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CoDeX: The basic idea
A discovery mission to observe the Dark Ages
(z>30 to ~200) and the early Cosmic Dawn
(z~15-30) using the 21-cm line of neutral hydrogen.
Neither era of the Universe has been explored by
any instrument to this date. A unique mission.
Requires a very large-area low-frequency
space-based interferometer.
Enables ESA to play a leading role
in 21-cm cosmology.

What can “21-cm Cosmology” tell us?
Between z~200* and z~6**, neutral hydrogen is a key tracer of fundamental physical
processes (early stages) and unique astrophysical processes (later stages)
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* spin & CMB-temperature decouple; ** universe is reionized

What can “21-cm Cosmology” tell us?
Discovery Time-Scales

30-200

z

Dark Ages

DM/DE/particle physics
Physics of Gravity & GR
Gravitational waves
Primordial black holes
Inflation

2030-2050

Space/Lunar based
Instruments

0-6

6-10

10-30

2025+

Cosmic Dawn

Appearance of first stars (PopIII?)/BHs
Ly-α/UV radiation field
SKA/HERA/NenuFar/
Impact of Baryonic Bulk Flows LEDA/JWST/
SPICA/ALMA…
First X-ray heating sources

Reionization

~2020
Reionization by stars & mini-quasars
IGM feedback (e.g. metals)
LOFAR, MWA, PAPER,
GMRT, HST, ALMA, VLT,
PopIII - PopII transition
Subaru, Keck, …
Galaxy formation/ Emergence of
the visible universe

PostReionization

BAO - DE EoS/Gravity
Intensity Mapping - DE EoS/Gravity
Galaxy Counts - Mass function ++

Ground-based interferometry experiments
Globally (China, India, South Africa, US, Australia, Netherlands, France, etc.)
many eﬀorts are underway to detect the 21-cm signal from z~6 to z~25
with ground-based interferometers — experiments are extremely hard!
Past/Current
instruments
focussing
mostly on z<10

Upcoming
instruments
in coming
decade
focussing
mostly on
z~6-25

Ground-based interferometry experiments
Current experiment are getting close to the 21-cm signal in the EoR, but are
far removed from a detection in the Cosmic Dawn, let along image it.

result from ground and future

Aqguire et al. 2019

SKA: Epoch of Reionization (tomography) + early Cosmic Dawn (power-spectrum);
dominant instrument until 2050 but no tomography of the Cosmic Dawn, and blind to Dark Ages.

Ground-based global experiments
In 2018 a detection of the global 21-cm signal of neutral hydrogen was claimed by
the EDGES team. Not the same as what interferometers do, but just as exciting.
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ending. In the scenario described above the first four of
these events generates a turning point (dTb /dz = 0) and
the final event marks the end of the signal. We reiterate
that the astrophysics of the sources driving these events
is very uncertain, so that when or even if these events
occur as described is currently unknown. Figure 2 shows
a set of histories for diﬀerent values of the X-ray and Lyα
emissivity, parametrized about our fiducial model by fX
and fα representing the product of the emissivity and the
star formation eﬃciency following Ref. [16]. Clearly the
positions of these features may move around both in the
amplitude of Tb and the frequency at which they occur.

is shown in Figure 3, where the form of the galaxy is
clearly visible. In this paper, we will be focusing upon
observations by single dipole experiments. These have
beam shapes with a typical field-of-view of tens of degrees. The lower panel of Figure 3 shows the beam of
dipole (approximated here as a single cos2 θ lobe) sitting at the MWA site in Australia (approximate latitude
26◦ 59’S), observing at zenith, and integrated over a full
day. Although the dipole does not see the whole sky at
once it does average over large patches. We will therefore
neglect spatial variations (although we will return to this
point in our conclusions).

FIG. 2: Dependence of 21 cm signal on the X-ray (top panel)
and Lyα (bottom panel) emissivity. In each case, we consider
examples with the emissivity reduced or increased by a factor
of up to 100. Note that in our model fX and f α are really the
product of the emissivity and the star formation eﬃciency.

FIG. 3: Top panel: Radio map of the sky at 100 MHz generated from Ref. [24]. Bottom panel: Ideal dipole response
averaged over 24 hours.

We view this to be the most likely sequence of events
for plausible astrophysical models. We are reassured in
this sequencing since, in the absence of Lyα photons escaping from galaxies [20], X-rays will also produce Lyα
photons [21, 22] and so couple TS to TK and, in the absence of X-rays, scattering of Lyα photons heats the gas
[23]. In each case the relative sequence of events is likely
to be maintained. We will return to how diﬀerent models
may be distinguished later and now turn to the presence
of foregrounds between us and the signal.

Averaging the foregrounds over the dipole’s angular response gives the spectrum shown in the top panel of Figure 4. First note that the amplitude of the foregrounds is
large ∼ 100 K compared to the 10 mK signal. Nonetheless, given the smooth frequency dependence of the foregrounds we are motivated to try fitting the foreground
out using a low order polynomial in the hope that this
leaves the signal behind. This has been shown by many
authors [e.g. 25, 26] to be a reasonable procedure in the

Bowman et al. 2018

Ground-based global experiments
If genuine, it requires some “exotic” physics, e.g. the cooling of baryons
by scattering oﬀ dark matter to explain the depth of the signal (-600mK).
Global-signal models; some aﬀect the Dark Ages

Constraint on DM particle mass and cross-section

CoDEX

Barkana 2018

Challenges facing 21-cm observations
from the Earth’s surface
• Foregrounds — (extra)Galactic emission exceeds the 21-cm
signal by 3-6 orders of magnitude (from z~6-200)
• Interference signal: human-made radio-frequency signals
strongly out-power the 21-cm signal at many frequencies
• Instrumental stability: the “gains” of the receivers vary with
time, frequency, direction. There is mutual coupling and multipath propagation due to complex environment.
• Ionosphere: causes phase and amplitude errors in the data as
function of baseline, time, frequency and direction.

Most challenges are largely mitigated in space,
in particular far away from Earth or in the lunar shadow:
No ionosphere, 80dB RFI suppression, stable environment

Several initiatives for space missions/
experiments — US, China, India
FARESIDE — PI: Burns

DSL — PI: Chen

US

China

US

DAPPER — PI: Burns

PRATUSH — PI: Singh

India

NCLE — a pilot mission in lunar L2
between China and the Netherlands
Launched in May 2018; part of Chang-e’4; commissioning ongoing;
tripole role-out planned for mid-Nov 2019

Moon

Earth

NCLE

PIs: Falcke, Klein-Wolt

CoDEX: Fundamental
(astro)Physics
Ground-based instruments can not reach the Dark Ages or even
the early Cosmic Dawn, due to ionosphere and sensitivity.
Current space-based instruments are pilots and largely focus
on the global 21-cm signal.
For a power-spectrum or tomographic detection a
large collecting area space-based interferometer is essential.

CoDEX — Cosmic-dawn Dark-Ages EXplorer
What is needed for a detection of the early Cosmic Dawn and Dark Ages?
Basic Objectives
• Enable a 10-sigma statistical detection of
the 21-cm signal during the Dark Ages
• Enable direct imaging of the 21-cm signal
during (early) Cosmic Dawn

Basic Requirements
•
•
•
•
•
•

Space-based interferometer
Collecting areas of 1-10-100 km2
All/half-sky field of view
High filling factor (i.e. compact array)
Large bandwidth covering 1-100MHz
More than 5-yr lifetime

Potential Mission Concepts

Potential locations

• Large free-floating inflatable structures
• Swarm of free-floating/connected (small)
satellites
• Array of di/tri-poles on lunar surface
• Allow scalability

• Lunar surface: far-side or poles
• Lunar orbit
• “Deep” space (e.g. Sun-Earth L4,5)

Fundamental Key Questions that CoDEX
can address via the the 21-cm signal
The standard model of physics plus the standard
Cosmological model exactly predict the 21-cm signal
of neutral during the Dark Ages: “simple" linear theory.
During the Cosmic Dawn (g)astrophysics is added.

Fundamental
physics

Foundational
astrophysics

(1) CoDEX can directly image the Cosmic Dawn
CoDEX is able to directly image the 21-cm signal during the
Cosmic Dawn and provide crucial information of very fundamental
physical process (e.g. DM-baryon interaction in this case) unlike a
statistical (e.g. power-spectrum) detection.

Barkana 2018

(2) CoDEX can statistically detect the Dark Ages
A statistical (power spectra) detection and limited imaging of the 21-cm
signal from the Dark Ages are possible with CoDEX, enabling diﬀerent
physical models to be distinguished at z>30.

(2) CoDEX can statistically detect the Dark Ages
A statistical (power spectra) detection and limited imaging of the 21-cm
signal from the Dark Ages are possible with CoDEX, enabling diﬀerent
physical models to be distinguished at z>30.

CoDEX — Cosmic-dawn Dark-Ages EXplorer
Scalability and science from day-one are part of CoDEX

Interferometers are extremely flexible instruments: CoDEX is a scalable
experiment that can start as M-class and grow to L-class over time.

CoDEX — Cosmic-dawn Dark-Ages EXplorer
Potential technologies & sites
Technologies
• Solar sails: etched dipoles on e.g. mylar/kapton (few g/m2) are thin (few μm)
light-weight, and require well-established technologies; the receiver system
is simple(r) to control.
• Swarm satellites: many (tri-poles) can quickly cover many scales but are
harder to control, although long baselines are then easier to include.
• Added manufacturing: could be used to build receivers on the lunar surface
and piggy-back on other lunar exploration eﬀorts.

Sites
• “Deep” space: Earth-Sun L4/5 are far from Earth and it might be
moderate-RFI environment (no ionosphere, but Sun might be an issue).
• Lunar orbit: Few-h lunar shadow (both Earth/Sun) per orbit. No landing
costs. Low/no RFI, no ionosphere.
• Lunar surface (poles/farside): Stable, RFI/ionosphere free, but expensive,
• might need piggy-backing on lunar exploration missions.

CoDEX — Cosmic-dawn Dark-Ages EXplorer
Potential technologies

ECHO 1 - Sphere
Technology

D-Shape printer for ESA's 3D-printed lunar base study

NASA’s SunJammer Solar sail: 35 kg/1200 m2

NASA’s SunJammer Solar sail: 35 kg/1200 m2

ECHO 1 - sphere
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Straw-man designs
Moon-based:

Earth-RFI shielded

• Lander: deployment system

(robots), comms/downlink, power,
data processing
• Orbiter: comms/downlink
• Payload: thin-film sheets (ROLSS
NASA concept)

Space-based

Lagrange points

• Mothership: deployment

inflatable structures, comms/
downlink, power, data processing
• Payload: light-weight structures,
balloons, solar-sail-like

The SLS: too expensive for exploration?

SLS

The cost of each SLS mission could run into the billions,
making the rocket unaffordable for any sort of regular
use in exploration or other roles. (credit: NASA)

Launcher: future heavy launchers (100+ tons), e.g. Falcon Heavy (SpaceX), SLS
(NASA), i.e. cheaper
and larger commercial space flight opportunities
by John Strickland
Monday, November 28, 2011

CoDEX: Enabling other science
CoDEX not only enables 21-cm cosmology, but
also drives other science cases (e.g. (exo)planets, transients)
Mission

Planetary
science

Solar activity/Space
weather

Lunar Science

Single antenna prototype

X

X

X

Multiple antenna prototype
(interferometry)

X

X

X

X

X

CoDEX prototype (0.1-1
km4*yr)

X

X

X

X

X

X

CoDEX (2 km4*yr)

X

X

X

X

X

X

CoDEX (5 km4*yr)

X

X

X

X

X

X

CoDEX (10 km4*yr)

X

X

X

X

X

X

Transients

Extra-galactic
surveys

Exo-planets

CoDEX — Cosmic-dawn Dark-Ages EXplorer
• The 21-cm signal is the only tracer of the Dark Ages and potentially the only tracer of
the early Cosmic Dawn. CoDEX will characterise this signal from z~15 to z~50+.
• Detection of the 21-cm signal by CoDEX enables fundamental (astro-) physical
processes to be studied — DM/DE, inflation, GWs, first stars, etc.
• Detection requires Aeﬀ=1, 10, 100 km2 (depending on science case) of collecting area
in a compact configuration: feasible with lightweight (e.g. mylar) materials, swarms of
micro-satellites, etc. TRL levels reasonably high, but more development needed.
• Enabling this from Earth is excluded by the ionosphere, human-generated RFI and a
relatively unstable environment: a space-based mission is necessary.
• The lunar orbit/far-side or deep space provide excellent environments. On the lunar
surface one could piggy-back on other exploratory missions).
• CoDEX encodes this concept and science motivations and is scalable from a Mclass to a large L-class mission with science from day one. Builds on many earlier
concepts and pilots (DARIS, SURO, LRX (Lunar Lander), OLFAR) and NCLE! Also
enables other science (e.g. exoplanets) and connects to global eﬀorts (e.g. US, China)

