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Abstract: The Dark Ages, probed by the redshifted 21-cm signal, is the ideal epoch for a
new rigorous test of the standard ACDM cosmological model. Divergences from that
model would indicate new physics, such as dark matter decay (heating) or baryonic cooling
beyond that expected from adiabatic expansion of the Universe.

After the Cosmic Microwave Background photons decoupled from baryons, the Dark Ages epoch
began: density fluctuations grew under the influence of gravity, eventually collapsing into the first
stars and galaxies during the subsequent Cosmic Dawn. In the early Universe, most of the baryonic
matter was in the form of neutral hydrogen (HI), detectable via its ground state’s “spin-flip”
transition. A measurement of the redshifted 21-cm spectrum maps the history of the HI gas
through the Dark Ages and Cosmic Dawn and up to the Epoch of Reionization (EoR), when
ionization of HI extinguished the signal. The Experiment to Detect the Global EoR Signature EDGES)
recently reported an absorption trough at 78 MHz (redshift z~17), similar in frequency to
expectations for Cosmic Dawn, but ~3 times deeper than was thought possible from standard
cosmology and adiabatic cooling of HI. Interactions between baryons and slightly-charged dark
matter particles with electron-like mass provide a potential explanation of this difference but other
cooling mechanisms are also being investigated to explain these results.

The Cosmic Dawn trough is affected by cosmology and the complex astrophysical history of the
first luminous objects. Another trough is expected during the Dark Ages, prior to the formation of
the first stars and thus determined entirely by cosmological phenomena (including dark matter).
Observations on or in orbit above the Moon’s farside can investigate this pristine epoch (~15-40
MHz; z~100-35), which is inaccessible from Earth. A single cross-dipole antenna or compact array
can measure the amplitude of the 21-cm spectrum to the level required to distinguish (at >50) the
standard cosmological model from that of additional cooling derived from current EDGES results.
In addition to dark matter properties such as annihilation, decay, temperature, and interactions, the
low-frequency background radiation level can significantly modify this trough. Hence, this
observation constitutes a powerful, clean probe of exotic physics in the Dark Ages.



Introduction

After the Big Bang, the Universe was hot, dense, and —
nearly homogeneous. As the Universe expanded, the Big Bang
material cooled, condensing after ~400,000 vyears

(z~1100) into neutral atoms, freeing the cosmic Gk 2
microwave background (CMB). The baryonic content

of the Universe consisted primarily of neutral

hydrogen. Fifty million years or so later, gravity drove

the formation of the first luminous objects — stars,

black holes, and galaxies — which ended the Dark Ages ~0.5 Gyr
and initiated the Cosmic Dawn (z~20-30; see e.g.,

Loeb & Furlanetto 2013). These first stars likely

differed dramatically from nearby stars, as they formed

in vastly different environments (e.g., Abel et al. 2002).

Figure 1 places this epoch into perspective.

This transformative time period marked the first

emergence of complexity in our Universe, but no v
currently-planned telescope can explore the Y
highest redshifts (z=<30) of this epoch. While

JWST, WFIRST, and a suite of ground-based facilities

will observe the Universe as it was ~300 million years

after the Big Bang (and especially focus on the

Reionization era, when distant galaxies ionized the gas 25y
between them about a billion years after the Big Bang),

none now contemplate observing the true first stars

and black holes (e.g., Behroozi & Silk 2015) much less v ~13 Gyr
the Dark AgCS that ptCCCdCd them. For example, CMB Figure 1. The early history of the Universe can be
observations of Thomson scattering measure the |uniquely probed using the redshifted 21-cm
integrated column density of ionized hydrogen, but |signal Currendy, there is a dearth of data between
only roughly constrain the evolution of the ;\}:e Ci/[B aﬁld Reionization epochs. The Dark
. ¢ . . ges through Cosmic Dawn are accessible via the
intergalactic medium (e.g., Mesinger et al. 2012). Ly-a |y spin-flip background at redshifts of z~10 —
absorption from QSOs only constrains the end of [100 (130 MHz S v < 13 MHz). See Locb &
reionization at relatively late times, z~7 (e.g., McGreer |Furlanetto  (2013).  Graphic ~adapted  from
et al. 2015). Observations with HST and JWST will [Djorgovski etal., Caltech.

only find the brightest galaxies at high redshifts (z<15), and thus any inferences drawn about the
high-z galaxy population as a whole depend upon highly-uncertain assumptions (e.g., Bouwens et al.
2015). The Hydrogen Epoch of Reionization Array (HERA; DeBoer et al. 2017) will observe the
neutral hydrogen (HI) power spectrum from ~50-200 MHz (z=27-6) probing the Cosmic Dawn and
EoR epochs but not the Dark Ages (e.g., Ewall-Wice et al. 2016). On the other hand, space-based
observations at frequencies 40 MHz using the 21-cm spin-flip transition of HI can investigate the
Global Signal from the pre-stellar epoch at z~50-100 which is not accessible from the ground.

In this white paper, we describe the breakthrough science that can be performed by probing the
Dark Ages for the first time using the highly redshifted 21-cm monopole. An absorption trough
expected below 40 MHz is sensitive to deviations from the standard ACDM cosmology model
generated, for example, by added heating or cooling possibly produced by dark matter. Such very
low frequency radio astronomy observations must be performed from the lunar farside to escape
Earth-based ionospheric, radio-frequency interference (RFI), and ground effects. We show that a
relatively simple orthogonal, dual-dipole antenna with a radio spectrometer/polarimeter, each with
significant flight heritage, can probe for new physics beyond the standard model using the 21-cm
global spectrum.



The Redshifted 21-cm Global Spectrum

The most promising method to measure the properties of the Dark Ages is the highly-redshifted
Global or All-sky 21-cm Spectrum illustrated in Figure 2 (see e.g., Pritchard & Loeb 2012). The
“spin-flip” transition of neutral hydrogen emits a photon with a rest wavelength of 21-cm (v=1420
MHz). This signal, while generated by a weak hyperfine transition, is nevertheless observable
because neutral hydrogen pervades the Universe during the Dark Ages and the onset of Cosmic
Dawn.

The curves in Figure 2 illustrate broad spectral features that are common to virtually all 21-cm
models of the early Universe. The evolution of the brightness temperature is driven by the evolution
of the ionization fraction (xy;) and spin temperature T (measure of the fraction of atoms in the two
spin states) of HI relative to the radio background temperature Ty (usually assumed to be the CMB)
(e.g., Furlanetto et al. 2006; Shaver et al. 1999) as given by

0.15 1 1/2 T
0Ty ~ 27 Tn 1(1 —+ (S) ( 0.023 ) ( ]—Bz> (1 — TS) mK Eq. (1)

where § is the baryon overdensity (~0 for the all-sky signal), h is the normalized Hubble constant,
and Q,(Q,) is the baryon (total mass) abundance parameter. Because of cosmic expansion, the
obsetved frequency v, cotrresponds to a redshift z through the relation v/v,=1+z, where v=1420
MHz is the rest frequency; so, the 21-cm spectrum is a powerful measure of the time evolution of
structure growth in the early Universe (see Figure 2).

In the standard ACDM cosmological model, the lowest frequency (corresponding to the highest
redshift and earliest time) spectral absorption feature in each curve of Figure 2, hereafter called the
“Dark Ages trough” (v<40 MHz), is purely cosmological, containing no information about the
history or astrophysics of stars and galaxies. At

z =30, cosmic expansion drives a decoupling 100 20 220 5 1

between the spin temperature and the radio
background radiation temperature (Ty > Tj) 0
producing a broad absorption feature in the 21-cm ~100
spectrum. The standard cosmological model makes
a precise prediction of the central frequency (=18
MHz) and brightness temperature (=40 mK) for
this feature. Any departure from these values (e.g.,
the red curve in Figure 2) would indicate a deviation
from the standard model, with additional exotic Dark Cosmic
physics such as non-gravitational interactions - Ages ~ Dawn
between baryons and dark matter being required as 0 20 40 60 80
recently suggested (e.g., Barkana 2018; Munoz & v/MHz
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Loeb 2018; Berlin et al. 2018; Mufioz et al. 2018).
Thus, the low frequency 21-cm spectrum offers a
novel and powerful probe of the standard
cosmological model.

Recent results (Bowman et al. 2018a,b) reported by
the Experiment to Detect the Global Epoch of Reionization
(EoR) Signature (EDGES), suggest the presence of a
strong absorption feature in the 21-cm spectrum at
~78 MHz (z~17), within the range expected for the
“Cosmic Dawn trough” caused by the onset of the
first stars/galaxies/black holes. If verified by other
experiments, these results offer the exciting
prospect of investigating physics outside the
standard cosmological model in the early Universe.

Figure 2. The redshifted Global 21-cm spectrum
provides crucial cosmological information from the
Dark Ages through Cosmic Dawn. The cutves above
illustrate the brightness temperature (Tp) measured
relative to the radio background. The dashed black
curve corresponds to a model with standard cosmic
expansion/cooling and Pop II star formation (e.g.,
Mirocha et al. 2017). The red cutve is a new model
(Mirocha & Furlanetto 2019) consistent with high-z
luminosity functions from HST and the recent
EDGES results (Bowman et al. 2018a), including
added hydrogen cooling motivated by dark matter
scattering (e.g., Barkana 2018). Observations at <40
MHz probe the Dark Ages where deviations from
the standard cosmological model can be clearly
distinguished.
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Figure 3. Redshifted 21-cm global spectral Figure 4. Our parametric models consistent with new
observations at 15-40 MHz can distinguish at >50 EDGES results (grey bands with 1 and 20 uncertainties)
level between the standard cosmological model | |Predict a deep absorption trough at <40 MHz produced by
whose parameter values are marked by the blue | |additional cooling of baryons, possibly resulting from
star and models with excess cooling (green| |interaction with dark matter. The black dashed curve
contours) here determined by EDGES. These (standard cosmology model) is the same as in Figure 2. The
constraints require 15 mK uncertainties across a blue curve assumes cooling at the adiabatic rate but earlier
15-40 MHz band. The contours represent 1-30° than the standard model. The red curve has a lower and
earlier cooling rate. The magenta curve assumes that the
cooling rate does not monotonically decline but rather there
is a preferred epoch of excess cooling.

confidence ranges. The green bands in Figure 6
correspond to the 1o constraints shown by the
dark green contour above.

Figure 4 compares the EDGES signal to a model (black dashed curve) bounded by adiabatic
expansion and assuming star formation similar to nearby Pop II stars (see e.g., Burns et al. 2017
Mirocha et al. 2017). While the difference in redshift can be explained within the standard model
the trough is about 3 times deeper than expected, suggesting novel physics.

There are three possible explanations for the deep Cosmic Dawn trough in Figures 2 and 4. First, it
might be explained by an increase in the radio background (T} in Eq. 1; e.g., Feng & Holder 2018;
Fialkov & Barkana 2019), sourced by synchrotron emission in the first star-forming galaxies or
AGNs (e.g., Mirocha & Furlanetto 2019; Ewall-Wice et al. 2018) or dark matter annihilation (Fraser
et al. 2018) Second, the trough could also be explained by a change in the cosmological parameters
(e.g., oh? in Eq. 1). A third possibility, which has received much attention, is that the trough could
be produced through enhanced cooling of the hydrogen (T in Eq. 1) via Rutherford scattering off
of dark matter (e.g., Munoz et al. 2015; Barkana 2018; Fialkov et al. 2018). However, independent
constraints suggest that this source of scattering could not compose all of the dark matter in the
Universe but rather only a sub-percent fraction (Mufioz & Loeb 2018; Berlin et al. 2018; Kovetz et
al. 2018). Identifying excess cooling in the early Universe could thus provide the first evidence that
there is more than one kind of dark matter. Indeed, the timing of the signal alone can constrain the
properties of any warm component of dark matter (e.g., Safarzadeh et al. 2018; Schneider 2018; Lidz
& Hui 2018).

In exploring the implications of the excess baryonic cooling, we follow Mirocha & Furlanetto (2019)

and model the cooling rate as
B
- (—) ] } Eq.
20

dlogT (2+a)

dlogt 3
which can be integrated to obtain the thermal history T(z) of the early Universe. This equation was
constructed to reproduce the standard cosmological thermal history when a=-4, and allows a
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smooth transition between the asymptotic limits of -2/3 when z — o0 during the epoch of
recombination to -4/3 at low-z in the matter-dominated era. The parameter z, ot z,. controls the
redshift at which the cooling rate is decoupled halfway between these two limits, 3 indicates how
rapidly the cooling rate declines after Compton scattering becomes inefficient, and o regulates the
late-time cooling rate. Fits to the EDGES signal, using the parametric cooling model of Eq. 2,
deviate strongly from the ACDM prediction at lower frequencies (15-40 MHz), as shown in Figure
3. The blue star shows the position in this plane corresponding to the standard ACDM cosmology
while the green contours show the expected ranges assuming the true signal matches a cooling
model obtained when fitting to the reported EDGES results. It is clear from this figure that a
measurement in the 15-40 MHz band will be able to differentiate with high confidence (>50)
between the presence of added cooling as currently implied by EDGES (see e.g. Barkana 2018;
Berlin et al. 2018; Ewall-Wice et al. 2018; Feng & Holder 2018; Fialkov et al. 2018; Fraser et al. 2018;
Muinoz & Loeb 2018) and the minimal cosmological cooling.

In Figure 4, we show three example “excess cooling” models that, while consistent with the EDGES
Cosmic Dawn trough at 78 MHz, make different predictions for the Dark Ages signal. The dashed
black curve again illustrates the depth of the trough predicted using simple adiabatic cooling of the
gas plus the effects of Pop II stars as expected before EDGES. The color curves demonstrate the
effects of both different cooling rates and time of the cooling, while also adjusting astrophysical
parameters in order to preserve the 78 MHz feature seen by EDGES. The 78 MHz Cosmic Dawn
trough, while suggestive of exotic physics such as dark matter interactions, is complicated because of
the multifaceted astrophysics including star formation, ionization, and black hole X-ray heating that
occur during this epoch. The Dark Ages absorption feature described here, reflecting the state of the
Universe before the formation of the first stars, has the potential to resolve these ambiguities and
cleanly constrain the origin and characteristics of any source of additional cooling. Thus, the Dark
Ages, probed by the redshifted 21-cm signal, is the ideal epoch for a new rigorous test of the
standard ACDM cosmological model. Divergences from that model would indicate new
physics, such as dark matter decay (heating) or baryonic cooling beyond that expected from
adiabatic expansion of the Universe.

Observations from the Lunar Farside

Observations through the Earth’s ionosphere at low radio frequencies, especially below ~30 MHz,
are vitiated by absorption, emission, and refraction at levels well above the expected redshifted HI
features (e.g., Datta et al. 2016; Vedantham & Koopmans 2015). Thus, observations above the
Earth’s ionosphere are necessary in order to avoid corruption of the 21-cm spectrum.

Furthermore, the low radio frequency spectrum is heavily used by powerful civil and military
transmitters, with a variety of spectral emissions seen from Earth orbit (see e.g., Burns et al. 2017).
To mitigate the effects of this interference, sensitive hydrogen cosmology observations must be
conducted from the radio-quiet lunar farside in regions with ~80 dB suppression of Earth-based
RFI (corresponding to ~mK noise levels). Such observations can be performed from a stable
(“frozen”) low lunar orbit (50X125 km; see Plice, Galal & Burns 2017) with data taken when the
spacecraft is above the farside or from the farside lunar surface (e.g., Lazio et al. 2011).

Feasibility and Recommendations

The lunar-based observations described above can be made by a relatively simple instrument with
significant flight heritage and the following characteristics: (1) thin, rotating, dual orthogonal dipole
antennas which measure linear polarization, (2) low-noise preamplifiers, (3) a dual channel baseband
radio spectrometer/polarimeter with 100 MHz of RF bandwidth and onboard cross-spectral
capability.

The major challenge in doing hydrogen cosmological observations is the presence of bright galactic
and extragalactic foregrounds that are >10" times that of the 21-cm signal. Our strategy to separate
the 21-cm signal takes advantage of three distinct characteristics of the foreground in contrast to the
signal. First, as opposed to the broad frequency structure of the 21-cm signal, the frequency
specttum of the foreground is a simple, low-order polynomial (in Inv —InT space) produced by
synchrotron radiation (e.g., Bernardi et al. 2015; Sathyanarayana Rao et al. 2017) — see Figure 5.
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Figure 5. The 21-cm spectrum must be measured in
the presence of bright spectrally featureless
foregrounds. The foreground spectrum (black curve)
is shown for a region away from the Galactic center.
The red curve illustrates one model of the 21-cm
spectrum consistent with EDGES (Figure 4). Note
the y-axis is in log(Ty) which accounts for the
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Figure 6. The expected performance for a crossed, dual-
dipole antenna + spectrometet/polatimeter above ot on
the lunar farside. Although the primary band is 15-40
MHz, we can use secondary antenna resonances to
sparsely sample frequencies up to =100 MHz. The blue
curve is the standard ACDM model. The black cutve is a
model consistent with EDGES including added hydrogen
cooling (Figure 4). The dashed curve is the adiabatic gas
cooling limit. The green bands show 15 mK uncertainties.
Measurements in the 15-40 MHz band will separate the
standard cosmology from the EDGES added cooling

et al. 1982). models at >50.

Second, the Galaxy has significant spatial structure on the sky whereas the cosmological signal is
isotropic on scales =10°. Third, in addition to intrinsic sky polarization, spatial structure in the
foreground induces a polarization response in the dipole antenna, whereas the uniform, unpolarized
21-cm signal produces a response only in Stokes I. This, then, allows a clean separation of the
primordial signal from the foreground (Burns et al. 2017; Tauscher et al. 2018).

We can take advantage of these differences between the foreground and signal using a new approach
to measuring the hydrogen signature. Based upon a single antenna concept, this strategy
incorporates two unique features that greatly enhance the probability of a detection. These include
(1) dynamic polarimetry, a method for separating the foreground spectrum from that of the HI
(Nhan, Bradley & Burns 2017; Nhan et al. 2019), and (2) application of an advanced pattern
recognition methodology that characterizes signals and systematics via training sets so that the 21-
cm signature can be identified (Tauscher et al. 2018).

We constructed a simulation of a radio frequency spectrometer/polarimeter system that measutes
the four Stokes parameters to a precision of RMS 15 mK averaged over the band. This simulation
makes use of 7-m tip-to-tip thin-wire, rotating dipole antennas that have flown many times on
missions such as Wind/WAVES (Bougeret et al. 1995) and the radio frequency FIELDS
spectrometer currently in operation on the Parker Solar Probe (Bale et al. 2016; Pulupa et al. 2017).
Figure 6 illustrates the expected spectral performance of this instrument. The green uncertainty (10)
bands in Figure 6 depict foreground noise corresponding to a total of 5000 hours of integration
over three different antenna deployments, which target different sub-bands. This observational
strategy, along with monitoring instrumental systematics and accounting for similarities in the
spectral shapes of the foregrounds relative to the 21-cm feature, will allow us to detect deviations at
>50 from the standard cosmological model such as those implied by the EDGES results. Thus, we
can constrain exotic physics in the Dark Ages for the first time.

The coming decade offers a unique opportunity for RF-quiet measurements from the lunar farside.
Rideshare access is expected to be ubiquitous in the short-term, but there is a strong possibility that
development of lunar assets will compromise the RF-quiet character in the long-term. We
recommend seizing this opportunity to resolve fundamental questions about the validity of the
ACDM model and the nature of the eatly Universe by capturing the signature of redshifted 21-cm
signal from the Dark Ages.
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