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The First Half-Billion Years

z=1100

z~20-30

z~6

The First Stars
M. Norman, B. O’Shea et al.



Spectral Features:

A: Dark Ages: test of
standard cosmological
model

B: Cosmic Dawn: First
stars ignite

C: Black hole accretion
begins

What is the 21-cm Global signal?

Dark
Ages

Cosmic
Dawn

Model consistent 
with EDGES

Model consistent 
with standard 
cosmology



EDGES: Key Features
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Bowman et al. 2018, Nature, 555, 67

FM radio



How to amplify signal by a factor of 2-3?

1. Increase TR via Dark Matter decay or synchrotron radiation from black holes, 
galaxies.
• Feng & Holder, Ewall-Wice et al., Fraser et al., Mirocha & Furlanetto

2. Alter the cosmology.
• McGaugh, Costa et al., Hill et al. 

3. Decrease TS via baryon-Dark Matter interactions which cools the hydrogen.
• Barkana, Munoz & Loeb, Fialkov et al., Berlin et al., Slatyer & Wu





The Dark Ages Polarimeter PathfindER (DAPPER):
A Space-based SmallSat Testbed 

Mission Overview
• DAPPER will deploy from vicinity of NASA’s 

Lunar Gateway & transfer to a 50×125 km 
low lunar orbit.

• Operates over primary bandwidth of 17-38 
MHz (83 ≥z≥36) and sparse secondary 
sampling from 55-107 MHz (25 ≥z≥12).

• Low noise amplifiers & dual channel 
receiver to measure all 4 Stokes 
parameters.  Based upon FIELDS 
instrument currently flying on Parker Solar 
Probe (TRL = 8).

• Projection-induced polarimetry used to 
independently constrain foreground.

• Baseline mission duration = 26 months.
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Lunar Farside: No RFI or Ionosphere!

RAE-2 1973

Lunar Farside: No RFI 
or Ionosphere!

Wind/Waves data
near the Moon



Spacecraft 
• Deep Space Xplorer bus by Bradford 

Space Industries.
• High impulse, high ΔV.

Antennas 
• Deployable, spinning, wire boom 

antennas arranged in 2 orthogonal, co-
linear pairs.

• 3 length deployments to “tune” 
instrument.

80 cm



DAPPER Instrument
• High heritage from Parker Solar Probe, THEMIS, Van Allen Probes.
• Receiver gain variations:

• Measured with high fidelity by frequency tones.
• Controlled by stabilizing temperatures to ±1℃.

• Calibration:
• Pre-launch lab measurements.
• In-flight verification.
• Fitting receiver characteristics using pattern recognition/MCMC pipeline.



Removal of RFI using 
Kurtosis & Neural Network

End-to-end simulation 
with sky + instrument 
systematics, signal 
models

Separate foreground
from 21-cm signal using
polarization & SVD

DAPPER separates 
standard cosmology from 
added-cooling at >5𝜎



Summary and Conclusions
Summary

• The redshifted 21-cm Global Spectrum at ≲30 
MHz offers the prospect of probing the nature 
& character of Dark Matter in the Dark Ages.

• These observations need to be conducted in 
space, in orbit of the Moon, to eliminate Earth 
ionospheric, RFI, & ground effects.

• Projection-induced polarization provides an 
independent measure of the galactic 
foreground.

• We developed a method which transforms the 
21-cm signal extraction task from one where 
absolute knowledge of system parameters is 
required to one of composing training sets 
where knowledge of the modes of variation are 
used.  

• DAPPER will differentiate between the 
standard cosmology model & added cooling 
models at >5𝜎 level.
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