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Some Selected Observations of the CD/EoR
CMBR observations suggest a low Thomson scattering optical depth 

and hence a  low electron density: i.e. the bulk of reionization occurs at 
low redshifts (z~8) when the volume of the Universe was already larger.

Planck+18

Planck

What do we know about reionization?

CMB (with Planck) finds a low optical depth to electron scattering;  
bulk of the reionization at z ~ 8

KEF
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Some Selected Observations of the CD/EoR

Fan et al. 2006

Barnett et al. 2017

Observations of low-z quasars show a clear Gunn-Peterson effects, suggesting 
that reionization ended around z~6 (rapid increase in optical depth at z>6).

Around z~6 large dark gaps appear in the spectrum

Banados et al. 2017

Some Selected Observations of the CD/EoR
High redshift quasars (rare!) also suggest a high neutral 

fraction >0.27 (2-sigma) at z=7.5 due to Gunn-Peterson effect.

Observations of z > 6 quasars from SDSS/UKIDSS etc show clear Gunn-Peterson 
troughs; reionization ended at z ~ 6 with a rapid increase in the optical depth at z > 6

Some Selected Observations of the CD/EoR

Fan et al. 2006

Barnett et al. 2017

Observations of low-z quasars show a clear Gunn-Peterson effects, suggesting 
that reionization ended around z~6 (rapid increase in optical depth at z>6).

Around z~6 large dark gaps appear in the spectrum

KEF

What do we know about reionization?
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HST/Ground: Ly  emitters exist at z > 7 and Ly-break drop-
out galaxies exist out to z ~ 11 in the optical. 

ALMA: detections of [OIII]/[OI]/[CII] lines at z~6-9.1 suggest 
rapid metal build-up during reionization.

α

Lyman alpha emitters seem to quickly decrease in number density at z>7,  
possibly suggesting that the neutral hydrogen density is increasing and 

ionised bubbles around these galaxies are small.

Konno+14

Some Selected Observations of the CD/EoR

No continuum but strong narrow-band emission at z~7.3

HST

A plethora of galaxies (some lensed) in the EoR are becoming available 
up to z~11+.  Largely thanks to drop-out techniques in the IR (e.g. w/HST).

Some Selected Observations of the CD/EoR
KEF

What do we know about reionization?
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Cosmic Dawn Goals for 2020sKEF

Cooray et al.
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Cosmic Dawn and Reionization Sciences 
• First Galaxies:  tracing Hα during reionization to z=8, Lyα to z > 15
• First Blackholes:  finding AGNs at z=8
• Reionization Tomography:  Lyα, Hα intensity mapping during reeionization

CDIM in a (Falcon-9) Nutshell

CDIM: Near-IR Wide-field Spectro-Imaging Survey Telescope
• 0.75 μm – 7.5 μm spectro-imaging in 840 narrow bands at R=300
• 0.83 m effective aperture (1.1 m physical)
• 2” PSF, 1” pixels, ~9 sq. degree focal plane
• Three-tiered (15-300 deg2) survey in 4 years
• Substantial heritage: linear variable filters (e.g., SPHEREx), H2RGs to 7.5 μm 
(NEO-Surveyor), V-groove passive thermal cooling (e.g., Planck)
• Costed at JPL to be about $920M (incl. 30% margin)

KEF
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Spectroscopy with Linear Variable Filters (LVF)

1680 data points

KEF
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CDIM Science Case 
Tzu-Ching Chang, JPL 
(Study Scientist) 

CDIM  = “see-dim” 



Cosmic Dawn and Reionization

Measuring Hα
up to z of 8

• R>=300 to separate [NII] from 
Hα  
• Line flux sensitivity

Finding black
holes to z of 8

• Large survey area
• Point source sensitivity

Mapping reionization 
topology and history 
with Hα and Lyα at      

z of 5-10

• Wavelength 0.75-7.5 microns
• Large field of view
• Surface brightness sensitivity

KEF
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• Detecting faint, high-redshift galaxies 

• Deep survey;  15 deg2 to overlap with WFIRST/Euclid deep fields

• Detecting bright, rare AGNs

• Wide survey;  300 deg2 to catch z=8 AGNs.

• At either SEP or NEP, visible all-year round from L2, surrounding the Deep survey 
field

• Reionization tomography in synergy with 21cm intensity maps 

• Medium survey;  30 deg2 to match a SKA 21cm EoR deep field likely overlapping 
with the ECDF-S and HERA

• Four-year survey. Observing efficiency at > 90%, (~7% of time for slewing).

CDIM Three-tiered SurveyKEF
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CDIM Sensitivity and Spectrum
CDIM: Cosmic Dawn Intensity Mapper Final Report  
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stellar masses of M/Mո = 109.3 and 108.9, 
respectively. Compared to the CDIM flux limits of 
deep and wide surveys, shown in red and green 
horizontal bars respectively, this highlights that 
galaxies at this modestly large stellar mass (for that 
epoch) will be detectable at z = 5 in the wide survey, 
and z = 8 in the deep survey.  

The right panel of Figure 2-5 shows the 
cumulative number of galaxies as a function of stellar 
mass expected per square degree. Down to our limit 
of M/Mո = 109.3 over the 300 deg2 wide survey, we 
expect to detect ~100,000 z > 6 galaxies in their rest-
frame optical emission (3–5 ȝP� REVHUYHG��� ,Q� WKH�
deep 15 deg2 survey, we will detect and characterize, 
through stellar mass and other SED-based 
measurements, at least 15,000 galaxies with z > 8. 

Metallicity measurements. Metallicity can be 
directly inferred from the so-called N2 index, the 
ratio of >1,,@�WR�+Į emission. Based on metallicity 
measurements of Lyman-break analogs in the local 
Universe (Shim & Chary, 2013), the estimated 

number of galaxies tKDW�ZLOO�KDYH�ERWK�+Į�DQG�>1,,@�GHWHFWHG�DW�HDFK�UHGVKLIW�ZLWK�&',0�LV�KLJKOLJKWHG�LQ 
Figure 2-3. For instance, the CDIM deep survey can measure the metallicity of ~104 galaxies via detections 
RI�ERWK�+Į�DQG�>1,,@�HPLVVLRQV at z = 5, as well as the metallicity-sensitive [OIII] emission lines.  

In Figure 2-6, ZH�KLJKOLJKW�WKH�DFFXUDF\�WR�ZKLFK�>1,,@�+Į�FDQ�EH�PHDVXUHG�ZLWK�&',0�VSHFWUD�DV�D�
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. $OWKRXJK�WKH�PHGLDQ�YDOXH�RI�>1,,@�+Į is 
0.3 in the present-day Universe��WKH�H[SHFWDWLRQ�LV�WKDW�>1,,@�+Į�PD\�EH�< 0.1 at z > 4 due to the limited 
cosmic time galaxies have had to build up their stellar mass and elemental abundance. 

 

Figure 2-4. HD Luminosity function and CDIM luminosity 
depth. Predicted +Į luminosity functions, created assuming 
the +Į�HTXLYDOHQW�ZLGWK (EW) distribution from Stark et al. 
(2013), the rest-frame UV luminosity functions from Finkelstein 
et al. (2015), and a flat SED (consistent with a ~100–500 Myr 
continuously star-forming population). The vertical and 
horizontal lines show the expected luminosity limits for the 
CDIM Wide survey at z = 5, and CDIM Deep survey at z = 8. 

   

Figure 2-5. CDIM detects faint galaxies at high redshifts. Left: The two spectra shown are model star-forming galaxies at 
z = 5 and z = 8, with stellar masses of log(M/Mո) = 9.3 (top line) and log(M/Mո) = 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 deg2 wide survey are indicated by the green horizontal bars and the 15 deg2 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/Mո) = 9.3 and log (M/Mո) = 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.  

CDIM Detects Faint Galaxies KEF

• Measure redshifts for most WFIRST-HLS detected galaxies at z=5-8

13
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CDIM Measures Stellar Mass and Metal production

• Measure stellar mass from rest-frame optical, and metallicity from [NII]/Hα.

• CDIM traces stellar mass and metal build up across redshift 

KEF
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Willott+15 LF

Kulkarni+18, Wang+18 LFC
D
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• Two quasar luminosity functions, Willott+15 and Kulkarni+18 and Wang+18 which has a 
steeper faint-end slope, both forecast more than 100 quasar detections at z=6.  

• CDIM measures >100 quasars with spectra at z>6, inferring blackhole masses down to 107 
Msun using MgII line. CDIM measures blackhole mass growth across redshift.

CDIM measures growth of blackhole massesKEF
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Density fluctuation
      Ionizing sources
(traced by galactic Hα)

   Neutral IGM
(traced by 21cm)

200 Mpc

Partially ionized  
IGM (traced by 
scattering Lyα)

        
z=7

        
z=10

SKA/HERACDIMCDIM

21cm, Hα, Lyα Reionization TomographyKEF
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in sky areas that are not part of the science program we have outlined. Due to its large FoV and rapid 
mapping capability, CDIM can also function as a transient source identifier for time-domain sciences. Of 
interest in 2030s will be identification of electromagnetic counterparts to gravitational-wave sources, 
especially super-massive black hole merger events detected by LISA gravitational-wave space observatory. 
CDIM is capable of rapid scanning of LISA error boxes, expected to be in the order of 10 to 100 deg2. 

2.6 Science Requirements 
Table 2-1 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.  

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 deg2, 
30 deg2 and 300 deg2 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. 

 

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 
field derived from CDIM intensity maps 
of Hα, Hβ and Lyα (shifted from the red 
points by a ∆z = 0.1 for better 
visualization). The red points mark the 
same constraints derived from the 
cross-correlation of Lyα 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 2018 Planck 
release (Planck Collaboration et al., 
2018). 5 6 7 8 9 10 11 12
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• Ionization fraction can be inferred from multiple measurements:  evolution of LAEs, Hα and Lyα 
intensity evolution, and amplitudes of (21cm x Lyα) cross-power spectra.

KEF
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Table 3-1. CDIM Science Traceability Matrix 

 
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. 

Science Requirements KEF

18



CDIM Design 
Asantha Cooray (UC Irvine) 

CDIM  = “see-dim” 



Three-mirror all-reflective design 
with 1.1m physical aperture/ 

0.83m effective aperture  

Linear Variable Filters (LVF) at 
R=300, 4x6 H2RG detectors

4-stage V-groove radiators, 
passive cooling at T<35K in L2 

halo orbit

Ka-band HGA.  Data rate ~400 
Gbit/day, 1hr/day downlink

5.
6m

CDIM DesignKEF

20



• CDIM telescope is a wide-field three-
mirror anastigmat design with 1.1m 
largest optic and 0.83m entrance 
pupil 

• Beryllium mirrors and structure 
provide passive athermalization in a 
lightweight design that simplifies 
integration and test, and substantial 
heritage (Spitzer, JWST) 

• 9 deg2 field of view design < 0.6″ 
RMS image PSF, low distortion and 
a flat focal plane well matched to 1″ 
H2RG pixels

CDIM Telescope
KEF

21
21



• There is no spectrometer!  
– No re-imaging, no prisms or gratings 
– No moving parts 

• Imaging spectroscopy with linear variable filters (LVFs) 
– CDIM spectral coverage: 0.75 – 7.5 µm 
– Spectral resolving power: R = 300 
– 6 filter bandpasses x 4 identical rows 
– 24 H2RG detectors (4 types) 

• LVFs have flight heritage: 
– New Horizons – Pluto 
– OSIRIS-REx –  asteroid Bennu: 

• SPHEREx (MIDEX) mission also uses wide-field 
imaging and LVFs

Spectroscopy with CDIM
KEF
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• Thermal design based on successful Planck v-
groove passive cooling 

• Telescope enclosure reaches 25 K 
– Requirement 70 K 

• Focal plane array has small heaters for stability 
– Meet requirement of 35 K 

• Separate radiator for SIDECARs 
– Meets 140-200 K allowed range 

• Overall design has substantial thermal margin

Thermal design
KEF

23



Payload Architecture

• CDIM payload supported by bipods on 
spacecraft bus 

• Solar panels and telecommunication 
high-gain antenna on lower surface of the 
bus

Spacecraft Bus

SIDECAR Radiator

V-groove Radiators

Telescope

Telescope boresight

Sunlight (up to 18° off-axis)

KEF

Accommodation Requirement Capability
Power	(W) 50 125*
Data	Rata	(Mb/s) 5 10
Data	Storage	(Gb) 413 1536
Pointing	Control	(arcsec) 1 <	1
Pointing	Stability	(arcsec	/	250	sec) 0.5 0.5
Thermal Payload	and	S/C	thermally	decoupled

24



CDIM Spacecraft 

• CDIM team worked closely with Ball; study team includes a 
Ball spacecraft engineer and a Ball systems engineer 

• Ball has experience integrating passively cooled telescopes 
onto their Ball Commercial Platform (BCP) spacecraft line 

– Deep space heritage with Kepler and Deep Impact 
missions 

– Precision pointing heritage with Kepler 
– Cryo-payload interface heritage with WISE and SPHEREx 

(now in Phase B) 
– Autonomous rapid slew and settle heritage 

WorldView-1,2,3 

• Ball buses meet lifetime expectations 

• BCP platform has successfully supported 12 missions on 
orbit with over 70 years of cumulative on-orbit time

KEF
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CDIM Survey Strategy
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There are three primary fields: a deep (15 deg2) and wide field (300 deg2) both with observation 
centered around the SEP, and a medium survey (30 deg2) to overlap with fields from HERA and SKA1-
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�1) and a pre-insertion cleanup (5–10 m s�1). Station-keeping 

 

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. 

KEF

Two other IR “Probe” class and higher missions > 90% efficient: Spitzer/Herschel 26



CDIM Flight System

 

Table 4-1. CDIM’s subsystems with Current Best Estimate 
values shown for mass and orbit average power (OAP) with 
healthy margins to MPV design parameters. 

Subsystem Mass (kg) OAP (W) 
Attitude Control 66.1 156 
Command & Data 16.8 38 
Power 46.4 60.5 
Propulsion 13.1 8 
Propellant 24.5 0 
Structures & Mechanisms 224.2 0 
    S/C-Side LV Adapter 8.6 0 
Cabling 48.5 0 
Telecom 27.7 60 
Thermal 22.3 61 
Spacecraft Bus Total 489.6 383.5 
Instrument 694.0 50.0 
Dry Total, CBE 1183.6 433.5 
Dry Total, MEV 1429.0  
Wet Total, MEV 1453.5 621.5 
Maximum Possible Value 3428.5 820.0 
Margin (%) 136% 32% 

• Designed to maximize observing 
efficiency 

– Large solid angle accessible for 
pointing 

– Steerable HGA 
– Agile telescope 

• No telescope and spacecraft bus 
deployments 

• Compatible with all EELV 5m 
fairings

KEF
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• CDIM team identified two technology developments 
– 7.5µm cutoff H2RG detectors 
– Linear Variable Filters (LVFs) 

• These are described in the APC White Paper and 50-page report 

• Summaries next 

Technology Development 
KEF
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7.5µm cutoff H2RG detectorsKEF

29

– 7.5µm cutoff H2RG detectors leverage 10µm NEOCAM/NEO-Surveyor detector development.  
• 7.5µm fabrication is easier (alloy is harder at the shorter wavelength; easier to remove substrate) 
• Detectors have already demonstrated the required dark current performance at <35K 
• Substrate-thinning to minimize cosmic ray degradation  
• $8M and 3 years



Linear Variable Filters (LVFs)

Table 5-1. LVF Technology Development budget
Task LVF Technology development Cost Schedule

1 Development of 4 µm to 8 µm 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

KEF

30

Linear Variable Filters (LVFs) have substantial flight heritage: 
• New Horizons – LVFs in the near IR (up to R~200) on 

– LEISA instrument with R=240 and 560 (Reuter et al. 2008).  
– LVF full-color image of Jupiter using LEISA on the cover of Science (Baker, 2007)  

• OSIRIS-REx at asteroid Bennu: 
– OVIRS instrument (Reuter et al., 2018) covers 0.4–4.3µm in 3 bands with R = 125–200  

• SPHEREx in NASA Astrophysics MidEX 2023 launch (R=40-135; 0.75-5.0µm) 
• Simulations (multi-layer interference filter) of LVF performance for CDIM have achieved 

the required R=300 spectral resolving power   
• Develop to meet the out-of-band rejection (OD-5) needed to minimize backgrounds 
• Environmental tests to show 35K operations 
• $4M and 3 years

applewebdata://6E49692B-0EA5-431C-9FB6-47DC9DB01CCC/#_ENREF_3
applewebdata://C0B2D2B4-E459-457B-BB37-7DDB6375F71A/#_ENREF_89


JPL Team-X and CDIM Team Costs

• Team X used Team X processes and models 
throughout 

– Exception: WBS 05.04.01 Detectors ($8.9M ! $70M; 
used the actual cost from US detector contribution to Euclid; 
ESA M2 mission) 

• CDIM Team adopted Team X costs 
– Exceptions: 
– WBS 6.0 Spacecraft (estimate directly from Ball; historical data to 

Class-B missions $189M) 
– WBS 10.0 ATLO (directly from Ball SEER-H $34M) 
– WBS 12.0 Mission and Nav Design (final Team-X missed this; an 

earlier estimate given to team at $4.2M)

KEF
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• De-scopes (cost-driven trades): 
– Studied telescope sizes from 1.5m to 1.0m largest optic ! 1.1m physical aperture (0.83m effective aperture) 
– 6x6 H2RGs ! 6x4 H2RGs 
– Other ways to do spectroscopy including deformable micro mirrors (DMMs; cost for 1.5m telescope + 36 

H2RGs + DMMs for IFU = ~$2B estimate). 
– $1B cost limit leads to an approach like LVFs 

• Science impact from 1.5m ! 1.1m physical/0.83m effective + 24 H2RGs:   
– 10% reduction in estimated number of detected galaxies, and 10% reduction in quasars 
– Impacts point source (galaxy/AGN science) at z > 8, but preserves intensity mapping out to z > 10  
– Science reduction mitigated by 
• 3 year ! 4 year survey plan 
• Smaller deep field, and wider shallow field (wider-shallow is better for rare sources like bright AGNs) 

• How cost trades were done during the study: 
– Initial Team X ‘rule of thumb’ used to scope initial telescope size 
– Only the final adopted design (presented here) was fully costed by Team-X at JPL 

CDIM Study/Design Trades to meet “Probe” Cost

33
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• H4RG was studied in the Team X Instrument Follow-Up 
session 

• Smaller pixels implies re-design of telescope and re-
optimization of aperture size, field of view etc. 

• Conclusions:  
– After a trade study, concluded H4RG offers no obvious benefit 
– H2RG detector array is well-matched to the science objectives, 

PSF and required pixel-scale for source detection and intensity 
mapping measurements 

– H4RGs carries an extra cost and a risk;  not necessary for a Probe 
mission.

H2RG vs H4RG detectors
KEF
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CDIM Concept Summary Slide

• Comments on Team Costing : Team estimate of $905M is $5M below WBS 1-3 of previous mission 
averages. Spacecraft appears low by $25-35M (we agree with Team-X). These cost increases are 
consistent with both Team-X and CE&P estimates.

• Comments on Schedule: The CDIM schedule appears low risk.

• Concept Maturity:  Advanced for this stage.

• Science Implementation: CDIM  performs a 4 year all-sky survey from L2 and is an instrument for multi-
object spectroscopy from 0.75 to 7.5 µm. It comprises a wide field, cryogenic telescope  that forms an 
image of the sky on a 2-dimensional array of infrared detectors, each with an associated linear variable 
filter (LVF, ). A mosaic of 24 Teledyne H2RG detectors. Science should be achievable.

• Mission:  The 1.1-m beryllium telescope is readily available as are the detectors and Liner Variable 
Filters with some modifications. System is passively cooled to 35k with margin at L2.  Spacecraft is 
based on slightly modified existing Ball spacecraft. Has a single deployment, the aperture cover. No 
moving parts in the payload. Dry mass is 1184kg

• Enabling Technologies: The technology development required is modest and currently at  TRL 4. Five of 
six bands of the detectors are TRL 9. Current HgCdTe detectors with 5.5um cutoff  are off the shelf. 
Requires extension for band 6 to 7.7um.  The linear variable filters likewise require extension from 
>4um to 7.5um cutoff. Omega Optical, the filter supplier has already retired much of the design risk 
during the probe study.

• Challenges: No significant ones identified.  The design concept is based on considerable amount of  
commercially available technology. 
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The PCAT assessment is that this mission can LIKELY be accomplished  within a $1B cost cap.35 35



Summary

• CDIM probe design developed:

• 0.75 μm – 7.5 μm wide-field spectro-imaging at R=300

• 0.83 m effective aperture, 2” PSF, 1” pixel, 9 sq. degree focal plane

• Efficient three-tiered survey design

• Designed to probe Cosmic Dawn and Reionization in novel and powerful ways: 

• First Galaxies:  tracing Hα to z=10, studying stellar mass and metal build up

• First Blackholes:  finding AGNs at z=8, constraining blackhole mass growth

• Reionization Tomography:  Lyα, Hα Intensity Mapping to measure bubble growth and reionization history

• Simple, robust design, Low risk, High readiness level, with Science margin 

• Fully costed to be <$1B with Class-B margin

• Could be extended for GO program; cost is for 4-years of science operations for CDIM science case
36



Downlink Rates / Data Volume / Analogies

• CDIM can store > 3.5 days of science data before requiring downlink 
– ~400 Gbit/day science data generation 
– ~1500 Gbit onboard storage (192 Gbyte) 

• Ball designed a 150 Mbit/s Ka-band telecom system for science data 
– 0.65m gimbaled high-gain antenna 
– 60 W amplifier 
– 10.5 dB link margin 

• All daily science data can be downlinked to 34m DSN antennae in < 1 hour 
– Current design can support either daily 1-hour downlinks (or 2-hour downlinks 

every other day) 
• Total of < 6 hours DSN contact required per week for science data, split between 7 or 

3-4 passes 
– Both designs fit within existing New Frontiers spacecraft DSN utilization 
• Mission 1 : 3-4 DSN passes per week, 4 hours per pass 
• Mission 2: 1 DSN pass per week, 8 hours per pass
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stellar masses of M/Mո = 109.3 and 108.9, 
respectively. Compared to the CDIM flux limits of 
deep and wide surveys, shown in red and green 
horizontal bars respectively, this highlights that 
galaxies at this modestly large stellar mass (for that 
epoch) will be detectable at z = 5 in the wide survey, 
and z = 8 in the deep survey.  

The right panel of Figure 2-5 shows the 
cumulative number of galaxies as a function of stellar 
mass expected per square degree. Down to our limit 
of M/Mո = 109.3 over the 300 deg2 wide survey, we 
expect to detect ~100,000 z > 6 galaxies in their rest-
frame optical emission (3–5 ȝP� REVHUYHG��� ,Q� WKH�
deep 15 deg2 survey, we will detect and characterize, 
through stellar mass and other SED-based 
measurements, at least 15,000 galaxies with z > 8. 

Metallicity measurements. Metallicity can be 
directly inferred from the so-called N2 index, the 
ratio of >1,,@�WR�+Į emission. Based on metallicity 
measurements of Lyman-break analogs in the local 
Universe (Shim & Chary, 2013), the estimated 

number of galaxies tKDW�ZLOO�KDYH�ERWK�+Į�DQG�>1,,@�GHWHFWHG�DW�HDFK�UHGVKLIW�ZLWK�&',0�LV�KLJKOLJKWHG�LQ 
Figure 2-3. For instance, the CDIM deep survey can measure the metallicity of ~104 galaxies via detections 
RI�ERWK�+Į�DQG�>1,,@�HPLVVLRQV at z = 5, as well as the metallicity-sensitive [OIII] emission lines.  

In Figure 2-6, ZH�KLJKOLJKW�WKH�DFFXUDF\�WR�ZKLFK�>1,,@�+Į�FDQ�EH�PHDVXUHG�ZLWK�&',0�VSHFWUD�DV�D�
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. $OWKRXJK�WKH�PHGLDQ�YDOXH�RI�>1,,@�+Į is 
0.3 in the present-day Universe��WKH�H[SHFWDWLRQ�LV�WKDW�>1,,@�+Į�PD\�EH�< 0.1 at z > 4 due to the limited 
cosmic time galaxies have had to build up their stellar mass and elemental abundance. 

 

Figure 2-4. HD Luminosity function and CDIM luminosity 
depth. Predicted +Į luminosity functions, created assuming 
the +Į�HTXLYDOHQW�ZLGWK (EW) distribution from Stark et al. 
(2013), the rest-frame UV luminosity functions from Finkelstein 
et al. (2015), and a flat SED (consistent with a ~100–500 Myr 
continuously star-forming population). The vertical and 
horizontal lines show the expected luminosity limits for the 
CDIM Wide survey at z = 5, and CDIM Deep survey at z = 8. 

   

Figure 2-5. CDIM detects faint galaxies at high redshifts. Left: The two spectra shown are model star-forming galaxies at 
z = 5 and z = 8, with stellar masses of log(M/Mո) = 9.3 (top line) and log(M/Mո) = 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 deg2 wide survey are indicated by the green horizontal bars and the 15 deg2 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/Mո) = 9.3 and log (M/Mո) = 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.  

CDIM Detects Faint Galaxies KEF

• Measure redshifts for most WFIRST-HLS detected galaxies at z=5-8
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