-end quasar luminosity function and the AGN T e
contribution to reionization. =0 - ll'gg([NH]M;ﬁgg /Ho) =02

Constraining the AGN ionizing photon
contribution. Based on the above estimates, CDIM is Figure 2-10. The BPT diagram of [Nll}/Ha vs. [OlIl}/HB,
able to provide a reasonable sample at the location of Separating the AGN population from star-forming
the AGN anchor luminosity (Muso = —23 to —22), gala?(les. The req line show§ the line separating AGN
below which the current controversy with respect to the dom!nated galax!es (above I|ne)' from star-formgtlon
faint slope arises, and sample the bulk of ionizing dominated galaxies (below the line). EoR galaxies are

. . thought to have high ionization parameters which arise from
photon contributions from AGN. Thus, CDIM wide gjther 4 top-heavy stellar IMF or a population of massive

field data on quasar counts will significantly remove pjack holes in them. Optical line diagnostics with CDIM wil
the statistical uncertainty that is currently present at pe able to distinguish between the two scenarios.

this important anchor point of the AGN luminosity
function at the faint end. Moreover, additional
techniques, such as stacking, to statistically measure the AGN abundance at the luminosity fainter than this
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Figure 2-11. CDIM infers the slope of stellar initial mass function (IMF) of early galaxies. Left: The Ha/UV ratios of local
dwarf starburst galaxies (red points) and z ~ 5 galaxies (black points) from Shim et al. (2011) and Shim & Chary (2013). Typical z
~ 2 galaxies are also shown as the plus symbols. The order-of-magnitude elevated Ha emission from high-z galaxies and dwarf
starbursts strongly points to a higher ionization parameter. Attempts to fit this elevated Ha emission (right) with models would
naively assume dust as the primary cause. However, the non-detection of these galaxies in deep ALMA observations argues for
a top-heavy IMF (Chary, 2008) and/or stars with high angular momentum values as argued in Levesque et al. (2012). CDIM wiill
measure both Ha and UV continuum in massive halos to z ~ 8, and enabling the measurement of the ratio and thereby the
evolution of the stellar IMF as a function of halo mass and redshift.
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anchor point may allow us to significantly firm up the
relative contribution of AGN to cosmological
reionization. CDIM may be able to constrain the AGN
contribution at about 10% at 1o confidence level.

Unbiased AGN sample. The power of the CDIM
high-redshift AGN survey relies on the fact that it will
provide sensitive low-resolution spectroscopy. Quasars
can be selected and identified directly from the low
dispersion spectroscopy with their broad and strong
emission lines, in particular Lya, Mgll, and CIV, and
therefore not affected by the selection incompleteness
from traditional color selection. The typical line width
of quasar broad lines is ~5000 km s~!, fully resolved
with R ~300 CDIM spectra. Because the detection is
based on the near-IR band, it is also less affected by dust
extinction. At R ~300, the CDIM spectra will not only
confirm and measure the redshift of AGNs, but also
deliver key measurements of the AGN characteristics.
In particular, for the redshift of interest, the Mgll
emission line will be in the sensitive part of CDIM
wavelength coverage, and yield a reliable estimate of the
central black hole mass measurements. This will

CDIM

CDIM AGN science requirement:

lonizing photon contribution to
reionization

CDIM aims to quantify the faint-end
slope of AGN luminosity function (LF) at z = 6 by
measuring down to the anchor luminosity of Misso
= —23 to —22 and constrain its LF amplitude to
better than 10%, which can be used to infer the
total AGN ionizing photon contribution to
reionization. This requires a detection of 100
AGNs at z = 6, independent of model assumption,
at the corresponding flux limit. The expected
number of quasars during reionization as a
function of the K-band magnitude is summarized
in Figure 2-12. CDIM thus requires a K-band
magnitude limit of 23.5 (AB; 50) and a survey size
of 300 deg?. This is achieved with the CDIM wide
survey and with sufficient margin in that the
current design leads to a survey with 5-¢ depth of
24 mag (AB).

produce a complete census of the active BH mass function, and the distribution of BH accretion rate in
these systems, putting the strongest constraint yet on the growth rate of supermassive black holes (SMBHs),
key to the second fundamental AGN science goal discussed below. In addition, the CDIM spectra will
sample key emission lines, such as CIV and Fell. The relative line ratios of these transitions are sensitive
to the chemical abundance and enrichment history in the quasar environment.

Black hole mass estimate. The second question pertains to how the supermassive black holes at high
redshift arose. The discovery of dozens of bright quasars with luminosities > 107 erg s at redshift z = 67
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Figure 2-12. Quasar number counts predictions for the CDIM wide survey as a function of K-band magnitude, based on
two models in the literature. Left: Based on the luminosity function estimated at z < 6 from Kulkarni et al. (2018), with redshift
evolution for z > 6 from Wang et al. (2018). Right: Based on the quasar luminosity function from Willott et al. (2015). Our science
requirement of 100 quasars at z > 6 requires a survey depth of about 23.5 AB K-band magnitude at 5a. The CDIM design
achieves a magnitude depth of 24.0 AB K-band (50).
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indicates that at least some galaxies have been able to grow their SMBHs as massive as up to 10'° solar
masses when the Universe was less than 1 Gyr old (Wu et al., 2015). Although these high-redshift quasars
are relatively rare (with a space density of order 1 Gpc™), found in large volume surveys, their mere
existence poses a severe challenge to the traditional model of SMBH growth via gas accretion, simply due
to a finite number of e-folding (i.e., Salpeter) times available.

The fact that accretion onto quasars shining at the peak of their activities at z = 2—3 appears to be able
to account for the local SMBH mass density (e.g., Yu & Tremaine, 2002) and the fact that these observed
high-redshift quasars look similarly mature compared to their counterparts at moderate redshifts (e.g., Fan
et al., 2003) would be consistent with (though not necessarily required by) their SMBHs having also grown
primarily via gas accretion.

In this picture, there is simply not enough time to grow stellar mass black hole seeds to the observed
SMBH masses without invoking significantly super-Eddington accretion rates over a large fraction of the
available time, regardless of the initial starting redshift. On the other hand, SMBH seeds of mass in the
range of 10°~10° Mo, if they exist, would alleviate the time bottleneck to be able to grow to the SMBH
mass of the observed quasars without having to resort to super-Eddington accretion. Although the physical
origin of these proposed massive seeds remains an open question, several proposals have been put forward,
including the channel of direct collapse of protogalactic massive clouds (e.g., Oh & Haiman, 2002; Latif &
Ferrara, 2016).

Separately, despite observational challenges, extant observational evidence indicates a rapid decrease
of the abundance of massive black holes below about 10° Mo in the local Universe (e.g., Greene & Ho,
2007; Goulding & Alexander, 2009), an intriguing hint that 10° Mo could be the mass of seed black holes.
Despite the lack of direct sensitivity, due to the large volume covered by CDIM surveys, a combination of
statistical probes (e.g., stacking) could allow us to probe down to this seed black hole mass level. This will
allow us to determine the abundance of SMBHs at the lowest expected mass range leading to unprecedented
quantitative insight on the formation mechanism and growth of SMBHs during reionization.

CDIM will be able to address these twin fundamental questions at the high-redshift frontier for the first
time. The critical requirements for both hinge on our ability to detect an order-of-magnitude larger sample
of AGNs with SMBH masses at around 10" Mo and, through innovative analysis technique, a statistical
determination of the abundance of fainter AGNs below 10’ Mo by a factor of 5-10.

2.4 Tomography and Reionization History of the Intergalactic Medium (IGM)

CDIM will provide tomographic measurements of the intergalactic medium (IGM) during reionization. CDIM
will detect Lya emitting galaxies and infer the Lya escape fraction and neutral fraction of the surrounding
intergalactic medium. In addition, CDIM will measure the intensity fluctuations of Lya and Ha emission via
the intensity-mapping technique, and construct a large-scale three-dimensional map of the cosmic dawn
and reionization processes that is comparable in scale and redshift range and synergistic to 21-cm EoR
experiments. The CDIM IGM science theme aims to reveal the history and topology of reionization and constrain
the ionization fraction of the Universe across the key redshift range z = 6-10.

2.4.1 Lyman-a emitting galaxies

Lya emission from massive stars is a key feature of star-forming galaxies. Lya emitting galaxies (or
Lya emitters, LAEs) have become an essential probe of the high-redshift Universe, and studying such a
population of galaxies can advance our understanding of galaxy evolution during reionization. The Lya
emission from LAEs is highly sensitive to the presence of neutral hydrogen, and observations of LAEs and
their clustering, and Lya intensity distribution can be used to constrain the ionization state of the IGM and
thus learn about the reionization process.
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Figure 2-13. Detecting Lya emitters (LAEs) with CDIM. Left: LAE luminosity function (LF) and CDIM detection thresholds. The
three curves represent the best-fit luminosity functions of LAEs at three redshifts based on existing observations, with the short
vertical lines indicating detecting thresholds and arrows indicating the detection thresholds of CDIM surveys. Right: Conservative
forecast of the number of LAEs from CDIM. In total, about ~10# luminous LAEs (with Lya luminosity above 1043 erg s™') may be
discovered by CDIM in the redshift range of 5 < z < 7.5, well above the science requirement (dotted line). Compared to the SXDS
and SILVERRUSH surveys with the Subaru Telescope, CDIM will provide significantly better constraints on the luminous end of

the Lya LF in a much wider redshift range.

With CDIM’s spectro-imaging
capability, we can directly identify
individual LAEs from their Lya
emission. While such detections are
expected to be limited to the most
luminous galaxies, the Lya emission
from fainter LAEs can be studied with
stacking techniques based on Ha
observations.

Lyo emitter (LAE) source
counts. First, we estimate the number
of LAEs above z ~ 5 that can be
discovered by CDIM with the expected
sensitivity. At present, ground-based
detections are focused on three
redshifts determined by the atmosphere
transmission windows. For the CDIM
forecast, we adopt and interpolate/
extrapolate the best-fit parameters of z
~5.7, 6.6, and 7.3 Lya LF of LAEs
based on surveys with the Subaru
Telescope (Konno et al., 2014; Konno

Model (82 galaxies) CDIM (Deep survey)

10-15
10-19
3" 3"

Figure 2-14. A simulation of Lya emission from galaxies at z~5.7 obser-
ved with CDIM. Left: Map of Lya emission around a stack of galaxies at z~5.7
predicted from Lya Monte-Carlo radiative transfer calculations applied to a
cosmological simulation of reionization. The map was obtained by stacking
individual Lya images around galaxies that will be detected in Ha with CDIM.
Each image corresponds to a 15x15" region around a galaxy with a thickness
of 1 CDIM spectral resolution element. Right: The same Lya map observed
with CDIM. The image has been rebinned to match the pixel size of CDIM (1")
and smoothed with a 2D Gaussian filter with a FWHM of 2" to account for the
CDIM PSF. Random white noise with a rms scatter corresponding to the CDIM
line flux sensitivity (Fact Sheet Figure 2) has been added.

arcsec™?)

Ly SB (ergs—' cm

et al., 2017). To be conservative, the calculation is done by assuming that images are constructed with two
spectral resolution elements (to cover the broadest possible Lya. lines).

The results are shown in Figure 2-13. Compared to the Subaru SXDS and SILVERRUSH surveys,
currently the largest, CDIM will provide significantly better constraints on the luminous end of the Lya LF
(left) in a much wider redshift range (right). Based on the conservative calculation, we expect to discover
about 10* LAEs at 5 <z < 7.5 with Lyo luminosity above 10* erg s™!. In combination with the UV LF (e.g.,
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Figure 2-15. Left: Measuring the Lya surface brightness (SB) profile around galaxies at z ~5.7 with CDIM. The profiles are
calculated from the pixel values of the Lya images shown in Figure 2-14. The blue line shows the profile corresponding to the
Lya map predicted from the simulations (Figure 2-14, left). Measurements of the Lya SB profile obtained with CDIM are shown
in green, with the vertical error bars corresponding to the CDIM SB sensitivity and the horizontal error bars showing the size of
CDIM pixels. Right: Stacking Lya spectra of Ha detected galaxies at z ~5.7 with CDIM. The spectra are calculated within an
aperture of 1" projected radius around each individual galaxy. The blue line indicates the stacked spectrum obtained from Lya
radiative transfer calculations applied to a cosmological simulation of reionization. The green dotted line corresponds to the
spectrum smoothed with a Gaussian filter of 1000 km s~* (R = 300). The green solid line shows the Lya spectrum as observed
by CDIM with a spectral resolution of R = 300.

Bouwens et al., 2015), we expect to improve the constraints on the evolution of the IGM neutral fraction
(e.g., Konno et al., 2017).

At present, the luminous end of the z ~ 7 Lya luminosity function is not well constrained, and there is
a hint of substantial enhancement above 10 erg s! based on a handful of sources (Zheng et al., 2017). If
this is true, it would be related to the reionization process in over-dense regions. However, given the limited
volumes of current surveys (Konno et al., 2014; Zheng et al., 2017), the existence of the enhancement is
still under debate. With more than 100 sources at this redshift, CDIM will settle the debate and provide the
crucial data for investigating the implications for reionization.

Lya stacks of Ha sources. Thanks to its large wavelength coverage, CDIM will be able to detect both
Lya and Ha emission lines from high-redshift galaxies. While CDIM will detect >10° Ha sources at z > 6,
observation of Lya emitting galaxies will be limited to the brightest objects (Figure 2-13). The resonant
scattering of Lya photons off neutral hydrogen in the

circumgalactic medium (CGM) and intergalactic medium
(IGM) makes them diffuse both spatially and in frequency
(e.g., Zheng & Miralda-Escudé, 2002). A substantial
fraction of Lya emission from individual high-z galaxies
contributes to the diffuse halo component, making Lya
harder to detect than non-resonant lines such as Ha. In order
to reveal this diffuse Lyo emission component, we will take
advantage of the unique capabilities offered by CDIM by
stacking images at the Lya wavelength around positions of
Ha detected galaxies with CDIM.

In Figure 2-14, we simulate a stacked Lyo image at z ~
5.7 obtained from Lya radiative transfer calculations applied
to a 50 Mpc h™' (comoving) cosmological simulation of
reionization (Trac et al., 2015). The left panel shows the Lya
image predicted from the simulation and the right panel is
the image as observed with the CDIM deep survey. The
corresponding Lyo surface brightness profiles are shown in

CDIM Intergalactic Medium
science requirement:

Lya escape fraction and IGM
neutral fraction

A high precision measurement of the Lya
escape fraction from CDIM can provide
valuable constraints on the IGM neutral
fraction during reionization. We place the
science requirement at 10% precision
measurement of Lya escape fraction at z =
6.5, as shown in Figure 2-16, which would
constrain the IGM neutral fraction to be 0.22
+ 0.04 (Furlanetto et al., 2006; Dijkstra et al.,
2007). This requires a CDIM line flux
sensitivity of the deep survey to be 2.9 x
10~ erg s~' cm2at 0.85 um.
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Figure 2-15, left. The two plots demonstrate the l— 77—
powerful capability of CDIM to detect the diffuse

_O Hayes+2011 [Global (Lya+Ha/UV)]

Lyo emission reliably from high-z galaxies, which o CDIM [stacked Ha sources]

can be used to probe the CGM of high-redshift

galaxies and constrain reionization (Momose et al., I ttti 1
2014, 2016). 0.1 / [}

Lya stacked profile. In addition to the Lya
surface brightness profiles around galaxies, CDIM
will also be able to measure the Lya spectrum
obtained from the stacking analysis of Ha detected
galaxies (Figure 2-15, right). The advantage of  0.01
CDIM to detect both Ha and Lya is that Ha can be
used to measure the systemic redshift of the galaxy.

This is crucial in order to extract constraints from the

Lya spectrum as the Lya line is often offset from the
systemic redshift. CDIM will thus be able to measure

this velocity offset from stacked Lya spectra of Ha z
detected galaxies (green solid line in Figure 2-15,
right), .Wthh can probe_ galactl.c wind and CGM CDIM. Open circles and the corresponding fitting curve show
properties for high-redshift galaxies. the global Lya escape fraction based on the ratio of Lya and

Lya escape fraction and IGM neutral fraction. Ho/UV luminosity densities from the observed luminosity
Because of the radiative transfer effect, the observed functions (Hayes et al., 2011). With stacked Lya image of
Lya luminosity is on average lower than the intrinsic sources detected through Ha, CDIM will constrain the Lya
one, usually characterized by the Lya escape fraction escape fraction at z ~5.3-8 (filled circles). Besides the ISM
fusc(Lya). The global Lya escape fraction can be effect, towards higher redshift, the observed Lya escape
estimated by the ratio of Lyo and Ha/UV luminosity fraction would be more and more affected by the IGM
densities (e.g., Hayes et al. (2011); open circles and trqnsmsgon (hence the drop), providing a sensitive probe of
the fitting curve in Figure 2-16). At low redshifts, the reionization (e.g., Konno et al., 2014; Konno et al., 2017).
observed Lya escape fraction is mainly contributed by the radiative transfer in the ISM and CGM (e.g.,
dust absorption and spatial diffusion). At high redshifts, IGM transmission can play a major role in shaping
the Lya escape fraction, which offers a sensitive probe of reionization.

For sources detected through Ho with CDIM, the intrinsic Lya luminosity can be inferred. Together
with the stacked Lya image, we will be able to measure the mean Lya escape fraction in the redshift range
z ~5.3 to ~8. The prediction is shown as filled circles in Figure 2-16, with error bars from both source
counts and spectral uncertainties. The model assumes a mean Lya escape fraction of 0.2 before IGM
transmission (Hayes et al., 2011) and both interpolates and extrapolates the IGM transmission constraints
at z=5.7, 6.6, and 7.3 from the Subaru surveys (Konno et al., 2014; Konno et al., 2017). The distribution
of Lya escape fraction at fixed Ha luminosity is set to be log-normal with a scatter of 0.5 dex (Zheng et al.,
2010). The Ha source counts are based on the redshift-dependent UV luminosity functions in Finkelstein
(2016) and the CDIM sensitivity. CDIM can reliably constrain the redshift evolution of Lya escape fraction
at z ~ 5-7, based on which valuable constraints on reionization, e.g., the characteristic size of ionized
bubbles (Dijkstra et al., 2007) and the IGM neutral fraction (Furlanetto et al., 2006; Dijkstra et al., 2007,
Konno et al., 2014; Konno et al., 2017) can be derived. For example, at z ~ 6.7, a ~10% precision
measurement of Lya escape fraction would constrain the IGM neutral fraction to be 0.22 + 0.04, based on
the models shown in Figure 6 of Dijkstra et al. (2007) and Figure 1 of Furlanetto et al. (2006).
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Figure 2-16. Lya escape fraction. Lya escape fraction with

2.4.2 Tomography and History of Reionization

Intensity mapping of galactic emission lines at high redshifts provide a unique and new probe of
reionization (Visbal & Loeb, 2010; Gong et al., 2011a; Gong et al., 2011b; Lidz et al., 2011). Intensity
mapping refers to low-resolution mapping that measures the integrated emission from large volumes. It
measures the cumulative emission of many faint galaxies and, by using spectral lines such as Lya and Ha
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Figure 2-17. Signals accessible by intensity mapping during reionization. Simulations at z=7 and z=10 of density, Ha, Lya,
and 21-cm signals are from Heneka et al. (2017). The CDIM FoV extends beyond the simulation boxes of 200 h=* Mpc shown
here. CDIM will map Lya and Ha in the course of reionization, following the growth of regions ionized by galactic sources and
enabling cross correlation and validation with the 21-cm signal as measured by SKA.

50x 1o errors

- -9 =
i 107F 779
n [
9 [
E 107¢
© i
; [
a -11
9 10 ?‘g Lya signal —
O £ Noise Reqt. —
[— 1 Instrumental noise

107“F Foreground Res. (Ha) - -
- E Foreground Res. (Oll) - -
\<]/ F Foreground Res. (Olll)

-13[
10 B R

10° 10

k[Mpc™]

Figure 2-18. Lya intensity power spectrum during reion-
ization at z =9 in a redshift bin width of 1.0 (z = 8.5-9.5).
The data points in black are projected band-powers with the
sensitivity specified by the CDIM experiment. The low-z Lya
foreground line emissions are shown in dashed lines for Ha
(blue), Oll (green) and Ol (orange). With the high flux
masking of Ha, [Oll], and [Oll] foreground sources, the total
foreground residual shown in solid blue line becomes
negligible to the targeted signal. CDIM detector noise is shown
as a stair-step line, while the science requirement on the noise
sensitivity to achieve at least a S/N ratio of 500 measurement
in a Az = 1.0 redshift bin during reionization (see Figure 2-19)
is shown by a horizontal line.

107

emission (Silva et al., 2013; Pullen et al., 2014;
Heneka et al., 2017), the cosmological redshift allows
us to map these sources in three dimensions. The
measurement is sensitive to the integrated emission
from all sources, including the faint dwarf galaxies
that are thought to be responsible for reionization. It
is thus complementary to both deep pencil-beam
JWST surveys and planned WFIRST detections that
individually resolve galaxies at higher luminosities
(§2.2).

Intensity fluctuations of Lya, Ha, and 21-cm.
Simulated Ha, Lya, and 21-cm intensity maps, used
as basis for our model predictions (Heneka et al.,
2017), are shown in Figure 2-17, while the CDIM
based Lya power spectrum is shown in Figure 2-18.
Ho and Lya emission originating from star formation
activities is expected to be associated with the
location of galaxies, while Lya photons can further
resonant scatter in the IGM and appear spatially
diffused. Combining Lya and Ho tomographic maps
can thus reveal the propagation of Lya photons,
inferring the physical state of the IGM through study
of radiative transfer effects (e.g., Heneka et al., 2017).

CDIM is complementary to 21-cm EoR
experiments. EoR tomography mapping of Lya and
Ha (Silva et al., 2013; Pullen et al., 2014; Comaschi
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CDIM IGM Science Requirement:
Reionization history z

CDIM aims to provide a large-scale Az
three-dimensional intensity map of the
reionization and cosmic dawn era as traced by the Lya — 10%
and Ha emissions, and statistically constrain the Nj
global ionization fraction in fine redshift intervalsto =
infer the history of reionization. This translatestoa 3
constraint on the signal-to-noise of the Lya auto-power
spectra across redshift. We thus place a constraint on
the cumulative signal-to-noise of > 500 at z = 8 for the 102
Lya power spectrum P(k) defined in Figure 2-19 as 1072 e T o
A?(k) = k3P(k)/2m2 in a Az redshift bin width of 1.0. Surface brighiness sensitiviy
This requires a surface brightness sensitivity of erg s o2 s Hz
1.3x10-"® erg s' cm=2 sr-' Hz-"at 1.1 pm for the
IR R BUEY, CUENIE DI SYnSUicEe power spectra at z = 8 in a redshift bin width of 1.0

brightness sensitivity is a factor of 10 lower, leading to (2=7.5-8.5). We set the Science Requirement at SIN > 500
a substantial margin for the IGM intensity mapping yith a resulting required sensitivity of 1.3x10-1¢ erg 51 cm2
science case (Figure 2-19). The proposed wavelength st Hz-. The current CDIM capability has a margin of about a
coverage of 0.75 to 7.5 pm is sufficient for removal of  factor of 10 in surface brightness sensitivity, leading to a S/N
contamination from low-redshift Ha and [Olll] lines for  of 10°.

EoR studies (Gong et al., 2014).

mn n

Medium Survey CBE /

Science Requry

Figure 2-19. Cumulative signal-to-noise for Lya auto-

& Ferrara, 2015) complement the planned 21-cm surveys from ground-based low-frequency radio
interferometers (Chang et al., 2015; Feng et al., 2017; Heneka et al., 2017). Since galaxies are expected to
trace the over-dense regions that are likely to be reionized first, and since the 21-cm emission traces the
neutral IGM, line emissions from galaxies and the 21-cm fluctuations will anti-correlate on the size scale
of the ionized regions (bubbles). Cross-correlations of Lya or Ha tomographic maps with the 21-cm EoR
surveys thus directly measure the characteristic bubble sizes during reionization (Silva et al., 2013; Chang
et al., 2015).

The Square Kilometer Array Low Frequency Aperture Array (SKA1-LOW) construction is planned for
2019-2023, and its deep 21-cm EoR survey will directly detect and image the tomographic structure of
neutral/ionized regions at z > 6 over 100-300 deg® (Koopmans et al., 2015). With a resolution of 5 arcmin
and a FoV of 5° FWHM at z = 6, SKA1-LOW will reach a 1-sigma sensitivity to image 21-cm spatial
structures on 5-300 arcmin scales at R > 500. CDIM is similar in scope to SKA1-LOW, and is thus an ideal
probe of the EoR complementary to the large-scale 21-cm experiments. The CDIM medium survey is
designed to optimize 21-cm cross-correlation tomography studies in terms of survey depth, size, and field
location.

Reionization topology: bubble size evolution. The cross-correlation (shown in Figure 2-20, lef?)
captures the fact that Ly or Ha lines from galaxies are anti-correlated with 21-cm emission from neutral
hydrogen in the IGM on a size scale proportional to the ionization bubbles, carved out of the neutral IGM
by UV photons, a measure that is sensitive to the ionization history of the IGM (Figure 2-20, right). CDIM
will not only establish that anti-correlation, but will also measure the average bubble sizes during EoR,
establish the bubble size distribution function, and study the growth of ionization bubbles from z = 8 to 5.
Cross-correlation techniques are robust against foreground contaminations, since continuum or line
foregrounds in each of these maps are (to first order) not correlated. The anti-correlation can be reliably
constrained even in the presence of residual foregrounds through cross-power spectrum measurements.
Given that the 21-cm imaging with SKA1-LOW and other 21-cm experiments such as HERA (DeBoer et
al., 2017) are likely to be foreground-limited, the combination with an external tracer, such as the three-
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Figure 2-20. The Lya cross-correlation with 21-cm fluctuations. Left: The theoretical 21-cm Lya cross-power spectrum at

z =9 (black solid). The data points are projected band-powers with the sensitivity specified by the CDIM experiment. The low-z
Lya foreground line emissions are correlated with radio galaxies detected in 21-cm and their cross correlations are shown in
dashed lines for Ha (blue), Oll (green), and Olll (orange), respectively. We have assumed here low-level mitigation strategies,
such as high flux masking to reduce the impact of foregrounds in Lya fluctuations; for 21-cm, the removal of the so-called
foreground wedge was incorporated and SKA1-LOW sensitivities were assumed. Foreground residuals are negligible compared
with the targeted signal, as is instrumental noise, for the angular scales probed by the CDIM. Right: Cross correlation coefficient
(+1 for perfect correlation and —1 for perfect anti-correlation) of Lya and 21-cm at z=7, 8, 9, and 10 as a tracer of the growth of
ionized regions during reionization. The cross-correlation coefficient directly captures the HIl bubble growth during reionization as
can be seen in this figure and the combination of 21-cm surveys and CDIM data will be a powerful probe of the topology of
reionization.

dimensional Lya and Ha intensity maps enabled by CDIM, will likely become crucial to fully extract
information on EoR (Chang et al., 2015).

Reionization history. CDIM will constrain the ionized hydrogen fraction in the IGM (Xun) in at least
four ways by (1) measuring the ionizing photon emissivity, (2) measuring the preferential escape
mechanisms for Lya and ionizing photons from galaxies, (3) probing the neutral content in the CGM, and
(4) cross-correlating with 21-cm line maps to constrain the evolution and morphology of ionizing regions.

Lyo and Ho from CDIM. The Lya and Ha intensity can constrain the rate of production of ionizing
photons from galaxies. The ratio of Lya to Ha intensity constrains the escape fraction of Lya photons,
which is expected to be higher than the ionizing photon escape fraction, and can help discriminate the mass
range of galaxies where this escape fraction is higher. The spatial distribution of the Ly, signal will depend
on the residual neutral hydrogen inside the ionized bubbles and thus the average size of these regions.

CDIM cross-correlates with 21-cm. The cross-correlation between 21-cm emission and Lya or Ho from
CDIM will be negative on sufficiently large scales, and the amplitude will be directly proportional to the
mean neutral fraction, Xm. 21-cm-Lya cross-correlation therefore provides a powerful tool to measure the
ionization history during EoR.

Figure 2-21 shows two sets of constraints on Xun across 6 <z < 10, obtained from CDIM data. The
magenta dots indicate constraints on Xpn using intensity maps of Ha, HB, and Lya obtained by CDIM
(using a combination of points (1) and (2)). These constraints are based on the ionizing photon budget
derived from the amplitude of line fluctuations. The red dots show constraints obtained using simulated
cross-power spectra of Lya from CDIM and the 21-cm line from SKA1-LOW (using method (4) above)
based on models in Heneka et al. 2017. These constraints are based on the anti-correlation scales discussed
above. All error bars include instrument noise and cosmic variance.

2.5 Community-led General Observer Science

The key science we have discussed requires a 4-year science prime mission, but CDIM is expected to
last substantially longer. Thus, we plan for CDIM to execute community-driven science programs through

23



CDIM: Cosmic Dawn Intensity Mapper Final Report C/D‘I'M\

=
q

—— T1=0.057(Planck)

T Greig & Mesinger 2017 (10)
Greig & Mesinger 2017 (20)

CDIM expectations
CDIM cross SKA expectations
Dark Lya forest pixels
Quasar near zone
Lya galaxy clustering
Lya emission fraction

o o o
B> o ©
o m % > o o

lonized Hydrogen fraction (Xy;)
o

o
o
5

6 7 8 ] s \ \ ‘ 1‘0‘ 11 12

Redshift
Figure 2-21. Reionization History from CDIM. CDIM constrains the IGM ionization fraction as a function of redshift. The
magenta points mark the expected uncertainty on the ionization history derived from CDIM intensity maps of Ha, Hp, and Lya
(shifted from the red points by a Az = 0.1 for better visualization). The red points mark the same constraints derived from the
cross-correlation of Lya intensity maps from CDIM and a 21-cm EoR deep field from SKA1-LOW. Error bars account for the
increasing uncertainty in the modeling towards z = 10. The assumed cosmology is from the Planck Collaboration et al. (2018)
release. The black points show existing measurements and limits on the reionization history using Lya emission fraction
(Mesinger et al., 2014), Lya clustering (Ouchi et al., 2010; Sobacchi & Mesinger, 2014), Quasar near zone (Greig et al., 2016),
and dark Lya forest pixels (McGreer et al., 2014). The 16 and 2c constraints on reionization history from Greig & Mesinger
(2016) combine Planck and all existing data.

a Guest Observer (GO) campaign, selected from a standard peer-review process similar to those that are
employed for observatory-class NASA missions like Hubble, Spitzer, and JWST.

Community-led science is not baselined in this study since it does not drive any mission requirements.
There are numerous GO observing programs that span a range of astrophysical topics, and that would
benefit from the ~arcsecond spatial resolution and broad wavelength coverage of CDIM. For example:

1. SFR and metallicity measurements of galaxy properties in galaxy clusters which reveal the processes
that quench star-formation in massive galaxies (e.g., Cerulo et al., 2014; Cerulo et al., 2016);

2. Spatially resolved measurements of local volume SFR, largely unaffected by dust attenuation, using
the Paschen-alpha and Brackett-gamma line (e.g., Boker et al., 1999);

3. Measuring the strength of the 3.3 and 6.2-um polycyclic aromatic hydrocarbon feature and ices as a
function of dust mass and metallicity, which traces the abundances of organic compounds (e.g.,
HCOOH) and water in both circumstellar disks and star-forming regions (e.g., Pontoppidan et al.,
2004);

4. Temporally-resolved, late-time, spectrophotometry of Advanced LIGO/LISA afterglows whereby the
mid-infrared spectra reveal the production of light and heavy (A>140) r-process elements in the
Universe (e.g., Kasliwal et al., 2018; Villar et al., 2018); and

5. Measuring the kinematics and mass of hot molecular gas in the vicinity of an AGN through the
molecular hydrogen S3 (1.957 um) and Q1 (2.406 um) lines can place better constraints on the mass
of nearby (z>0.3) supermassive black holes and the impact of feedback on the surrounding star-
formation (e.g., Rodriguez-Ardila et al., 2004).

2.6 Science Requirements

Table 3-1 shows the Science Traceability Matrix (STM) for CDIM. As part of this Probe study, lasting
more than a year and half since the CDIM science team conceived this mission concept, we carried out a
number of trades between science and mission/instrument requirements leading to the current point design
(§3). The trades included wavelength range vs. sensitivity, depth vs. spectral resolution, and survey area vs.
spatial resolution, among others.
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Table 3-1. CDIM Science Traceability Matrix

CDIM

Science Requirements

Instrument Requirements

Mission Requirements

including Lyo. and
Ho, and 21-cm radio
measurements.

Spectral resolving
power

MAX =100

Same as above

NASA CDIM Science CDIM Science Physical Measurement Instrument Science Dri
Science Goals Goals Objectives w
) Parameters Observables Requirement Parameter Requirement Capability ver Parameter
Explore the origin | Trace the stellar | Determine if the rate of | Metallicity of oI, o, i) Wavelength Wavelength range 22<%<6.0um 0.75<A<75um — | Deep, medium and wide
H’ [=} p
and evolution of | mass buildup, dust | growth of metals and | galaxies via the [NII/Hex, Ho! coverage to detect [ Spatial resolution o . S | surveys each with = 90%
the galaxies, production history, |dust corresponds to the | oxygen abundance, |Hp @5<z <8 Hao out to z of 10. (pixel scale) Opy =12 Opx = 1 g voxel completeness for
stars and planets | and metal growth of stellar mass | stellar mass, and (i) Spectral resolving [ gpectral resolving R @ | internal reliability.
that make up our |enrichment history |at5<z<8. dust attenuation power to resolve power MAL 2300 MAL =300 § Spatial resolution:
universe [NASA dqung cosmic (extlnctloq rate, [NII] and Hox. Point source % | Ettoctive PSF FWHM < 2"
Science Plan] reionization. dust density) (iii) Sensitivity to detect | hroadband photometric Z t1 ’ .
galaxies < 10°My,, | sensitiity (R=5, 5 24.5 AB mag at J band |25.2 AB mag at J band § Bl [ ( "Otm science
How does the inadespsurvey. |deep survey) z requirements).
Universe work? i g | Stable cooling to < 35K to
How did we get Sepr?;tt?\ajilt\llme fox 5.0x 10 ®ergscm 227 x 10 ¥ergs T cm 2 g control > 5 ;ui array dark
here? (350; deep survey) 4B M at46um = | current.
NASA 2014 " : ] : : 16
[Science st Estapllsh the rqle Deter_mlr?e the fractional | Unbiased UV Rest—frame (i) Sgnsﬁmty to Qetect Wavelength range 29<2.<60um Same as above
. of active galactic | contribution of super- | photon spectral UV continuum faint quasars in a
Directorate nuclei (AGN)in | massive black hole/ | density; black-hole | @z = 5-8. wide survey. Spatial resolution O =2 atkband |®w . <2"atK band Deep survey: 15 deg?,
gtrategy q cosmic AGNSs to reionization | masses via line [Mgll] and (i) Spectral resolving | (PSF; FWHM) R RN imbedded in the Wide
ocumen onizati ! 4 i
reionization. photon widths of optical other metal power to detect Spectral resolving survey.
budget. lines. lines. equivalent width of | power AIA200 SaMmsas Eoovs
broad metal lines. Point source
broadband photometric
sensitivity (R=5, 55 23.5AB mag at K band |24.0 AB mag at K band
wide survey) & | Medium survey: 30 deg?,
Establish the Determine the progress | Lyor luminosity Lyo (i) Wavelength - < - % t? overlap with 21-cm
progression and | of reionization by function, escape coverage to detect | Wevelengthrange 0.75 =74y, =0.98 pm 1075< 4 <7.5um = | fields from HERA and
topology of measuring the fraction, and the Ly out to z of 10. Spectral resoivin § SKA1-LOW.
reionization from  |ionization fraction in at | spatial distribution. (i) Sensitivity to detect pgwer 9 AL 2100 Same as above
cosmic dawn at least 10 redshift bins faint galaxies. o
z=10tothe end of |at 5 <z < 10, with sgr?;)it?\?ityme ux 29x10-"ergs'cm2[2.0 x 10" ergs'cm2
reionization at accuracy better than . at 0.85 pm at0.85
<8, 10% Y — —— (3.50; deep survey) . K . Hm Wide survey: 300 deg?,
elonization history Lyawand Hoe | (i) Ability to pel orm Wavelength range 0.75 <y, = 1.4 pm 075<A<75um dnvenlby number of AGN
of the universe. cross-correlations, 39 £, S7.2pm detections.

Surface brightness
sensitivity (1o;
medium survey)

1.3x 10-"8ergs ! cm2
Hz 'sr'at1.1 pm

15x 10-"%erg s~ cm2
Hz'sr'at1.1 um

Read, reduce, and
telemeter spectral imaging
data.

Note: Requirements derived from the three principal science themes are shown in colored boxes. White boxes denote non-driving requirements. Gray boxes show requirements
common to all three themes.
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To meet the science requirements as laid out in our STM, we envision a three-tiered survey taking a
total of 4 years of observing time with CDIM (including a 10% overhead fraction for slews and data
transfer). The sensitivity levels are summarized in Fact Sheet Figure 2. The survey areas are 15 deg?,
30 deg?, and 300 deg? for the deep, medium, and wide surveys, respectively. We plan to overlap the deep
survey with one of the deep fields of WFIRST and/or Euclid surveys located in either the North Ecliptic
Pole (NEP) or the South Ecliptic Pole (SEP) for synergistic science. The medium survey is chosen to
overlap with one of the SKA1-LOW deep fields, likely the Extended Chandra Deep Field-South (ECDF-
S), which will also overlap with the 21-cm EoR survey of the Hydrogen Epoch of Reionization Array
(HERA). The wide survey is designed to surround the deep survey to optimize observing efficiency in either
the NEP or SEP, which is visible year-round from L2 for ease of scheduling. The integration time per LVF
step is 250 seconds, ensuring that photon-noise dominates, and the total integration time per spatial pixel
per spectral resolution element are 333.3 minutes, 83.3 minutes, and 16.7 minutes each for deep, medium
and wide surveys, respectively. In practice, the surveys will be completed with multiple surveys (visits)
over the same areas, with a redundancy of 80, 20, and 4 visits for the deep, medium, and wide surveys,
respectively. The redundancy is used for cross-checks on systematics and to minimize effects of Zodiacal
light, among others, and allows Nyquist-sampling of the spectral resolution by a spatial offset of the
pointing position per visit of half the LVF step size (§3.2). With time needed for calibrations as described
in §3.11, key science objectives can be met within the 4-year prime mission.

3  SCIENCE IMPLEMENTATION

CDIM is an infrared survey mission that will provide spectra from 0.75 to 7.5 um at R=300 for fields as wide as
300 deg?. The instrument employs a 1.1-m cryogenically cooled telescope to image a 9 deg? instantaneous field
of view. An array of Teledyne H2RG detectors provides sky-limited imaging while linear variable filters select the
wavelengths with high efficiency. Spectra are constructed for each object by repointing the spacecraft to move
the instantaneous field in a series of small steps across the detector array.

3.1 Survey Design

The CDIM survey is a three-tiered design conducted from L2 with overlapping wide, medium and deep
target areas (300, 30, and 15 deg?) sampled over 4 years that together meet the requirements of the Science
Traceability Matrix (Table 3-1) including 10% overhead for slews and data transfer. Fields were chosen at
high ecliptic latitudes to minimize background and maximize sensitivity (Fact Sheet Figure 2).

At the center, a deep survey will overlap either a WFIRST or Euclid set of fields to provide
complementary spectral information. A medium survey surrounds the deep one and overlaps with one of
the SKA1-LOW deep fields, likely the Extended Chandra Deep Field-South (ECDF-S), as well as the 21-cm
survey of the Hydrogen Epoch of Reionization Array (HERA). The wide survey overlaps both of the others
and is visible all year from L2.

The surveys will be completed with multiple visits to the same areas, with a redundancy of 4, 20, and
80 visits for the wide, medium and deep surveys, respectively. The redundancy is used for cross checks on
systematics and to minimize effects of zodiacal light. With time needed for calibrations as described in
§3.11, we expect the key science requirements can be met in < 4 years.

3.2 Spectroscopy Approach

The CDIM instrument images an instantaneous 9 deg? field of view (3.6° x 2.5°) onto a 6x4 element
(spectralxspatial) array of Teledyne H2RG detectors (active detector area 3.4° x 2.3° or 7.8 deg?) with 1”
pixels, each with its own proximity-mounted linear variable filter (LVF). The filters are designed to admit
different wavelengths according to the lateral position of the object on the filter, with a spectral resolution
of 300 at any given location. During the mission, a field is stepped 14.6” at a time across the array in the
spectral direction. These visits are then repeated with an offset of 7.3”. The resulting ~1680 samples provide
Nyquist spectral sampling of each element in the field at R = 300 across the full 0.75-7.5 pm wavelength
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range of the spectrograph. The simple survey design
requires no moving parts, and the 0.5” RMS pointing
stability of the spacecraft is well matched to the 1”
pixel (2" FWHM PSF) of the CDIM detector array.
Each individual sample will be sky-limited in 250 s.
The total integration time per spatial pixel per
spectral resolution element are 333.3 minutes, 83.3
minutes and 16.7 minutes each for deep, medium and
wide surveys, respectively.

3.3 Instrumentation

CDIM is a simple and highly efficient instrument
for multi-object spectroscopy from 0.75 to 7.5 um. A
block diagram of the concept is shown in Figure 3-1.
It comprises a wide field, cryogenic telescope (§3.4)
that forms an image of the sky on a 2-dimensional
array of infrared detectors, each with an associated
linear variable filter (LVF, §3.5). A planned mosaic
of 24 Teledyne H2RG detectors (§3.6) has heritage
from the JWST and Euclid missions. Some
development is still needed to extend sensitivity to
wavelengths longer than 5 um and is already being
successfully pursued by other mission studies.
(McMurtry et al.,, 2016b). The associated LVFs
provide high transmission, narrowband photometry
for a wavelength that varies with position in one
dimension as shown in Figure 3-2. Spectral response
is adjusted simply by moving the image relative to
the LVF. In CDIM, the set of high-throughput LVFs
replaces the dispersing element of a conventional
spectrograph, simplifying system design and
minimizing weight. LVFs in the near infrared (up to
R~200) have been flown in the New Frontiers New
Horizons/LEISA  and  OSIRIS-Rex/ OVIRS
instruments (Reuter et al., 2008; Reuter et al., 2018),
and a study commissioned by our team for this paper
has validated that the required set of filters can be
fabricated with modest new development (Omega
Optical Inc., 2018).

The instrument is passively cooled by a set of
three V-groove radiators following the Planck
thermal design (Leroy et al., 2006). A model of the
anticipated thermal balance is shown in Figure 3-3.
The telescope mirrors, baffles, and enclosure are
cooled to below the 70-K requirement with margin to
reduce thermal emission from the instrument,
ensuring sky-limited measurements for five of the six

CDIM
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Figure 3-1. Block diagram of the CDIM instrument
architecture showing signal, thermal, and power paths
between subsystems

Figure 3-2. An example 40x40 mm LVF manufactured by
Omega Optical (Brattleboro, VT) demonstrates existing
manufacturing capabilities.
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Figure 3-3. The CDIM thermal design has Planck heritage
and meets requirements with margin to provide a low
instrument background in a simple passive implementation.

CDIM bands. The detectors are cooled with margin to their 35-K requirement to minimize dark current,
particularly in the long wavelength channel. An array of Teledyne SIDECAR ASIC-based detector
controllers (Loose et al., 2006) is located near the H2RG detectors to minimize cable length; it has its own
small radiator outside the telescope housing cooled to 140 K; there is substantial cooling margin as the
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radiator can be enlarged. Instrument control
electronics are mounted in a compact PCI chassis
below the radiators and operated close to room
temperature.

All-beryllium  light-weighted mirrors and
mounting structures passively athermalize the
system, simplifying alignment and test while a
flexure mounted aluminum enclosure and baffling
system controls stray light at the detector. A hexapod
support structure kinematically attaches the
instrument to the spacecraft bus. The side-looking
telescope is protected from direct sunlight by the

m3
———7] 0.64x0.58m
R=2.7m
3.6'x2.5°
0.75-7.5 um
6x4 H2RG Array

Figure 3-4. A ray trace of the CDIM telescope. Beryllium

solar panel within a +£18° pointing range. A telescope
aperture cover is the only deployable.

3.4 Telescope

mirrors and structure provide passive athermalization in a
lightweight design that simplifies integration and test. The
9 deg? field of view design has better than 0.6" RMS image
quality, low distortion and a flat focal plane well matched to

The CDIM telescope is an unobscured, off-axis the 1" H2RG pixels.

three-mirror anastigmat (TMA) design (cf Cook,
1979). Three beryllium elements leverage technology already developed for the James Webb Space
Telescope (JWST) (Lightsey, 2007). A ray trace of the telescope is shown in Figure 3-4 and a table of
optical parameters is provided in Table 3-2. The entrance pupil is 83 cm in diameter, which underfills the
1.1-m primary mirror slightly for each field. Freeform Zernike polynomial surfaces enable a 3.6° field of
view with < 0.6” RMS diameter geometric image quality over a flat focal plane as shown in Figure 3-5.
The as-built performance of the telescope is expected to be well matched to the size of the 1” pixels, meeting
the science requirement (<2” pixel) with margin. The diffraction limit at 7.5 pm is 1.9” FWHM, and
performance at shorter wavelengths will likely be dominated by alignment and fabrication quality to a
similar level. Gold coatings provide reflectivity greater than 95% across the desired 0.75—7.5 pm band. The
telescope operates at /4.5 and is nearly telecentric, providing uniform input to the bandpass selecting
multilayer filters. Fields near the corners of the

233x162 mm image are tilted by less than 1° relative
i to the 6.4° half angle light cones, and have a maximum
g Q)¢ [e1e @]e Gl o8 61® Table 3-1. Optical Parameters of the CDIM Design
. 000 Ol0 OO OO ol Parameter Value
% ©Oo]o o]c oo ofc oo Primary mirror Beryllium, Concave
Qoo ofo olo oo oJOD Dimensions [ 1083.4 x 1067.2 mm
or PEEPE EEIEE T Ik Radius | 5818.5 mm
3 @IOJeNa]0 Ojo oo o |oNE Primary-Secondary Distance | 1580.2 mm
3 C) Olo o]O O o oo Secondary mirror Beryllium, Convex
§ (Ao 0lo O ofe] Dimensions | 356.3 x 355.4 mm
] ? Radius | 2054.2 mm
RS diameger 2048 pixels Secondary-Tertiary Distance | 1611.2 mm
3 :1 i 10um . Tertiary mirror Beryllium, Concave
) " 16 =1 Dimensions | 644.0 x 582.1 mm
X Real Ray Image Height - mm RadiUS 26710 mm
B Tertiary—Detector Distance | 1870.4 mm
Figure 3-5. The distribution of RMS spot diameters predicted System Focal length 3738 mm
by the CDIM telescope optical design are 0.6" in the worst- Entrance pupil diameter 835.5 mm
case field corners. In this figure, colors represent the Plate scale 55.18"/mm (=0.993"/pix)
bandpass arrangement of the 6x4 LVF array. Our perfor- Focal ratio 4.47
mance models allow margin for fabrication and alignment RMS spot diameter (design) <10 um
errors resulting in a design that is pixel limited (2 pixels full FWHM (including alignment) | 2" across band
width at half maximum) across the full wavelength range. Field of View 3.6°x2.5°
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calibrated image distortion under 1.2 mm. Similar designs have flown on other instruments, for example
on the NASA Advanced Land Imager flown in 2000 (Lencioni et al., 1999) while larger aspheric mirrors
have already been fabricated for JWST.

3.5 Spectrograph Design

Light from the telescope is

separated into its component 10°¢ 10 :
wavelengths by a 6x4 rectangular a 08 /f\\
grid of 40 mm LVF elements 10 i |

placed immediately in front of the ol o ,!’ \
focal plane as shown in Figure 3- ¢ 1077 - . /'

8. Wavelength varies continuously ﬁ i 0'0 J k
in the long direction of the grid, £ 107°- a0 S el NS, 70 W W0
while the short direction provides ¢ i / 3
identical parallel channels for £ 194, ]
more efficient sky sampling. In the = i :
CDIM design, a minimum spectral Tt A U S——— R —
resolution of R > 300 is required in g
order to separate the H-alpha and 10°® 7 J | ‘

[NII] spectral lines (2.1 nm at z =
0 and 23.1 nm at z = 10). We have
designed the series of six filters
with boundary conditions such Figure 3-6. A representative bandpass plot for a location on the longest wavelength
that (1) the set of filters samples fiter design corresponding to 5.1 pm. The transmission model is a composite of
wavelengths from 0.75 to 7.5 pm; Performance estimates for incidence angles from 0 to 7°, representative of the range of
angles in an /4.5 beam. Detector QE beyond 1.1 x the cutoff wavelength is modeled at
<1% and assists with out-of-band suppression. The OD5 requirement is met with small
excursions that will be addressed in a future technology development program.

2000 4000 6000 8000 10000
Wavelength (nm)

(2) the wavelength is continuous
across the boundary from one
filter to the next; and (3) the
spectral range is proportional to the central wavelength of each filter.

A benefit of this design is that while each filter is linear, the rate of change of wavelength with position
grows non-linearly across the set of filters as shown in Table 3-3. This design enables spectral sampling
that is proportional to wavelength across the wide CDIM band simply by stepping the image a constant
amount across the 6-filter width of the array. It consists of 4 identical 6-filter sets, allowing for increased
sampling efficiency of the desired survey areas. During the mission, a field is stepped 14.6" at a time across
the array in the spectral direction. These visits are then repeated with an offset of 7.3”. The resulting ~1680
samples provide Nyquist spectral sampling of each element in the field at R =300 across the full
wavelength range of the spectrograph.

We commissioned a study by Omega Optical Inc. (Brattleboro, VT) to evaluate the feasibility of the
filter set proposed in Table 3-3. The purpose of the study was to generate performance models of
manufacturable filters in order to evaluate throughput and out-of-band blocking as a function of wavelength
and telescope focal ratio (see §5.2). The filters were modeled as two elements optically in series on either
side of the substrate. A fixed blocking

filter was placed on the outside and |Table 3-2. The CDIM LVF Filter Set

designed to reject light outside the Detector
LVF pass band but within the Filter Material Pass Band Rejection Band Cutoff
sensitive range of the associated A 5570 39795'3 1E?6’1 Ozhg% 1'-1"“290 l1'“7‘
detector. The linear variable filter was B S 101 1615 0. 3: TR 6: 5% 17
placed on the inside surface to o g7o P | 1615 | 2371 | 03161 | 2435 | 25
minimize the footprint of the /4.5 Ge 2371 | 3479 | 03237 | 35-6.0 53
bgam on the ﬁltet sgrface. The filters [ g Ge 3479 | 5.106 | 03-3.47 | 5.1-6.0 53
will be placed within 100 pm of the [F Ge 5106 | 7.439 | 0.3-510 | 7.5-10 | 75
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detector surface to constrain the variation in the LVF
passband across each beam footprint to less than 10%
of the nominal filter width for all wavelengths.

A representative transmission model for the
longest wavelength filter is shown in Figure 3-6.
Peak throughput is similar for all six designs. Out-of-
band blocking is required to meet OD35 (107°) to retain
sky-limited performance as shown in Figure 3-7. The
blocking band was specified on the blue side from
0.3 um to the short wavelength end of the filter, and on
the red side from the long wavelength end of the filter
to the cutoff wavelength of the associated detector.
Filter substrate materials were chosen where possible
to improve filter out-of-band blocking performance
and to simplify the blocking filter design. Since the
cutoff wavelength of each detector is matched to the
pass band, the filters do not generally need to strongly
reject light all the way to the 7.5 um red edge of the
CDIM design. The combination of filter substrate,
blocking filter and LVF together achieve an out-of-
band rejection for each design of ODS5 for the
majority of each band, but with some excursions
greater than OD4. We do not require perfectly
uniform blocking at all wavelengths, but we do
require that the effect of the blocking, integrated
across the band, is at least equivalent to OD5. Small
excursions are allowed as long as the total number of
photons leaking into any particular band do not cause
the measurement to become leakage- rather than sky-
limited. One avenue for improved out-of-band
performance would be to incorporate a linear variable
rather than fixed blocker into each filter. Our plan for
further development of these filter designs is outlined
in §5.2.

3.6 Detectors

The instrument uses an array of twenty-four
Teledyne 2kx2k H2RG detectors (Beletic et al.,
2008) with 18 um pixels (1” pixel™). These detectors
are hybrid sensors consisting of a photosensitive
layer (either silicon or HgCdTe alloy) bump-bonded
onto a Readout Integrated Circuit (ROIC). The
H2RG detector is considered a TRL 9 product with
examples having already flown on U.S. defense
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Figure 3-7. The out-of-band signal from filter leakage is easily
controlled by a blocking requirement of OD5 (blue curve),
which is sufficient to retain Poisson-limited performance
(dashed line) from the combination of in-band sky signal and
dark current (Figure 3-10) across the entire wavelength
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Figure 3-8. The CDIM focal plane and filter design. Detectors
are Teledyne H2RG with cutoff wavelength matched to the
band of interest. Infrared-sensitive HgCdTe with cutoff
wavelengths of 1.7, 2.5, 5.3 um are already available as
standard products while the 7.5 um cutoff devices are actively
being developed for other missions (NEOCam).

applications, and more planned for launch on JWST (Greene et al., 2017) and Euclid (Waczynski et al.,
2016). The CDIM design employs HgCdTe alloy as the photosensitive material for all channels in order to
promote data uniformity and continuous sensitivity across its wide wavelength range. A cutoff wavelength
is selected appropriately for the required sensitive band of each detector by varying the ratio of Hg to Cd.
Standard HgCdTe products are available with cutoff wavelengths of 1.75, 2.5, and 5.3 um (Blank et al.,
2012). Performance estimates are provided in Table 3-4. Long wavelength cutoff versions such as the
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required 7.5 pm detector (TRL ~4) are actively being | Table 3-3. H2RG Detector Performance Estimates
developed by other groups (Dorn et al., 2018) and our Parameter Value
planned development program is described in §5.1. | Type Teledyne H2RG

In the CDIM design, the detectors are mounted in Format 20482048 -
a 6x4 grid in the telescope focal plane, each with an Pixel size 18 im (plate scale = 17)

. e Operating Temperature <35K

associated LVF elemeqt rpounted within Q.l mm of Operability >05%
the focal plan; to minimize any degradat%on of the [Fianess <20 pm
spectral sampling across the beam footprint on the [qE >70%
filter. Flight package options currently available from [Cutoff wavelength (um) | 1.75 25 53 | 75i
Teledyne are 3-side “close buttable” (Blank et al., [Required number (flight) 8 4 8 4
2012). An arrangement that minimizes gaps between |Read noise (electrons, 10 1" 11 15
the array elements would have approximately 2.1 mm |single CDS)
(1.9") gaps between active pixels in the spectral |Dark(e”s™) 0.001 | 0.001 | 0.002 | 0.166
direction and 4.4 mm gaps (4') in the spatial direction [Full well (electrons) 80,000 | 65,000 | 65,000 | 60,000

between the 6 element rows. The array of detectors is

passively cooled to 35 K by the instrument V-groove radiator. A decontamination heater is provided to
evolve ice and other volatile contaminants, as well as to provide some mitigation of radiation-induced hot
pixels (McKelvey et al., 2004). At this low temperature, the instrument background will be dominated by
zodiacal light from the sky, and therefore the thermal control requirements set by dark current, which is
relatively stable below 35 K, are modest (+ 0.5 K).

Each CDIM detector will be read out through 32 channels in “slow mode” once every 2 s (<100 kHz
pixel rate) for minimum read noise. The arrays are non-destructively sampled 125 times during each 250-s
spectral sample time while the signal is integrating. This technique is referred to as “sampling up the ramp”
and is a means of reducing the contribution of detector read noise by combining information from all of the
samples to determine a best fit to the slope of the signal. It is estimated that the typical effective read noise
for 125 CDIM samples will be <3.5 e- RMS using this technique (Benford et al., 2008).

The radiation environment performance of H2RG arrays has been studied extensively for JWST in the
context of a 10 year mission life at L2 (McKelvey et al., 2004). The environment consists of a steady stream
of ~GeV galactic cosmic ray protons (5 s"'cm™2) and a sporadic contribution of ~0.1 GeV (peak) solar
protons that accounts for the majority of the integrated exposure. Damage can occur in the ROIC elements,
where trapped charge (ionizing damage) causes flat band shifts required to properly operate the transistor
elements. Damage can also occur in the thin photosensitive layer in the form of displacement damage that
increases the dark rate of affected pixels. Since the H2RG does not transfer charge across pixels, it is not
considered as sensitive to damage as a CCD in the same environment. The JWST studies indicate that
approximately 10% of pixels would exceed the initial dark current by 6 standard deviations after an
equivalent 10-year exposure, and therefore the effect would be expected to be of order 5% for a planned 4-
year CDIM mission in the same environment.

High energy galactic cosmic rays (Girard et al., 2014) will penetrate the spacecraft shielding and are
estimated to contaminate about 5% of pixels in each 250-s frame at the conservative L2 estimated rate of
5-s7! cm™ assuming 10 pixels per event. Since the ionization tracks of cosmic rays are erased by resetting
the array, they are mainly considered nuisance artifact. The potential contribution of cosmic rays is one
additional reason to choose the 1.75 um cutoff HgCdTe array type over the silicon HyViSi for the shortest
wavelength band, since the thicker silicon (250 um vs. 10 pm) is much more sensitive to cosmic ray
contamination.

JWST H2RG testing also showed no significant changes in read noise, amplifier linearity, or power
dissipation after a 5 krad(Si) (10 year) dose. ROIC test measurements were made of the source-follower output

! The measured performance of existing 10 um cutoff detectors (McMurty et al., 2013) provides the basis of estimate
for the performance of the planned 7.5 pm cutoff sensors. Dark current can vary widely in the current generation of
long wavelength test sensors, but these also achieve values similar to our baseline for the majority (about 80%) of
pixels. It is reasonable to expect 7.5 um variants to have relatively improved dark current performance.
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voltage as a function of dose, up to levels as high as 50 krad(Si) in what was then a Rockwell Scientific device
that showed essentially no radiation damage effects. Rockwell was purchased by Teledyne in 2006.

Teledyne has made substantial progress on two known H2RG artifacts: inter-pixel capacitance (IPC)
and image persistence (Blank et al., 2012). The first, IPC, results from capacitive coupling of pixels in the
photosensitive layer, primarily. The effect is to broaden the PSF slightly and amounts to about 1% crosstalk
between pairs of pixels, which is not expected to be a limiting effect given the modest spatial resolution
requirements (<2" pixel). The second effect, image persistence, is the retention of a residual image after the
array is reset. It is an area of active development at Teledyne and substantial improvements have been made.
The effect is expected to be of order 0.1% or less of the input signal, and therefore is only measurable for
bright sources. A typical CDIM field will have sky signals of order 0.1-1 e~ pixel™'s™!, and the resulting
persistence will be much less than an electron and well below the read noise of the detector. Exceptions to
this will come in the form of bright stars. We estimate that there will be of order 100 stars in each field near
the ecliptic pole that will have significant persistence, producing an after-image that will last about 1000 s
(Tulloch, 2017). These will be easy to track as the image is stepped across the field. Assuming the typical
decay time for persistence from bright objects, then there will be ~four after-images at a time for each star
in the field (since an exposure is typically 250 s). We therefore expect the quantity of flagged bright star
persistence pixels to be much smaller than flagged cosmic ray pixels.

3.7 Electronics

The CDIM instrument electronics consists of a compact PCI chassis populated with a BAE RAD750
processor board, four Vertex V FPGA data processing units (DPU), and a housekeeping board with the
capability to measure 128 temperatures and voltages at 1 Hz with 16-bit resolution. The design is based on
one that has been qualified for Orbiting Carbon Observatory 3 (OCO3).

The RAD750-based command and data processor unit controls the detectors and moves data from the
instrument to the spacecraft. The DPU reduces demand on the RAD750 by providing real time processing
of survey data. Each detector is read out through 32 channels by a dedicated SIDECAR controller. The
units are lightweight (0.12 kg) and low power (0.25 W). The 24-element SIDECAR array is mounted
outside the telescope enclosure directly behind the detector array on a thermally-isolated sub-bench with a
dedicated radiator that cools the 6 W load to below 140 K, simultaneously meeting the requirements for
low thermal background and a maximum cable harness length of 70 cm. The twenty-four element H2RG
array produces 201.3 MB of data per read every 2 s (0.8 Gb s!) that is stored in a real time buffer in
instrument memory. This data is processed as it arrives by the set of four DPU boards, which adds it to an
accumulation buffer where the slope for each pixel is determined and cosmic rays are flagged and corrected.
The image resulting from the 250-s accumulation is transferred to the spacecraft during the estimated 20-
sec slew to the next spectral sample along with raw engineering data from a 128x128 pixel section of each
2-s slice that will be used for data quality monitoring.

Less than 1 GB total instrument storage is required for this effort assuming the data is continuously off-
loaded to the spacecraft. With modest 2:1 lossless compression, the data rate to the spacecraft is estimated
to be 245 Gb day!' without raw engineering data and 413 Gb day™' with engineering data included, well
within the ~1.5 terabit capacity of the proposed spacecraft bus.

3.8 Mass and Power

The instrument mass is 694 kg, dominated by the V-groove radiators, enclosure, and telescope. The
instrument power is 50 W during normal observing, dominated by the instrument control electronics. A
summary of the mass and power is provided in Table 3-5. Note: in the Team X Report (p. 77), the V-groove
radiators, bipods and aperture cover (216.0 kg) are bookkept as ‘Spacecraft levy’ and included in the system
MEL (p. 84) under Spacecraft. The instrument has four modes: standby, observe, decontamination and
survival. The highest power mode is detector decontamination (125 W), which is available for contingency
and would most likely run at most monthly with the instrument turned off. The majority of the time, power
is consumed primarily by the instrument control electronics (43 W) and the array of SIDECAR ASICs (6
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W). The power consumption of the 24 H2RG arrays
is about 1 W, therefore the estimated power
requirement of the instrument is 50 W while
observing. The instrument is powered off during
safe mode.

3.9 Performance

A performance model has been developed for
the CDIM instrument with current best estimate

CDIM

Table 3-4. CDIM Instrument mass and power (CBE)
Mass | Power

ltem (kg) (W)
Instrument control electronics 10 43
Detectors + LVF Filters + SIDECAR 23 7
Cables + Baffles 40 0
V-Groove Radiators 168 0
Aperture cover + bipods + thermal enclosure | 183 0
Telescope 270 0
Total 694 50

assumptions for optical and detector performance. Given the detector performance parameters provided in
Table 3-4 coupled with an average gold coating reflectivity of 95% and an LVF throughput of 85%, we
estimate the throughput of the CDIM instrument will be about 50% across the band as shown in Figure 3-9.
For faint light observations, a low instrument background is required to maximize signal-to-noise ratio.
We estimate that the brightest instrumental signal will be the detector dark current for most of the band. By
design, thermal radiation from the telescope enclosure contributes only longward of 7 pm. A comparison

of instrumental and sky backgrounds is
presented in Figure 3-10. Sky
background is the dominant source
shortward of 5 pum and it sets the
limiting magnitude for the CDIM
surveys. The minimum margin in
sensitivity is 0.5 magnitude relative to
the requirements (point source
sensitivity). The longest wavelength
channel is dominated by detector dark
current (based on measurements of
existing 10-um cutoff test detectors
being evaluated for the NEOCAM
program (McMurtry et al., 2016b).

3.10 Data Analysis

CDIM basic data products take the
form of R =300 narrow-band images of
the sky. The data rate of about 413 Gb
day™!' (§3.7) is achieved with on-board
processing and standard data comp-
ression techniques. The photo-current
imaging data plus house-keeping data
related to mission operations will form
the basic Level-0 dataset. Our best
estimates are that less than 0.3% of the
pixels will be flagged for cosmic rays,
pixel non-linearities, and bright source
saturations. The Level-0 data will be
transferred to the ground and will be
housed at a central location, maintained
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Figure 3-9. The CDIM design results in high throughput across the whole
wavelength range. Projected performance includes three reflections from gold-
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33



CDIM: Cosmic Dawn Intensity Mapper Final Report C/D‘I'M\

with flight data forms the Level-2 dataset.

The calibrated LVF images, as described below, will form the Level-3 dataset and will be used to
identify galaxies, quasars and to carry out intensity mapping and other science described in §§1 and 2. At
the Level-3 step in analysis, the team will also produce multi-wavelength catalogs, with photometry
performed at each narrow band image. For the intensity mapping sciences, LVF spectral images will be
separated from each sky frame and will be mosaicked together to produce narrow-band images of the deep
and medium-depth surveys. The large number of observations, spanning 4 years, allow us to produce high
fidelity mosaics that are not impacted by the zodiacal light. These images will make use of the self-
calibration algorithms that have been implemented by team members for fluctuation studies with Spitzer,
CIBER and other datasets. Science data products will be at Level-4, in the form of public-release images
and catalogs, as well as intensity mapping power spectra and associated tools and software codes.

The team will develop a data management plan and will pursue a suitable strategy—with the help of an
established data center such as [IPAC—for data analysis and archiving of astronomical community-led
programs, especially if CDIM is to have a General Observing campaign in addition to the key science
program that will be led by the CDIM Science Team.

3.11 Calibration

The detection of lines with LVF observations requires pixel intensity measurements that are stable at
the 5% level and wavelength calibration that is stable at the 1% level. This tolerance is estimated based on
the high equivalent width (rest-frame >500 A) of nebular emission in high-redshift galaxies. Using either a
calibration lamp and/or the zodiacal light, we expect to reach sub-percent accuracy in the flat fields.

The variation of the effective point spread function with wavelength due to telescope jitter is likely to
play a bigger role in the uncertainty in spectral extraction. We will obtain spectra in dense stellar fields such
as globular clusters to monitor the variation of the PSF with wavelength. We will also use interleave our
science observations with a combination of planetary nebulae and spectrophotometric stellar standards. The
strong lines from ionized gas of planetary nebulae will help with wavelength calibration to within the
required tolerance. Observations of spectrophotometric standards will be undertaken at multiple points
across the detector. Since the field of view of CDIM is large, we anticipate that standards will need to be
observed in an array of 10x10 locations across the detector. Intermediate locations will then be interpolated
from these measurements to obtain the desired threshold. By interspersing low cadence (once per month),
large number of positions observations of standards with high cadence (one per week), few position
observations, we anticipate being easily able to achieve the required characterization of the PSF and thereby
the desired photometric accuracy.

The absolute calibration of CDIM will be based on spectral standard stars, of which a handful will fall
in our wide field. We will also routinely measure a number of secondary standards and well-understood
stars within our fields. Photometric calibration of CDIM will be better than 2% using these calibration
sources, which exceeds the requirement on the accuracy required on both the absolute level of power spectra
and the accuracy of measuring reionization source fluxes.

Another calibration requirement is set by the channel-to-channel gain calibration, which is important
for reconstruction of both source spectra and for cross-correlations between wavelengths. The inter-channel
calibration will combine information from ancillary catalogs, ground calibrations, and in-flight monitoring
to produce stable and reliable gain calibration to better than 2% accuracy. This will permit source spectra
and cross-power spectra to be limited by statistical rather than calibration uncertainty.

We will measure the point spread function (PSF) in each exposure using a stacking technique to
reconstruct the optical transfer function of the end-to-end system (Zemcov et al., 2014). This point spread
function will be measured to a level of at least 10> per exposure, and will be monitored for changes as a
function of time. We can reach this level of accuracy by virtue of the number of stars in each field, which
act as ideal point sources that each probe the end-to-end system PSF. This level of accuracy will allow us
to perform precision photometry of point sources, as well as to reconstruct the beam response function to
allow a precision measurement of the small-angle behavior of power spectra.
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3.12 CDIM Systematics Control

The CDIM survey design offers several levels of systematic error control and mitigation. Our survey
strategy naturally provides several visits of the deep field in a given band per year, which allows us to
measure and develop mitigation strategies using flight data. The redundancy of the data set is such that we
can develop and constrain models for each of the effects contributing to our signal, and the statistical power
of the data is such that each of these can be reconstructed to high fidelity. By using a combination of
mitigations during the design phase, monitoring during observations, and statistical tests during data
analysis, we will be able to measure and track these systematic errors over time. Below we list the main
systematic errors and how they are controlled in the CDIM data.

Survey Redundancy. Each strip within a survey field will have some overlap with a previous strip.
CDIM could, for instance, offset each strip by half the width of the detector array (i.e., offset perpendicular
to the wavelength direction by 2 detector widths). CDIM does not have any constraint from Earth avoidance,
so could observe a strip sampling every other point, and then double back and fill in the interleaved points.
We could potentially extend that to stepping every third bin and taking additional passes to complete. If
there are drifts in instrumental characteristics, this scheme exchanges spatial variations for spectral
variations. Selection of an optimal strategy would require simulation of the data, including drifts.

Point Spread Function. CDIM’s PSF doesn’t need to be known particularly accurately for the spectral
line intensity mapping science because the beam transfer function is unity at the angular scales that impact
our science. The beam transfer function does matter for accurate reconstruction of the power spectrum for the
smallest angular scales, but there is little science of interest there. A more powerful way of using the beam
transfer function is as a check of the data analysis pipeline, by requiring that the output power spectra follow
a shot-noise power spectrum at the smallest angular scales, as dictated by the statistical isotropy of galaxy
point sources on the sky. This is a stringent test of other corrections in our analysis pipelines for instrumental
and astrophysical effects that occur on fast time and small angular scales. Knowledge of the PSF is also
important for masking out sources, but with 1” pixels CDIM can afford to be conservative and remove a larger
number of pixels in marginal cases. We will construct a source masking algorithm using simulations of the
point spread function to determine the optimal masking procedure. This kind of procedure also gives detailed
information of systematics in point source studies, including response variations, spatial behavior, and so on.

Relative Pixel Response. The relative gain response between pixels (sometimes called the “flat field”)
is an important instrumental quantity to measure and monitor as it can imprint large scale structure if
improperly corrected. The relative pixel response will be calibrated on the ground and monitored using in-
flight data. Specifically, we can control this systematic by noting we will have S/N>1 per pixel on zodiacal
light per 250-s exposure. Zodiacal light does not exhibit fluctuation power on < 1° scales (Arendt et al.,
2016), nor is it known to change color over time as the dust population producing it is well-mixed (Leinert
et al., 1998). As a result, zodiacal light provides an excellent emission field with well-understood spatial
and spectral properties from which to monitor the gain. The survey redundancy allows us to sample the sky
more quickly than the temporal zodiacal light varies, so the largest effect will be a gradient term across the
array. This can be modeled using the formalism of Fixsen et al. (2000), where the gain variation is modeled
as part of a larger mosaicking algorithm.

Pointing Jitter. Short time scale motion in the attitude control system, or “jitter”, in the telescope
pointing will spread flux from discrete sources over a larger number of pixels than the ideal value. This has
two connected effects: (1) to spread the flux from a given source into neighboring pixels; and (2) to broaden
the PSF. The broadening of the PSF is not problematic, per se, since we will apply a conservative masking
scheme to the data that is derived from the properties of the entire data set. Measurement of the PSF per
exposure will allow us to determine the appropriate correction to apply to photometry to reconstruct
accurate fluxes. We will also develop lookup tables of interpixel capacitance, electrical cross talk, and sub-
pixel quantum efficiencies during ground testing, which could be applied to construct corrections for low-
level detector effects.

Dark Current and Out of Band Response. Dark current and leakage of out-of-band photons through
the optical filtering both yield a spurious photocurrent that is not related to the in-band astrophysical
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structure in an exposure. The dark current in these devices is known to be quite stable, and will be measured
on the ground and after launch. The real-time dark current can be monitored using sacrificial pixels at the
edges of the arrays, which will provide measurements of a representative subset of the array. It is possible
that more aggressive schemes like a dark shutter could be used to provide occasional checks as well. For
the out-of-band photocurrent, we will characterize the filters on the ground, and use the measured profiles
to correct the data during data analysis. The filter coating is not expected to change or degrade over the
course of the mission, so this will be a static correction. The extent to which it is not static can be traced
using bright sources, which will allow us to trace dynamic leakage across the array.

Stray Light. Light from outside the direct optical path, whether a specular reflection or scattered, can
contribute spurious signal that is related to the brightness of the astrophysical sky away from the field of
view of the telescope. We will perform detailed simulations during the instrument design phase to minimize
the stray light paths, and will include both coherent and diffuse paths. The telescope baffling will be
designed to reduce the far-angle response to below the requirements set during a later design phase. We
will then characterize the stray light performance in flight using scans over the Milky Way to place
constraints on the maximum level at which it could be present in the data.

4 MISSION IMPLEMENTATION

CDIM's four-year astrophysics survey requires operation of a spacecraft at L2 to support a wide-field telescope
and provide data downlink and telemetry. The Ball Configurable Platform is able to provide these capabilities
without the need for technology development. Bus design and testing will follow NASA Class B requirements and
as such CDIM is resilient to single fault failures.

4.1 Mission Architecture

CDIM observes the sky by performing repeated slew and observation sequences over its four-year
mission lifetime. All sequences are pre-determined for the week and do not require updating from the
Science Team over the course of the mission. Science observations consists of staring at a point in the sky
then stepping half a spectral bin width and staring again. This sequence repeats for ~one week until a
scheduled reaction wheel desaturation occurs. The only time a different sequence is used is when the current
target has been fully sampled or when
the spacecraft is approaching its sun-
zenith constraint (Figure 4-2). The
spacecraft downlinks science data once
per day while simultaneously observing
the sky.

The telescope is mounted on top of

Telescope

SIDECAR

the spacecraft bus to provide Radiator
unobstructed views of space and enable

passive cooling via V-groove radiators

as seen in Figure 4-1. The V-groove

radiators provide 18° of rotational V-groove
freedom between spacecraft Z-axis and Radiators
solar zenith, as shown in the top right of

Figure 4-2. Top-mounting the

instrument also enables the spacecraft to

be power-positive during all science Spacecraft
portions of its mission while also Bus

allowing simultaneous science and

telecom. operations. The passively- Figure 4-1. CDIM'’s telescope is mounted on V-groove radiators above the
cooled instrument thermal system 1is spacecraft bus to enable passive cooling and maximize observation time.

36



CDIM: Cosmic Dawn Intensity Mapper Final Report C/D‘I'M\

designed to maximize observation efficiency by providing the largest solar exclusion zone possible. Large
V-groove radiators allow the telescope operational flexibility in mid latitudes and continuous viewing of
fields above 72°N and below 72°S.

CDIM uses a dual string architecture to comply with NASA Class B mission requirements and ensure
tolerance of single fault failures. The payload design is based on the successfully implemented Planck V-
groove radiators, while the bus draws heritage from numerous successful Ball missions using the same
platform (§6). Overall, the design is optimized to minimize operational risk by using an instrument with
simple operating modes, a fault tolerant spacecraft bus that requires no deployments, as well as heritage
components and operations (§6). Mission functional requirements are derived from science requirements
shown in the Science Traceability Matrix, Table 3-1, and are shown in Table 4-1, the Mission Traceability
Matrix.

4.2 Science Mission Profile

CDIM performs near continuous science operations at Earth-Sun L2 consisting of a series of 250-s
images separated by half of a spectral bin. After each image the spacecraft steps 7.3” in the spectral (3.4°)
direction of the focal plane to obtain the next sample in a different bin. There are 1680 steps are taken to
achieve Nyquist sampling over a single 3.4° x 2.3° FOV, requiring 58 hours of observations. While stepping
between fields the High Gain Antenna can be pointed towards Earth to downlink science data once per day
while continuing data collection.

Table 4-1. Mission Traceability Matrix. Colored dots indicate the flow of driving requirements. Colors originate in the “Mission

Functional Requirements” column and appear next to the design requirements they impact.
Spacecraft
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Constraints
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There are three primary fields: a deep (15 deg®) and wide field (300 deg®) both with observation
centered around the SEP, and a medium survey (30 deg?®) to overlap with fields from HERA and SKAI-
LOW. Each of these fields will be observed at least once per year for systematic control. Only one of
CDIM’s three proposed targets has viewing constraints during any part of the year, the medium field, due
to solar avoidance criteria. It receives observation priority during all months when it is visible,
approximately 84 days per year in two equally sized segments.

The most operationally-complex period for CDIM occurs four times per year when a change to or from
the medium field is required. On these occasions the spacecraft will perform science observations, a large
slew, and downlink science data, as shown in Figure 4-2.

4.3 Launch Segment

CDIM is compatible with 5-m EELV fairings and has a maximum diameter of 4.5 m. The largest
element is the bottom-most V-groove radiator, which can be sized depending on the launch vehicle fairing
to ease the Sun-zenith constraint (Figure 4-3).

CDIM’s MEV dry mass is 1429.2 kg with an additional 24.5 kg for propellant and 25 kg for the launch
vehicle adapter. The Falcon 9 ocean-recovery launch vehicle is capable of accommodating 3453 kg wet
mass at launch to the desired L2 orbit, yielding a 136% launch mass margin. Table 4-2 shows the subsystem
current best estimate (CBE) mass breakdown as well as margins to the launch vehicle capability with a
reduction for the launch vehicle adapter.

4.4 Flight Dynamics

The launch vehicle will insert the spacecraft into a Sun-Earth L2 halo orbit with a semi-major axis of
732,000 km (Figure 4-2). There are two small trajectory correction maneuvers (TCMs) that occur during
cruise: a post-launch cleanup (10 m s™') and a pre-insertion cleanup (5-10 m s'). Station-keeping

“o"
Mission Operations ottty
Solar Rays /= Il = d= = =« =« -»>
Sun-Zenith Constraint
Launch to LEO and Cruise for 1 month, (a<18)
use F9 second stage to including ~2 weeks of
kick to L2 transfer active decontamination
0, >

In science operations,

Observation Efficiency perform a ~7.3" slew and

([ ] Stepping Field settle between every 250-
and Settling Chang?s second image to step
* Not to scale T4M% _ \\0'001 % across the instrument field
‘ 4 A of view. Perform larger
i slews to change fields.
Observation *Desathratiop’
92.58% \0_01,%)»'

Yearly Observation Target Timeline

Wide SEP or NEP Deep SEP or NEP Wide SEP or NEP Deep SEP or NEP

| Day 0 | Day 68 | Day 142 | Day 183 | Day 257 Day 325 | Day 365 |

Figure 4-2. CDIM’s operational scenario is designed to maximize the amount of time in science observation mode by performing
as many continuous small step and stare activities, enabling coverage of each science region at least once per year.
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maneuvers occur twice per orbit, requiring 4 maneuvers per year (2 m s™! per year). Total mission delta-V
is 28 m s7! for the 18 required maneuvers.

4.5 Payload Accommodation

CDIM’s payload consists of a 1.1 m primary aperture
telescope with four V-groove radiators with a diameter set based
on the launch vehicle fairing size (Figure 4-3). The telescope is
rotated 90° with respect to the spacecraft’s z-axis, shown in
Figure 4-1, to enable unconstrained viewing of both NEP and
SEP regions between 72° and 90°. The telescope sits atop three
separate bipods that also support the four V-groove radiators.
Large V-grooves enable the bus to orient £18° around the sun
zenith direction (Figure 4-2), providing a worst-case minimum
observation time of 72 days per year for a point target at 0°
latitude. Further payload thermal analysis may indicate that the
number (and therefore height) of the V-groove radiators can be
reduced while still maintaining thermal requirements (§8.3). This
would allow the telescope to sit closer to the bus and relax the
viewing angle constraint. The total payload mass is 694 kg CBE.

The payload’s 24 SIDECAR detectors generate data at 5
Mbit s~! during observation mode, which will occur up to 92% of
the mission (Figure 4-2). Daily data generation is conservatively
set for 95% data collection or 413 Gbit/day. There are minimal
data latency requirements imposed by the science team, Figure 4-3. CDIM fits within EELV dynamic
permitting flexible science operations. During observation mode fairings and its bottom V-groove can be reduced
the telescope SIDECAR ASICs require a maximum power of 50- i, size to fit additional vehicles with minimal
W CBE (Table 4-2) The only time power will exceed 50 W is impact to instrument thermal performance_
during decontamination mode, which occurs during cruise to L2
and requires 125 W thermal power.

4.6 Spacecraft Design and Subsystems

The spacecraft bus is designed to satisfy all
science requirements (§2.6) while using heritage
components and requirements within  Ball

Table 4-2. CDIM’s subsystems with Current Best Estimate
values shown for mass and orbit average power (OAP) with
healthy margins to MPV design parameters.

Aerospace’s current capability. CDIM only has one Subsystem Mass (kg) OAP (W)
deployment, the telescope cover, and none are [Agitude Control 66.1 156
required for the spacecraft bus. Potential single fault [Command & Data 16.8 38
failures are designed to be redundant according to |Power 464 60.5
Class B requirements. The spacecraft subsystem level |Propulsion 13.1 8
mass and power breakdown is shown in Table 4-2. |Propellant 24.5 0
The Report from Team X — JPL's concurrent design |Structures & Mechanisms 224.2 0
facility — includes a full Master Equipment List | S/C-Side LV Adapter 8.6 0
(MEL) and component list. Spacecraft subsystems Cabling 48.5 0
are shown in Figure 4-4 and are described below. %frﬁg? g;g 2(1)
Attitudg Determination and (‘font'rol. CDIM’s most Spacecraft Bus Total 489:6 3835
demanding Attitude Determination and Control [|nstrument 6940 50.0
Subsystem (ADCS) requirements are set to reduce |Dry Total, CBE 1183.6 4335
PSF jitter and perform the small steps that enable |Dry Total, MEV 1429.0
LVF survey sampling with 7.3"” steps (Table 4-1). |Wet Total, MEV 1453.5 621.5
Pointing stability requirements derive from reducing |Maximum Possible Value 3428.5 820.0
Margin (%) 136% 32%
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PSF jitter where pointing control requirements flow from the need to target spectral channels to a small
fraction (0.15) of the channel width. Pointing knowledge flows from the control and jitter requirements.

The 3-axis stabilized attitude control system is designed to meet science requirements and maximize
science observational efficiency by decreasing the amount of time spent slewing and settling between
observations. Small 7.3" steps are designed to take less than 20 seconds to slew and settle on reaction
wheels, with desaturation events occurring ~once per week. These steps must be controlled to <1” to
achieve the required spectral sampling. The spacecraft does not need to slew to accommodate telecom ops
because of the gimbaled Ka-band high gain antenna.

Three operational stellar reference units (SRU) are required to obtain the pointing knowledge
requirement during operation with Sun sensors used to maintain pointing knowledge during safe mode.
Fine spin rates are determined by both the SRU and one internally redundant inertial reference unit. All
attitude control can be performed by 3 reaction wheels and desaturation utilizes 0.9 N hydrazine thrusters.
In total CDIM has 6 Adcole 2-axis sun sensors, 4 Sodern SRUSs, 1 internally redundant Northrop Grumman
SIRU, and 4 Honeywell HR14 reaction wheels.

Command and Data Handling. CDIM’s bus receives data from the payload at a maximum rate of 5 Mbit/s
(up to 413 Gbit/day, §3.7). CDIM uses a dual-string cold RAD 750 chassis capable of recording data at up
to 10 Mbit/s (100% margin) with 192 GByte (86% margin) flash memory.

The data storage system will store two days of data, the one currently being observed, and the previous
day to ensure data can be retransmitted if necessary. If a single ground track is missed the data can be
retransmitted over the following three days without loss. CDIM has the flexibility to alter its data storage
timeline to allow transmission flexibility.

Power. CDIM’s power subsystem is power positive in all modes at its worst-case 18° solar off-point and
requires no solar panel deployments. Only the launch scenario and decontamination heaters will require
battery operation. One 56-Ah Li-lIon battery is required for 3 hours of operations after LV umbilical
separation until solar array is sun pointed. The maximum depth-of-discharge is 67%.

The solar panel is a 3.3-m outer-diameter, 2.4-m inner-diameter, toroidal lower panel with a total

mechanical area of 4.17 m?. 29.5% efficient GaAs cells provide 908 W BOL power and 820 W EOL power
granting a 32% orbit average power margin, shown in Table 4-2.
Propulsion. CDIM’s monopropellant blowdown hydrazine system is sized to perform ACS desaturations,
station-keeping maneuvers, and two trajectory correction maneuvers (TCM). One TCM happens after LV
separation and the other occurs for L2 insertion. Station-keeping will only occur once per orbit (once per
six months) and ACS desaturations are scheduled weekly.

Star Tracker
Electronics (x2)

Payload Thrusters (x8)
Electronics (x1) Sun Sensors l

(x6) T,

SIRU (x1) -
Reaction
Propellant Wheels (x4)
Tank (x1)
LV Adapter
Ring
Star
Tracker Ka-Banc_i
Heads (x4) '(I'r1a)nsm|tter
X
Avionics S-Band
: S-Band
Unit (x2) Transceiver Antenna (x2)

Battery (x1) (x1)

<4+— Ka-Band Antenna (x1)

Figure 4-4. Ball Aerospace spacecraft bus, showing location of the major components and subsystems.
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Eight MR-103C thrusters are positioned for ACS and station-keeping maneuvers and perform both
TCMs. One ATK PSI P propellant tank has ample storage for the 3.7 kg propellant required for ACS and
14 kg for TCMs and station keeping yielding a total propellant mass margin of 38%.

Structures. CDIM’s hexagonal aluminum bus structure is designed to support LV launch loads and is ideal
for supporting the instrument’s 3-bipod configuration, and with a single telecom gimbal for a 2-axis
gimbaled High Gain Antenna. The spacecraft bus has no deployable structures since both the solar array
and V-groove radiators are designed to fit within EELV 5-m fairings.

Telecom. CDIM transmits directly to Earth during all portions of its mission without interrupting science
operations using a 0.65-m gimballed High Gain Antenna (HGA) and redundant Ka-band transmitter with
amplification. Gimbaling the HGA enables a ~5% increase in observation time over the course of the
mission. The system is designed to communicate with a 34-m DSN antenna at 150 Mbits/sec with 10.5 dB
link margin capable of returning all science data in less than one hour per day.

Two S-band transponders with amplification are used with patch antennas to receive omnidirectional
uplink and downlink at 2 kbps. S-band uplink has a link margin of 33 dB and downlink has 16.2 dB.

The primary telecom hardware consists of two Ka-Band transmitters, two 60-W Ka-Band TWTAs, one
0.65-m Ka-band High Gain Antenna, two S-band transponders with internal 8-W SSPAs, two S-band
transmit patch antennas, and one waveguide transfer switch.

Thermal. CDIM operates in a stable thermal environment at L2 with only small variations in solar angle
over the course of the mission. Additionally, the telescope is thermally decoupled from the bus by its bipod
structure and V-groove radiators. The spacecraft bus does not provide any thermal control for the payload.
Spacecraft thermal design uses flight-proven, low-risk passive temperature control including only PRT
temperature sensors, mechanical thermostats, multi-layer insulation, flexible Kapton heaters, and white
paint on structures.

4.7 Mission Operations and Ground Data System

CDIM has four primary mission phases: Launch, Early Operations, Cruise, and Science. Launch phase
occurs during the first two weeks of the orbit and involves initial acquisition and systems checks. There are
no mission-critical events that occur during this stage because solar arrays and V-groove radiators do not
require deployments. CDIM will communicate with a DSN 34-m ground station twice per day with eight-
hour ground tracks. The second phase occurs during the following two weeks to complete spacecraft
checkout. Ground tracks in this phase decrease to once per day. Cruise phase consists of navigating to the
desired L2 orbit, deploying the telescope cover, instrument decontamination, instrument calibration, and
performing the L2 insertion burn. During the fourteen-week transit to Earth-Sun L2 orbit, CDIM will
communicate with the ground four hours per day. The final mission phase, science operations, lasts 199
weeks and is designed for daily 1.5-hour passes. The spacecraft requires ~1 hour to transmit all science data
each day (413 Gbit/day) with an additional 30 minutes added to account for retransmission. If one pass is
missed, all data can be retransmitted without loss over the following three days. Over the mission lifetime
602 Tbit of science data will be transmitted to DSN, expanding to an estimated 1.5 PByte storage needed
for the science data system. Number and duration of DSN 34-m BWG passes can be traded by increasing
the size of the onboard storage card to handle passes every other day. The gimbaled HGA allows
simultaneous data transmission and science operations, decoupling science observations and ground contact
scheduling.

CDIM’s science operations have a pre-planned science phase that allows for a high level of autonomy.
Targets and durations do not require updating during the nominal four-year mission life. The instrument is
also extremely simple to operate with only ‘on’ and ‘off” states. These factors allow S-band uplink and RF
navigation to occur only once per week.

The science data system uses standard NASA AMMOS capabilities and services with operations at
JPL. Once data is received on the ground it enters the data pipeline at [IPAC. The CDIM Science Team will
perform data analysis in the IPAC environment, and IPAC will archive the data products.
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5 TECHNOLOGY DEVELOPMENT PLAN
5.1 Detector Technology

The CDIM instrument is a simple high-throughput design that relies on established technologies for the telescope
and most of the focal plane. Areas of required development are the 7.5 ym H2RG sensor and the linear variable
filter elements (both currently assessed at TRL 4). Investments by NASA can readily advance the state of the art
in these areas. Our plans leverage these investments and provide three-year programs to advance TRL to 6 in
advance of flight development.

Five of the six CDIM bands for the focal plane (§3.6) are accommodated by existing, off-the-shelf detector
products (TRL 9) from Teledyne that currently meet the mission requirements. The sixth band has a cutoff
wavelength of 7.5 um to reach redshifted H-alpha 656 nm at z = 10 (7.2 pm). In this section, we describe our
plan to advance the TRL of the 7.5 um detector from 4 to 5 in advance of flight development.

Our program addresses two developments required to enter a flight qualification program for the long
wavelength detector:

1. Removal or qualification of the CdZnTe substrate layer to minimize the fluorescence from energetic
particles in space (Waczynski et al., 2005); and
2. Improvement in “operability”, or % pixels meeting CDIM requirements, in particular dark current.

A number of groups are already working with Teledyne to extend the cutoff wavelength further into
the infrared (McMurtry et al., 2016a). It is possible that ongoing work funded by NEOCAM will improve
performance in some or all of the areas that would be pursued by CDIM. Although the NEOCAM dark
current requirement (200 es™!) is relaxed by comparison to CDIM (0.17 e7s!), removal of most of the
CdZnTe substrate upon which the HgCdTe is grown (using a molecular beam epitaxy process) is still
required to minimize fluorescence (Dorn et al., 2016). HIRG 1kx 1k test products are already available with
cutoff wavelengths as long as 13 um (McMurtry et al., 2016a). Devices with a 10 um cutoff produced for
the NEOCAM study have been substrate-thinned to 30 pm and exhibit dark current (>80% of pixels) of
under 0.2 es™' at 35 K (McMurty et al., 2013), meeting the science requirements of CDIM. Complete
removal of the substrate, which is not required for NEOCAM, becomes increasingly difficult as the cutoff
wavelength increases due to variations in the properties of the alloy (Phillips et al., 2001). It is unclear
whether complete removal of the CdZnTe substrate layer is required for CDIM. This will be investigated
during radiation testing as part of a trade of fluorescence vs. operability. Although other missions have
specified complete removal, it is not currently clear if a very thin remaining layer would be acceptable for
CDIM, and such a layer would

.- Year 1 Year 2 Yo
have the benefit of providing | ear | ear | ear 3 |
additional rejeCtion of Year 1: Deliver 3 AR-coated, Year 2: Deliver 1 AR-coated,
wavelengths shorter than 800 substrate-removed H1RG detectors substrate-removed H2RG detector
nm. It is reasonable to expect the
achievable dark current of the |:|
7.5 pm devices required by Demonstration
CDIM would be inherently Complete
lower than the existing 10-pm
cutoff test sensors due to the JPL I I
rec(l)uced bar,lq g,ap' A ,goal of Contract Functional | Functional Functional | Functional
95% operablhty is baselined for Development Pre-Test: || Post-Test: Pre-Test: | Post-Test:
CDIM to match the rest of the QE, Dark, | QE, Dark, QE, Dark, | QE, Dark,
focal plane. Reduced operability Operability | Operability Operability | Operability
could be recovered with Radiation Radiation

increased observing time. The

. Figure 5-1. The planned technology development program for long wavelength
planned observing

SEqUENCE  getectors includes process development using the H1RG format and final delivery of a
flight-like H2RG.
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with two offset visits to each field to provide Nyquist sampling also mitigates this effect.

3.1.1 Development Plan

We propose a three-year plan to work with Teledyne to develop the required sensors for CDIM,
summarized below. Remaining work to qualify 7.5-pm cutoff sensors for space flight would include:

= Removal of the CdZnTe substrate (or evaluation of the maximum acceptable thickness)
* Improvements to the MBE growth process to improve operability >95%

»  Application of appropriate anti-reflection (AR) coatings to optimize quantum efficiency
= Radiation testing to verify operability and fluorescent properties

5.1.2 Schedule and Budget

In year 1, we contract Teledyne to produce three substrate-thinned (of different thickness), AR-coated
7.5-um-cutoff H1RG sensors favoring quantity over size to maximize return. We would proceed to evaluate
the key parameters of QE, dark current, and operability as a function of temperature. Radiation testing
would verify that the sensors meet their background requirement in the space environment and also retain
a high percentage operability. Performance feedback to Teledyne after six months of testing would inform
a second round of device fabrication.

In the second round, we would produce a flight-format H2RG sensor with the optimal substrate
thickness determined in the first round to demonstrate uniformity and achieve TRLS. A final set of results
will establish the state of the art at the required cutoff wavelength and inform the project in Phase A. Further
environmental testing would be required during normal flight development to achieve TRL6.

Our budget estimate for this work is $8M, representing a commitment of about 10% of the overall
detector budget.

5.2 LVF Technology

The current state of the art of Linear Variable Filters (LVFs) has been demonstrated by industry:
Omega, Viavi (OCLI), Materion (Barr Associates), and other research labs have fabricated filters between
0.4 um to 4 um (over several octaves) with 2 to 100 nm/mm spectral gradient. These LVF have in-band
transmission > 85% and have out-of-band rejection 3 to 5 Optical Density (OD). State-of-the art LVF filters
can be fabricated with area size 2 mm to 50 mm in the spectral direction and 15 mm to 50 mm in the cross-
spectral direction.

Typical LVF filters fabricated for flight applications in the visible can survive: multiple -40°C to +80°C
thermal vacuum cycles; 24 hr of 95% relative humidity; 10 krad radiation; and >25-g vibration. Omega
performed extensive environmental tests of filters for the Indian Space Research Organisation.

The CDIM filter requirements are to fabricate 4 x 6 (LVF) filter matrix architecture, mounted in front
of the CDIM detector focal plane assembly (Figure 3-8). These LVFs for the CDIM are required to have 6
segments covering 0.75 um to 7.5 pum spectral range (Table 3-3) and have an out-of-band rejection of OD-
5. The LVF will have R = /AL > 300 and will be illuminated by /4.5 optics beam and angle of incidence
(AOI) between 0° to 7°. The size of each filter segment will be 40 mm x 40 mm. These filters will be kept
thermally stable at 35 K.

The main challenges with the LVF for the CDIM are extending the spectral range of the LVF > 4 um
to 7.5 um (coating materials), achieving out-of-band rejection at > OD-5 and controlling induced stress of
the coating layers and substrates. These will be addressed in the LVF technology development plan, §5.2.1.

During this Probe study we invested in a short-term technology development task with Omega Optics
(a potential vendor with an extensive flight hardware heritage) to develop the LVF filter models for the
CDIM applications (Figure 5-3) and fabricate a 40 mm x 40 mm LVF prototype filter (Figure 5-2).
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Figure 5-2. LVFs designed and fabricated by Omega

Optical. Lower panel: Flight-qualified LVF filters delivered
to the Indian Space Research Organization (ISRO). Upper
panel: 40 mm x 40 mm LVF prototype (segment B)

fabricated for the CDIM Probe study. 0
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Filter models were developed for all six LVF Wavelength (um)

segments (A through F) operating at an /4.5 beam.
These models were constructed with the goal of
meeting an optical density OD-5 (out-of-band
rejection). Due to the extended rejection spectral
range requirements, segments A, B, and C are found
to be the most demanding segments with respect to out-of-band rejection.

We used the LVF segment-A model (Figure 5-3) as a demonstration model for the remaining segments.
Segments B though F have been shown to have a similar performance but with an improved out-of-band
rejection in segments D, E, and F. All models have been shown to meet the required /4.5 beam as well the
AOI between 0° and 7°.

Figure 5-3. Top panel: Segment B model at 1.1 um showing
the out of band rejection at f/4.5 beam (note that detector has
no response longward of 1.7 um; Table 3-3 and Figure 3-7).
Bottom panel: Segment B model at an /4.5 beam (close up).

5.2.1 Development Plan

We propose 4 tasks for the LVF technology development (Table 5-1). Some of the tasks may have an
overlapping timeline.

1. Develop Coating Materials and Processes

We plan to work with Omega Optical to develop processes to use known IR coating materials in the
4 pm to 8 pm spectral range (Ge, Si, ZnS, and YF3), and to develop processes for the FeOx and ITO
materials to improve blocking for all segments. This will include implementing Linear Variable Blocking
Stacks designed and applied on each LVF filter segment.

OD-5 out-of-band rejection can also be achieved by adding a second air-spaced (gradient) blocking
filter to the light path.
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2. LVF coating stress

Develop processes to blend film layers to disrupt ordered film growth and use post-deposition annealing
technology and the use of interface layers to mitigate the buildup of stress throughout the film stack.

3. Develop software code specific for LVF optimization

Modify existing optimization code developed by Omega to simultaneous optimize models at multiple
wavelengths against multiple wavelength targets. This will improve the accuracy of LVF models for wide
blocking spectral range requirements.

4. Fabricate prototype LVF segments for CDIM

Fabricate full-size prototype LVF segments. This will includes setting up a metrology testbed for testing
the LVF (open spectrometer with different IR detectors covering the CDIM spectral range). To achieve
TRL 6, we will follow flight environmental testing requirements and procedures on LVF prototypes —
including multiple thermal cycles to the operating temperature of 35 K.

6 HERITAGE

The CDIM design takes advantage of heritage in the following hardware items:

CDIM miirrors. The CDIM beryllium mirrors are of a freeform figure, modest radius of curvature, and
smaller in diameter than mirrors already fabricated for JWST (Lightsey, 2007).

H2RG detectors. Widely used in the infrared community and currently available from Teledyne. Flight
versions have been developed for JWST (Rauscher et al., 2011) and Euclid (Waczynski et al., 2016). CDIM
makes use of current performance measurements for its integrated model. The community is actively
working with Teledyne to develop products that meet the requirements of the CDIM long wavelength band
(e.g., NEOCam, McMurtry et al., 2016b).

Linear Variable Filters. LVFs in the near infrared (up to R~200) have been flown in the New Frontiers
New Horizons/LEISA (with R=240 and 560; Reuter et al. 2008). An LVF full-color image of Jupiter using
LEISA was featured on the cover of Science (Baker, 2007). More recently, OSIRIS-REx arrived at asteroid
Bennu; its OVIRS instrument (Reuter et al., 2018) covers the wavelength range 0.4—4.3um in 3 bands with
R =125-200.

Thermal design. The simple thermal design is based on the successful Planck mission (Leroy et al.,
2006), exceeds CDIM requirements, and can be implemented with large margins on available payload mass.
The design has substantial margins, possibly allowing one of the V-groove panels to be eliminated (future
design trade).

Spacecraft. CDIM uses the Ball Configurable Platform (BCP) spacecraft that has successfully
supported 12 missions on orbit. An additional three space vehicles are in System Integration and Test (I&T)
and two are in development. While they have different structural forms, all spacecraft share a core
architecture that has evolved over 20+ years. These programs span Earth sciences and scientific remote
sensing, commercial imaging, and DoD operational remote sensing, including Kepler, World View 3 (WV-
3), and Joint Polar Satellite System (JPSS-1). The CDIM spacecraft design draws directly from this
extensive mission-performance history by using the same flight-qualified components and designs. This
proven design has full redundancy and cross-strapping, ensuring it meets the four-year service life. BCP
spacecraft consistently meet or exceed their mission lifetime and contract performance requirements, logging

Table 5-1. LVF Technology Development budget
Task LVF Technology development Cost Schedule
1 Development of 4 ym to 8 ym materials and improve out-of-band blocking $1.0M 12 months
2 LVF coating stress $1.0M 8 months
3 Software optimization $0.25M 6 months
4 Fabricate prototype and performance/environmental testing to TRL 6 $1.5M 12 months
TOTAL $3.75M 38 months
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more than 70 years cumulative on-orbit time. The legacy BCP modular spacecraft design provides flexibility
in I&T flow and enhances schedule assurance via parallel manufacturing and integration of the spacecratft.

7  COST AND RISK ASSESSMENT

The Cosmic Dawn Intensity Mapper (CDIM) fits within the cost guideline for a Probe-class mission. The total cost
estimated by Team X is $929M (incl. launch vehicle, 30% development reserves, and 15% operations reserves).

The costs presented in this Report are ROM estimates from Team X — JPL's concurrent design facility;
they are not point estimates or cost commitments. It is likely that each estimate could range from as much
as 20% percent higher to 10% lower. The costs presented are based on Pre-Phase A design information,
which is subject to change. All costs quoted in this Report are in $FY18.

In this Section we summarize the Team X cost; for some WBS cost elements we provide estimates
from other sources, to aid in validation. The CDIM instrument is within family of similar instruments
developed for NASA, and has modest technology development requirements at the subsystem level (see
§5). The CDIM team partnered with Ball Aerospace to develop a Class-B spacecraft bus that meets the
instrument and mission requirements that the CDIM science mission needs. This approach is low-risk in
both implementation and in cost estimation. Mission operations at L2 were estimated by Team X;
operations at L2 for missions such as Planck, and the planned JWST mission present no unusual challenges
in observing, commanding, or data downlink.

The top two risks are both development risks, and both are technologies that can be addressed with pre-
phase-A investment: (a) HgCdTe detectors with a 7.5-pm cutoff, and (b) linear variable filters (LVFs) that
meet the CDIM requirements including environmental. These efforts can be carried in parallel with, and
largely independent of, payload and mission development.

7.1 Cost Estimation by Team X and the CDIM Team

Total Mission costs are estimated primarily from the output of the Team X models. The CDIM team
substituted costs where we felt that our estimates are higher fidelity than the corresponding model cost.
These are discussed below.

7.1.1 Instrument Cost

Team X used two models to estimate the cost of the Instrument (Telescope, thermal control system,
focal plane, and cold electronics) selected for which best captures the cost for its respective subsystem.

* Optical Telescope Assembly (OTA) — using multivariable parametric telescope cost model by Stahl &
Henrichs (2016): $15.2M including reserves.

*  Spectrometer — using NASA Instrument Cost Model (NICM VIII, July 16, 2018). For CDIM, there is
no spectrometer, so the NICM tool models just the focal plane in this case.

= System tool: B/C/D Development Cost = $142.7M at 50%-tile, with a caveat that total mass is
outside of the range of the model, so the cost estimate is an extrapolation from the model’s dataset.

= Subsystem tool: B/C/D Development Cost = $152M at 50%-tile, with a caveat that thermal mass
inputs were outside of the range of the model, so the cost estimate is an extrapolation from the
model’s dataset. As described in §3, most of the thermal mass comprises the conical panels of the
V-groove radiator subsystem. These have a large surface area, but have loose mechanical tolerances
and are functionally very simple; the model likely over-estimates the cost.

7.1.2 Detector Costs

The NICM System tool predicted a focal plane cost of $8.9M (as part of the ‘Spectrometer Cost’ in
WBS 5.04.01). The CDIM Team replaced this model estimate with a much more conservative estimate of
$70M based primarily on Euclid actuals; Team X adopted this estimate. We estimated the cost of
developing and fabricating the 24-detector focal plane (§3.5) by scaling from the costs estimated and
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already incurred by the Euclid project. We also assumed that our 7.5-um cutoff detectors cost the same as
the NEOCam 10-pum detectors.

The specific assumptions in the CDIM cost estimation were (Table 7-1):

Euclid (22 x 2.5 um HgCdTe)

NEOCam (4 x 5 pm plus 4 x 10 um H2RG)

Total cost scaled linearly according to detector variant
Adjusted for inflation (2013-2017)

24 flight detectors plus a spare of each variant (Total: 30 units)
24 SIDECAR ASICs plus 6 spares

NEOCam rquires 10'Hm Cut(?ff Table 7-1. CDIM cost estimate for the 24-detector focal plan is based
detectors, anq is working with conservatively on actuals for Euclid. See §5 for technology development plan
Teledyne Imaging Sensors Inc. (TIS) |for 7.5-um cutoff detectors.

to develop long-wavelength cutoff Total
detectors in their H2RG product line. Sensor Cost | Unit Quantity
CDIM assumes the NEOCam [1.75pm H2RG + SIDECAR 4 $M |4 (+1 spare)
development will be complete, and |2.5um H2RG + SIDECAR 15 M |12 (+3)
that the needed 7.5-um detectors are a | -0 #m H2RG + SIDECAR 6 | SM_|4(+1)
product that can be purchased from 7.5 um HZRGJ'SlDECAR 16 SM_ 14 (+1)
Teledyne. 7.5-um cutoff detectors (for SIDECAR firmware 4 M_|-
lower dark current) have fewer devel- Cable harness (CFCs) 3 $M_130

Teledyne management 15 M |-
opment challenges than —10-um =g ptotq 63 | $M (30 ROICs + SIDECARS)
detectors, but since these have not yet (30 CFCs)

been demonstrated, we treat this as a |TOTAL (inflation adjustment) | 70 | $M [x1.10(2013-2017)
technology development effort that

would be undertaken in pre-Phase A or Phase A. Technology development costs are carried separately (see
§5.1).

The CDIM focal plane cost, based primarily on Euclid, is $70M. Team X adopted this higher-fidelity
(and much higher) CDIM Team cost estimate. The cost for WBS 5 in Table 7-2 reflects the Stahl telescope
model and the NICM system tool for the spectrometer (but substituting the CDIM Team estimate for the
focal plane).

7.1.3 Spacecraft Cost

The spacecraft cost (WBS 6) was estimated by Team X using JPL institutional cost models for an ‘out
of house’ build, using design parameters provided by the CDIM team. The Team X estimate for WBS 6
and 10 was $243M.

Separately, the CDIM Team worked with our spacecraft partner Ball Aerospace to develop an
independent estimate of the spacecraft costs. Ball estimated both WBS 6 and WBS 10 using SEER, based
on the MEL and other design data in the Team X Report. Ball also estimated these costs using actual cost
data from previous Ball spacecraft developed to Class B standards, and parameterized according to bus
mass:

*  WBS 6+10: $193M (SEER-H, at 50% confidence level) [WBS 6 = $159M; WBS 10 = $34M]
+  WBS 6+10: $207M (fit to regression for historical Ball Class B missions)
*  WBS 6+10: $243M (Team X) [WBS 6 = $220M; WBS 10 = $23M]
The Ball regression model for Class B spacecraft cost vs. mass is a tight relation, and is in reasonable

agreement with SEER, while the Team X estimate appears out-of-family. Hence the CDIM team adopted
SEER as the best estimate for WBS 6 and 10 (Table 7-2). This is reflected in §7.2 below.
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7.1.4 Mission and Navigation Design (WBS 10)

WBS 10 was costed at $4.2M during an initial Team X session, but this cost was omitted in its Final
Report. The CDIM team re-inserts this cost in its mission cost estimate (Table 7-2).

7.1.5 Science Team and Data Analysis Cost

Costs for WBS 4 were estimated by analogy with experience with WISE and Planck. CDIM has a
closely analogous type of raw data product to WISE, and the first few analysis steps are very similar; the
spectral data products are more complex, driven by science requirements. The SPHEREx Mission proposal
did a very detailed cost estimate during NASA Phase A (SPHEREx would conduct a spectroscopic sky
survey similar to CDIM, using a similar instrument architecture, observing scenario, and data pipeline).
The CDIM team used SPHEREX for internal validation. CDIM Phase E costs are estimated at twice the

SPHEREX cost, due to the longer prime mission (4 vs. 2 years).
Team X adopted the CDIM Team’s estimates for WBS 4:

e Phase B-D: $25.0M

*  Phases E-F: $40.0M Table 7-2. CDIM mission costs estimated by Team X and CDIM
.. Team
7.2 Total Mission Cost Team X Cost | CDIM Team
Team X estimates the total mission cost at | Work Breakdown Structure Estimate Cost Estimate
$929M. Reserves on Phases A-D are carried at (WES}Elements ($FY18) 2
Development Cost $690.1M $666.4M
30% and Phases E-F Reserves are 15%, per JPL (Phases A-D)
flight project guidelines (no reserves are carried ™10 20, & 3.0 Management, | $51.5M $50.8M
on Launch Vehicle and spacecraft tracking). | Systems Engineering, and
E&PO costs (WBS 11) are not included. Details | Mission Assurance
of how the costs were estimated are explained | 4.0 Science $25.0M $25.0M
in the Team X Final Report. A Team X cost | 5.0 Payload System $170.5M $170.5M
summary by WBS is shown in Table 7-2. i’/ig:];;i)qqo:ri $1.8M $1.8M
| hor some WBS el;men}tls’ tThe DM Team 775 02 Payioad Engineering | S1.4M 1.4
ad better estimates than the feam X models ™5 04 Telescope (incl. 118T) | $167.3M $167.3M
(see §7.1), adopting overrides in those cases. 5.04.01 Instrument (IR $152.0M $152.0M
The CDIM Team’s best estimate of total Spectrometer)
mission cost is $905.4M. 5.04.02 Optical $15.2M $15.2M
) Telescope Assembl
7.3  Risk Approach 6.0 Flight SyFs)tem s $189.0M
The CDIM instrument, spacecraft, and ;}%gf:tlg; Operations $16.3M $16.3u
operations are designed to the standards of g Ground Data Systems 523 OM 523.0M
Mission Class B. We discuss below the major |10.0 Assembly, Test, and 524 6M 534.0M
elements that could impact mission success. | Launch Operations (ATLO)
These are all development phase risks. No | 12.0 Mission and Navigation | $0.0M $4.2M
significant operational phase risks have been | Design
identified. Development Reserves $159.2M $153.7M
0,
Spacecraft. The spacecraft (WBS 6) would gge/:;tions Cost (Phase E) | $89.0M 589.0M
be developed from a long line of successful Ball [~ Management 54 5M 54 5M
Aerospace Class B missions; the requirements [z Science 540 0M 540.0M
on key system parameters such as pointing, data | 7.0 Mission Operations 523.6M 523.6M
storage, and downlink, are within the family of | 9.0 Ground Data Systems 59.7M 59.7M
spacecraft in the Ball’s BCP-300 range (§4.6). | Operations Reserves (15%) | $11.1M b11.1M
This is considered by Ball to be low | Launch Vehicle 5150.0M 5150.0M
development risk. Total Cost (including Launch | $929.0M $905.4M
Vehicle)
Note: See §7.1 for explanation of cost differences

48




CDIM: Cosmic Dawn Intensity Mapper Final Report C/D‘I'M\

Telescope. The off-axis telescope features beryllium mirrors and metering structures, which greatly
reduce the risk of optical alignment issues during cold testing. This was proven with Spitzer, which has a
larger Be primary mirror; likewise, with the JWST mirror segments. CDIM can adopt the fabrication and
test approach used by Spitzer (§3.2). This is considered low development risk.

Thermal design. CDIM uses the v-groove radiator approach designed at JPL, and implemented on
Planck. Team X thermal models indicate substantial margins against requirements (perhaps enabling one
v-groove to be eliminated). If higher-fidelity modeling indicated lower margins, an additional v-groove can
be added, and the size of the focal plane radiator enlarged.

Focal plane. CDIM has a large focal plane, analogous to that of Kepler, and much smaller than the
focal plane under development for WFIRST. Unlike WFIRST, CDIM does not have tight driving
requirements on image quality, though it does require thermal stability, which is eased by operating in the
benign L2 environment with an observing scenario that hardly changes the thermal load on the instrument
(§4.6). The LVFs place demands on the optical design on telecentricity, in order to meet filter bandwidth
requirements; the optical design, from JPL’s Optical Systems Division, and described in the Team X
Report, already meets these requirements. This is considered low development risk.

Detectors. CDIM requires four different types of Teledyne H2RG (20482 HgCdTe) detectors (§7.1.2).
Devices with 2.5-um long-wavelength cutoff have already been developed for Euclid; these can be used
unmodified. Devices with 5.3-um cutoff have already been developed for NEOCam; these can be used
unmodified. Devices with 7.5-um cutoff are not currently a commercial item; however, 10-um devices are
needed by NEOCam and that project is currently funding their development. The principal challenge is in
CdZnTe substrate removal (to eliminate cosmic-ray fluorescence); this is harder for 10-um than for 7.5-pm
detectors. It is currently unclear whether CDIM in fact requires complete substrate removal. The current
TRL for 7.5-um cutoff detectors is approximately TRL 4.

Risk mitigation requires funding the technology development of these detectors at Teledyne, as
discussed in §5.1. The risk may be partially mitigated by adopting the NEOCam 10-um devices and
accepting the science impact of higher dark current.

Linear Variable Filters (LVFs). LVFs are the enabling technology for CDIM, and as such are a high-
consequence risk. These filters allow moderate-resolution spectroscopy of every astronomical object in a
wide-field image, without the complexity of a slit spectrometer, or the limited field capability of an integral-
field spectrograph (IFS). While LVFs have been successfully operated in space (including spectroscopic
observations with the New Horizons LEISA instrument and OSIRIS-REX), the filters for CDIM are more
demanding in their requirements. The alternative to LVFs — an integral-field spectrometer — is unlikely to
fit in a Probe cost cap, and has its own major technology challenges.

Risk reduction requires technology funding early in development to design and simulate the filters, and
to fabricate and test engineer model filters (including thermal cycling). Current TRL for the short-
wavelength filters is TRL 4. A Pre-Phase-A technology effort is required to bring the LVFs to TRL 5, by
fabricating and testing prototypes, as described in §5.2. The filter design work done during this Probe study
by Omega Optical Inc. has already retired much of the design risk. To reach TRL 6, environmental testing
(including thermal cycling) must be performed on engineering model filters.

8 MANAGEMENT AND SCHEDULE

8.1 Management

Management of the CDIM Mission would be governed primarily by the management guidelines
outlined in a NASA Announcement of Opportunity (AO) for a Probe-class astrophysics mission. For this
study, we assumed a specific management approach for the purposes of estimating mission costs. We
assume that the mission would be PI-led, in a similar way to a New Frontiers mission in NASA’s Planetary
Science Division of the Science Directorate. In a future competition, the management structure would be
proposed in response to the AO, and could different from the outline assumed in this Report.
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Management of the mission would be the ultimate responsibility of the PI. Team X cost models (§7)
assume JPL manages most elements, except the spacecraft and ATLO which would be subcontracted to a
major partner, which we assume in this Report to be Ball Aerospace. JPL would be responsible for
Management, System Engineering, Mission Assurance, Payload (including thermal design and 1&T),
Mission Operations, Ground Data System, and Mission Operations. Ball Aerospace would be responsible
for the spacecraft bus, payload integration to the bus, and ATLO. NASA would be responsible for providing
the launch vehicle and launch services. Elements of the payload would be sub-contracted: the telescope,
focal plane design and fabrication, detectors, and LVFs.

The Science Data Center would be hosted at IPAC, where several NASA infrared missions (including
WISE and Spitzer) have their Centers. The PI would be responsible for assembling a Science Team, and
managing that Team’s activities both pre-launch (including defining requirements for the data pipeline, and
uplink commanding of the payload) and post launch (delivering data products to the community, §2.5).

8.2 Schedule

Team X costed the CDIM Mission assuming a 64-month development phase (A-D), with durations
appropriate for a New Frontiers-class mission (Figure 8-1). The schedule makes the normal assumption
about the technological readiness of the proposed mission: all elements must be at TRL 6 by the end of
Phase B (PDR). For CDIM, there are two technology developments that must achieve TRL 6 by the date
of this review (see §5); the technology development plan is designed to be consistent with this schedule.

| Fv2a | Fv2s | Fv26 | Fvaz | Fvas | Fvao | Fvao | Fva1 | Fva2 | Fv33

023 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 |[2033
PhA PhB 12026 Ph CID

CDIM (2m)  (12m) %ﬁggoz oon Yo7 (aom) WTKSC Phase E(49m) PhF

Figure 8-1. Development and operations schedule for CDIM. Phase E assumed to be 4 years, following a one-month in-orbit
checkout. Any Extended Mission would be added to Phase E, prior to the closeout phase (Phase F).

8.3 Next steps

CDIM would need to complete a number of tasks to meet the requirements of a Probe Mission
Announcement of Opportunity, prior to competitive selection to proceed into Phase A. Two of these tasks
(7.5-um cutoff H2RG detectors, and linear variable filters meeting CDIM requirements) are needed to reach
TRL 5 prior to Step 1 selection and TRL 6 by PDR (see §5). Below we list the most important next steps.

e Continue simulations of science performance, including joint analysis of relevant space mission
and ground telescope data

e Detailed flowdown of science requirements to instrument and mission design
e Simulations of observing scenarios for the three surveys
e Simulation of level 0 data (including telescope and detector performance, and spacecraft pointing)

e Develop detailed requirements for spacecraft (pointing, data storage and downlink, orbit
maintenance, etc.)

e Continue thermal design for instrument passive cooling system, possibly leading to a simplification
of the V-groove radiator design

e Technology maturation of the 7.5-um cutoff H2RG detectors

e Technology maturation of the linear variable filters, including environmental testing of engineering
prototypes
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2020 Astrophysical Decadal Survey - Probe Mission Preparatory Study
Master Equipment List Based Parametric Total Lifecycle Cost Estimate

Mission Name / Acronym: CDIM
The Cosmic Dawn Intensity Mapper
Cost Estimator: Team X
Date of Cost Estimate: October 22, 2018
Cost Estimate Based On: Final Master Equipment List
PROJECT PHASE COST [FY18 SM]

Phase A Note 1

Mgmt, SE, MA $51.5

Science $25.0

Telescope $15.2

Instrument 1 $155.3

Instrument 2 n/a
Phases B-D Instrument 3 n/a

Spacecraft, including ATLO $244.7

MOS/GDS $39.2

Launch Vehicle and Services $150.0

Reserves $159.2

Total Cost Phases B-D $840.1

Operations $77.8

Phase E-F Reserves $11.1
Total Cost Phases E-F $88.9
TOTAL LIFECYCLE COST $929.0

Notes:

- This parametric cost estimate is based on the Probe's Master Equipment List derived from the Final Engineering
Concept Definition Package that accurately reflects the mission described in the Probe's Final Report. This estimate
is to be used only for non-binding rough order of magnitude planning purposes.

- Team X estimates are generally model-based, and were generated after a series of instrument and mission level
studies. Their accuracy is commensurate with the level of understanding typical to Pre-Phase-A concept
development. They do not constitute an implementation or cost commitment on the part of JPL or Caltech.

Note 1: Team X does not separate out Phase A costs from Phases B-D costs.

Note 2: CDIM Team estimates Total Lifecycle Cost to be $905.4M, using SEER-H to estimate costs for WBS 6
and 10.
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