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We investigate the hypothesis that Coulomb-type interactions between dark matter (DM) and
baryons explain the anomalously low 2lcm brightness-temperature minimum at redshift z ~ 17
that was recently measured by the EDGES experiment. In particular, we reassess the validity of the
scenario where a small fraction of the total DM is millicharged, focusing on newly derived constraints
from Planck 2015 cosmic microwave background (CMB) data. Crucially, the CMB power spectrum
is sensitive to DM—baryon scattering if the fraction of interacting DM is larger than (or comparable
to) the fractional uncertainty in the baryon energy density. Meanwhile, there is a mass-dependent
lower limit on the fraction for which the required interaction to cool the baryons sufficiently is
so strong that it drives the interacting-DM temperature to the baryon temperature prior to their
decoupling from the CMB. If this occurs as early as recombination, the cooling saturates. We
precisely determine the viable parameter space for millicharged DM, and find that only a fraction
(my/MeV) 0.0115% S f < 0.4% of the entire DM content, and only for DM-particle masses between
0.5MeV — 35MeV, can be charged at the level needed to marginally explain the anomaly, without
violating limits from SLAC, CMB, Big-Bang nucleosynthesis (BBN), or stellar and SN1987A cooling.
In reality, though, we demonstrate that at least moderate fine tuning is required to both agree with
the measured absorption profile and overcome various astrophysical sources of heating. Finally,
we point out that a ~0.4% millicharged DM component which is tightly coupled to the baryons at
recombination may resolve the current 20 tension between the BBN and CMB determinations of the
baryon energy density. Future CMB-S4 measurements will be able to probe this scenario directly.

I. INTRODUCTION

Recently, the Experiment to Detect the Global Epoch
of Reionization Signature (EDGES) [1], which targets the
global 21cm signal, announced a detection of an absorp-
tion profile centered at 78 MHz (corresponding to redshift
z ~ 17 for 2lcm line emission from neutral hydrogen),
with a best-fit amplitude more than twice the maximum
allowed in the standard cosmological model (ACDM). As
predicted in Refs. [2, 3], elastic scattering between dark
matter (DM) and baryons with a Rutherford cross sec-
tion (o< v, where v is the relative velocity between the
particles) can result in considerable cooling or heating of
the baryon gas, potentially altering the expected 21cm
signal at high redshift. Concurrent with the EDGES an-
nouncement, Ref. [4] attributed the large absorption am-
plitude to gas temperatures that were significantly below
the ACDM prediction, and suggested that the gas cooling
resulted from a DM-baryon Coulomb-type interaction.

In the context of full particle-physics models, the phe-
nomenological interaction with a v=* cross section corre-
sponds to DM interacting with baryons through a media-
tor that is massless or has a mass much smaller than the
momentum transfer. Several studies have explored the
DM-scattering interpretation of the EDGES signal and
have identified a viable parameter space for millicharged
DM comprising a small fraction of the total DM to ex-
plain it [5-7]. Meanwhile, severe constraints were placed
on other potential models involving a light mediator [7].

The appeal of v™ interactions with n=—4 is that their
effect is more important at late times compared to higher

values of n. In fact, they are most effective during the
Cosmic Dawn era—which the EDGES signal corresponds
to—as this marks the lowest point throughout the history
of the Universe for the globally-averaged baryon tem-
perature. Nevertheless, such interactions could certainly
leave a detectable imprint in the small-scale temperature
and polarization fluctuations of the cosmic microwave
background (CMB) radiation [8]. In Ref. [9], we present
new limits from Planck 2015 data on late-time DM-
proton interactions, extending former studies [10, 11] to
the case of a strongly-coupled sub-component of the DM.

In this work we perform a thorough investigation of the
21cm phenomenology of DM-baryon interactions during
Cosmic Dawn. We demonstrate that, depending on the
interaction cross section, there are three distinct regimes:
(i) for weak coupling, the baryons cool adiabatically (due
to the Hubble expansion), with at most a slight enhance-
ment due to energy continuously lost to heating the DM;
(ii) for a narrow range of stronger coupling strengths,
the cooling effect reaches peak efficiency. In this regime
the baryons and the DM reach equilibrium before or dur-
ing Cosmic Dawn, but the DM is still significantly cooler
than the baryons prior to their decoupling from the CMB;
(iii) for strong coupling, DM is tightly coupled to the
baryons (and thus behaves as an additional component of
the baryon fluid, as described in Ref.[9]) prior to recombi-
nation, thereby shutting off the subsequent non-adiabatic
cooling mechanism of the gas. As we will show, the 21cm
absorption minimum then saturates for higher cross sec-
tions, at a level which depends on the interacting DM
fraction and its mass. As a result of this behavior, there
exists for each mass a lower limit on the fraction below



which the gas cooling cannot explain the EDGES signal.

Meanwhile, based on the CMB limits found in Ref. [9],
we show that—augmenting previous claims [5—7]—not
even a percent of the total DM can be millicharged at
the level needed to explain EDGES. It is only for frac-
tions fy of interacting DM less than f, ~ 0.4% (a value
slightly lower than Ref. [12]) that a window opens up for
substantial DM—-baryon interactions, as any CMB exper-
iment is not sensitive to values less than (or very close to)
its fractional uncertainty in the baryon energy density.

In light of the lower and upper limits on the fraction
of interacting DM, and given additional constraints on
DM millicharge, most notably from stellar cooling [13],
cooling of supernova 1987A [14], and a search for mil-
licharged particles in SLAC [15], we derive the tightest
limits on this model to date. We find that only a min-
imal region in parameter space remains consistent with
the EDGES result, namely a fraction of millicharged DM
between 0.0115% (m, /1 MeV) S fy, S 0.4% with masses
m,, in the range 0.5 MeV — 35 MeV and charge in a nar-
row band—whose width depends on the DM fraction and
mass—within the range 10~ % < ee < 10~ %e. Curiously,
a fy ~0.4% DM component tightly coupled to baryons at
recombination could explain the excess of baryon energy
density as inferred from the CMB [16, 17], compared with
the Big-Bang nucleosynthesis (BBN) estimate (which is
based on deuterium abundance measurements [18, 19]).

Our results also confirm that in the case where the
interaction is effectively modeled as v—* scattering with
hydrogen, current CMB limits in principle do not rule out
the phenomenological DM interpretation of the EDGES
anomaly [3, 4].

However, as the viable ranges of cross sections for both
the millicharged DM model and the phenomenological
Coulomb-type interaction are limited—and will be fur-
ther constrained by future experiments such as CMB-
S4 [20], as we discuss below—it is important to consider
the pertaining astrophysical uncertainties when evaluat-
ing the prospects to realistically explain the EDGES sig-
nal. Our discussion of these uncertainties illustrates the
key role of the Lyman-a coupling of the 21cm spin tem-
perature to the baryon gas temperature, and the poten-
tially significant effect of various sources of heating.

This paper is structured as follows. In Section II, we
review the equations governing the evolution of the DM
and baryon temperatures, as well as their relative veloc-
ity, in the presence of v=* interaction. We then present
the details of our calculation of the sky-averaged 21lcm
brightness temperature. In Section III, we reassess the
implications of CMB limits, as well as other constraints,
for the fractional millicharged DM interpretation of the
EDGES signal, and for the fiducial direct DM-hydrogen
interaction. We also present forecasts for the sensitivity
of the next-generation CMB-S4 experiment to improve
the limits on such interactions [9]. In Section IV, we
make contact with the (astro)physical world and discuss
the various uncertainties involved in making realistic es-
timates for the 21cm signal. We conclude in Section V.

II. CALCULATION OF THE 21CM GLOBAL
SIGNAL WITH DM-BARYON INTERACTION

A. Late-Time DM-Baryon Scattering

The equations for the evolution of the DM-baryon rel-
ative velocity V,, and the evolution of their temperatures
T, and T} were first derived in Ref. [3]. Here we present
their generalized form, to account for separate interac-
tions with free electrons and protons when needed, and
for a fraction f, of interacting DM (where the rest of the
DM is assumed to be collisionless; see [5, 9, 21]). The
equation for the relative bulk velocity is given by
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where the dot stands for derivative with respect to proper
time, ¢ stands for the target particle (electrons or protons
for the millicharged DM scenario), o is the cross sec-
tion, ppnm is the density of all of DM, and we define

e = Vi /Uy, Uyt = A/ Ty /My + T/
F(ry) = |Erf <Tt> - \/57" e/
t) = NG T

The temperature evolution equations are given by

My P00,
T —2— T X
+Z3u (my +my)?

" {\/Z(Tb ~T)e "% + mtVF(”)} (2)

. fxptpoMO0 1
Ty=—-2-Ty+ Y = ’
T Z Bud,(1+ fr, + ze)nm (my +me)?

2 —r2/2 VXQb
X ;(TX —Tp)e ™ erX?F(Tt)
+To(Tems — 1), (3)

where Tovp is the CMB temperature, and I'¢ is the
Compton scattering rate, which depends on x, = n./ng
and fge =npe/nm, the free-electron and helium fractions.
In the case of direct interaction with hydrogen, the sum
is over a single target for which we replace m; by my, the
hydrogen mass. Lastly, we need to include the evolution
equation of the free electron fraction x., which directly
depends on the baryon temperature Ty,
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dz  (14+2)H(2)
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where the coefficients ap (Ty, Toms) and By (Temp) are
the effective recombination and photoionization rates, v,
is the Lyman-« frequency, and C' is the Peebles factor
representing the probability for an electron in the n = 2



state to get to the ground state before being ionized [22].
We note that the ionization fraction for all DM-baryon
interaction scenarios considered below is consistent with
the Planck results as the effect of the DM-Baryon inter-
actions on the ionization history is small. We also assume
that the first collapsed objects do not change the ioniza-
tion history appreciably before redshift z ~ 17. Lastly,
we note that this derivation neglects the effects of struc-
ture formation, which may affect the scattering rates.!

B. The 21cm Brightness Temperature

Cosmic Dawn—the birth of the first astrophysical
sources—is expected to imprint a negative spectral dis-
tortion in the 21cm brightness temperature contrast with
respect to the CMB, the exact details of which depend
on various astrophysical processes. This comes about as
the primordial gas that permeates the Universe begins to
cool adiabatically following recombination, once Comp-
ton scattering with the remaining free electrons is no
longer efficient to couple the gas temperature to that of
the CMB. As a consequence, the gas temperature starts
dropping faster than that of the CMB, allowing CMB
photons to be absorbed as they travel through neutral
hydrogen gas clouds. The amount of absorption depends
on the spin temperature of the gas, which parameter-
izes the ratio between the populations of the triplet and
singlet states of the hyperfine transition.

The spin temperature T during the Cosmic Dawn era
is determined by competing processes which drive its cou-
pling to either the background radiation temperature—
which we take to be the CMB temperature Tcyp—or
to the kinetic temperature of the baryon gas, T,. These
processes include collisional excitations in the gas (with
hydrogen atoms, free electrons and protons), absorption
of CMB photons, and photo-excitation and de-excitation
of the Lyman-«a transition by Lyman-« photons emitted
from the first stars (which is known as the Wouthuysen-
Field effect [23, 24]). T is roughly approximated by [24]

71 ~ Tomp + (T +2a)Ty
5 1+ (e + 24)

; (5)

where z.. is the collisional coupling coefficient [25], x,, the
Lyman-a coupling coefficient [26], and we have set the
color temperature equal to the kinetic gas temperature.

The 2lcm brightness temperature contrast with re-
spect to the CMB is given by [27]

T,—T, B
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1 We thank Ilias Cholis for spurring a discussion on this point.

where 7 is the optical depth for the transition. It depends
on nyr, the neutral hydrogen density; Ao, the Einstein-
A coefficient of the hyperfine transition; T, = 0.068 K,
the energy difference between the two hyperfine levels;
and A1 &~ 21.1 cm, the transition wavelength. Given the
large astrophysical uncertainties, there is no exact pre-
diction for this signal during Cosmic Dawn, and different
models easily generate values of T5; in the z = 13 — 20
redshift range that differ by more than an order of magni-
tude [29]. The key point to appreciate is that this quan-
tity has a minimum value, obtained when the spin tem-
perature equals the gas temperature. Under ACDM, this
value is known to better than percent accuracy. Setting
T, =T, in Eq. (6) yields To;(z ~ 17) ~ —207 mK. How-
ever, as described in Ref. [3], this prediction can change
in the presence of DM-baryon scattering, since the gas
experiences a cooling effect as it deposits heat into the
colder dark matter fluid, as well as a heating effect as the
kinetic energy associated with the relative bulk velocity
between the baryons and dark matter is dissipated fol-
lowing recombination. For low DM-particle masses and
at Cosmic Dawn redshifts, the cooling effect is dominant.

To calculate the 21cm brightness temperature in the
presence of v—* interactions, we follow the prescription of
Ref. [3] and solve the system of equations (1)—(4), start-
ing the integration long before Cosmic Dawn. For each
choice of model and cross-section amplitude, we calculate
Ty in Eq. (6) for an array of different initial relative bulk
velocities Vyp ¢ between the DM and baryons, and then
calculate the observed global brightness temperature—
which is an average weighted by a Maxwell-Boltzmann
probability distribution function of initial relative veloc-
ities, with a root-mean-square value Vyys—according to

(Tan(2)) = [ dVipTor(a: Vi) P(Vio)
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To properly take into account the baryon-photon drag
at earlier times, we use initial conditions for Egs. (1)-
(3) taken from the output of a full-fledged Boltzmann
code (using a modified version of the CLASS package [30],
described in great detail in Ref. [9]). As we emphasize
below, in the strong-coupling regime it is imperative to
track these quantities starting from well before recombi-
nation, as the ACDM conditions of vanishingly small T}
and Vrus = 29km/sec are no longer a valid approxima-
tion [21]. Rather, we will see that in those circumstances
T, approaches T;, (which is still coupled to Tcmp) and
Vrums approaches zero (see Appendix for more detail). It
is the very delicate balance between the different rates—
Hubble, Compton and DM-baryon heat exchange—that
governs the behavior of the 21cm Cosmic Dawn signal.
The EDGES collaboration recently reported a best-
fit minimum temperature value with 99%-confidence
bounds of Ty (v = 78.1MHz) = —5001200 mK [1], a
3.80 deviation from the minimum value under ACDM at
this observing frequency. Therefore, unless stated other-
wise, our criterion used throughout for consistency with



the EDGES measurement is that (T (v =78.1MHz)) =
—300mK (corresponding to the EDGES upper bound),
and is calculated when setting the spin temperature
equal to the velocity-dependent baryon temperature,
ie. Ts(z) = Tp(Vib,0,2). A full treatment of all relevant
astrophysical effects, and using precise physical models
for the two coupling coefficients (collisional and Lyman-
«), is beyond the scope of this work, but is discussed in
detail in a separate section. We set the cosmological pa-
rameters to best-fit values derived from the same Planck
2015 “TT+TE+EE+lensing” dataset used in Ref. [9].

III. CONSTRAINTS ON THE DM
INTERPRETATION OF THE EDGES SIGNAL

A. Millicharged DM

If DM has a millicharge under electromagnetism, its
momentum-transfer cross section with free electrons or
protons (denoted by t) is oy = 0o ;v ™%, with
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where « is the fine-structure constant, j, ; is the reduced
mass, and the factor £ arises from regulating the forward
divergence of the differential cross section through Debye
screening. This scenario for EDGES is comparatively
easier to constrain with the CMB, as millicharged DM
only interacts with the (charged) ionized particles. The
effects on the CMB originate mostly from a time prior
to recombination when the cosmic plasma was fully ion-
ized [9, 11]. However, by the onset of Cosmic Dawn, the
ionization fraction of the gas is very small (~ 2 x 107%),
suppressing the efficiency of the DM—baryon interaction
in cooling the baryon gas. As a result, the required cross
section to explain EDGES with 100% millicharged DM is
orders of magnitude larger than the CMB limit?>. Next,
we will first compare the two for f, =1%, and then pro-
ceed to investigate lower fractions—in particular lower
than the fractional uncertainty on the baryon energy
density—which are poorly constrained by the CMB.

fx ~ 1% millicharged DM

As shown in Figure l—and in agreement with
Ref. [5]—interaction with f, =1% millicharged DM with
a charge fraction larger than e ~ 6.2 x 1077 (m,,/Mev)
could in principle cool the baryon gas temperature
enough to explain the EDGES 2lcm measurement, as
long as the DM-particle mass is lower than ~ 85MeV.

2 Note that in calculating the CMB limits in Ref. [9], we neglected
interactions with free electrons and helium. As these would only
strengthen the constraints, our conclusions are conservative.
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FIG. 1. fy = 1% millicharged DM. We show the allowed re-
gion for the charge fraction € to explain the EDGES signal
(black) as well as limits from cooling of SN1987A [14] (blue),
the SLAC millicharge experiment [15] (gray), Planck 2015
CMB data [9] (pink) and stellar (Red Giant, Helium Burning
and White Dwarf) cooling [13] (various shades). As explained
in the text, for masses above ~ 85 MeV, the minimum 21cm
brightness temperature never falls below (T51) = —300 mK.

For higher masses, the required cross sections are in
the strong coupling regime, where the cooling efficiency
hits a ceiling (more on this below). As shown in Fig-
ure 1, the 95%-C.L. CMB upper limits from Ref. [9],
e S 1.8 x 107%(puy p/MeV)/2(m, /MeV)'/2, are more
than an order of magnitude lower.® The corresponding
cross sections are two orders-of-magnitude discrepant.
Therefore f, = 1% millicharge DM is strongly ruled out.

Sub-percent fractions of strongly-coupled millicharged DM

Given the prohibitive CMB constraints on f 2 1%
millicharged DM, we are forced to consider lower DM
fractions. This has to be done carefully, though, as there
are crucial subtleties that come into play. The first has to
do with the CMB limits. Intuitively, it is clear that if the
DM component that we surmise behaves effectively like
baryons, yet has a fractional abundance that is lower than
the fractional uncertainty on the baryon energy density,

3 To convert the limit on the cross-section derived in Ref. [9] to a
limit on the charge fraction €, we use Eq. (8) at z = 1100. We
note that this is not strictly exact since this relation is temper-
ature dependent and the CMB probes a relatively wide redshift
range. However, it leads to a conservative upper-limit on € since
the cross section drops logarithmically as T} decreases with time.



the CMB will not be sensitive to its presence. As we
demonstrated in Ref. [9], below f, ~ 0.4%, the effect on
the CMB power spectrum is undetectable by Planck.

The second issue is that for decreasing DM fractions,
increasingly stronger cross sections are needed in order to
effectively cool the baryons. The 21cm signal is governed
by the balance between the different heat exchange rates
between the fluids [3, 21]. For the DM, as evident from
Eq. (2), the competition is between the Hubble rate and
heating by baryons. For the baryons, the amount of cool-
ing depends on when they decouple from the CMB. The
decoupling redshift in turn depends on the balance be-
tween the Compton rate I'c and the cooling rate, which
is proportional to the cross-section amplitude ¢ and the
fraction of interacting DM f,, see Eq. (3).

Generically, there are three distinct regimes for the
effect of DM-baryon interactions on the 21cm absorption
signal at Cosmic Dawn, as described in the introduction.
These are shown in Figure 2, for a DM fraction f, =0.4%
and mass 1 MeV. For low values of the charge fraction
€, there is at most a moderate cooling of the baryons.
For a limited range of higher charges, the effect reaches
a maximum. It then turns over and saturates when the
DM and baryon temperatures are already tightly coupled
before the latter decouples from the CMB temperature.

The implication of this behavior is that for each mass
there exists a lower limit on the fraction of interacting
DM below which the scattering with DM no longer leads
to a deviation from the ACDM prediction. We find that
this limit is linear in the DM-particle mass, and is ap-
proximately given by fy 2 0.0115% (m,/MeV).

In Figure 3, we plot the range of charge fractions which
is consistent with the EDGES result, as a function of the
interacting-DM fraction, for three different masses in the
range allowed by the stellar cooling bounds. We also
show the limits from SN1987A cooling [14] and from a
search for millicharged particles in SLAC [15], which are
independent of the cosmic abundance of interacting DM
(they restrict particle production, not abundance).

We see that in all cases, the lower limit on the charge
lies almost entirely within the regions ruled out by either
the CMB or SN1987A. However, the gap between the
SN1987 and SLAC limits for fractions below f, ~ 0.4%
potentially allows for an explanation of the EDGES
anomaly as the charge is cranked up. If the transition
to the strong coupling regime—where the baryon cool-
ing effect saturates—occurs before reaching that gap, the
EDGES result can be explained (as long as the resulting
21cm absorption plateau is consistent with it).

To explore this in more detail, we plot in Figure 4 the
observed 21cm brightness temperature at v = 78.1 MHz
as a function of the charge fraction e, for interacting-DM
fractions in the allowed range 0.0115% (m,,/MeV) < f, S
0.4%. The horizontal lines indicate the 99% EDGES un-
certainty band, ranging from —1000 mK to —300 mK. In
Figure 5 we show the allowed region in the (¢,m,) pa-
rameter space for several choices of the DM fraction f,
(all below the CMB limit, i.e. < 0.4%). This region is

determined by the constraints plotted in Figure 1 (which
are due to production of DM particles and are therefore
independent of the fraction f,), as well as the require-
ment to achieve consistency with EDGES in each case.
We note that a lower bound on the mass, m, Z10MeV,
from BBN and Planck constraints on the effective num-
ber Neg of relativistic degrees of freedom [31], would ex-
clude some of this remaining region of parameter space
for fractional millicharged DM [5-7]. This bound only
holds if this component was in full thermal equilibrium
with electrons and photons at BBN. The v~* interac-
tion we focus on here, however, is not active at early
times (unless the cross sections are very large), so this
would require another mechanism to couple the DM and
baryon fluids. Ref. [32] derived quite stringent bounds on
milicharged DM, e < 2.1 x 1079, from the Ng constraint
during BBN without assuming full equilibrium (which is
the relevant scenario in the context of freeze-in DM mod-
els). However, this bound is valid in the regime m, Sme
(as the DM particle mass was neglected). It is therefore
not reliable for most of the mass range we consider here
(we investigate m, >100keV, already fairly close to m.).
We did not show the BBN constraints in Figures 1, 3, but
do indicate its effect in Figure 5. Future work to extend
this bound to the full relevant mass regime is encouraged.
Another set of bounds which could potentially be im-
portant is that from direct detection experiments, most
notably from the SENSEI surface run [33], which has
a higher ceiling at large cross sections than those from
underground experiments such as XENON10 [34, 35]*.
These bounds could restrict the viable parameter space to
charge fractions larger than ~ 10~ for masses ~ 1 MeV
(scaled appropriately for the DM fraction). However,
it is not clear in principle if these bounds can be used
to constrain a very small DM subcomponent, as its lo-
cal abundance is at best undetermined. According to
Refs. [36, 37|, for example, a millicharged DM compo-
nent should be evacuated from the Galactic disk, pre-
vented from falling back by the Galactic magnetic field.
The conclusion from our analysis is that the viable
parameter space for explaining the anomalous EDGES
measurement is limited to DM millicharge fractions
0.0115% (my /MeV) < fy, $0.4%, mass 0.5 MeV —35 MeV
and charge in a narrow band—whose width depends on
the fraction and mass—within 107 % < ee < 107 %e. As
small as this parameter space is, it still only serves as
an optimistic estimate, since we have neglected the influ-
ence of astrophysical effects, discussed separately below.
As we will show, when adopting a realistic value for the
Lyman-a coupling coefficient, slightly stronger cross sec-
tions are needed in order to explain the EDGES result.
A full investigation of the astrophysical effects on the vi-
able parameter space of the DM millicharge explanation
of the EDGES signal is beyond the scope of this work.

4 The current bounds rely on preliminary first estimates from yet
unpublished work (see Ref. [33]), so we do not include them here.
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FIG. 2. The temperatures of the CMB, baryons, and DM, as a function of redshift, for different cross sections parametrized
by e. We use a mass m,, = 1 MeV and a fraction f, =0.4%. For weak coupling, the cooling effect is limited. As the coupling
increases, the effect dramatically rises, but then as the strong coupling limit is approached, the DM initial temperature reaches

that of the baryons (and CMB) and the gas cooling saturates.
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FIG. 3. Constraints on the charge fraction e for different
DM-particle masses, as a function of the DM fraction f,. In
comparison, we show the allowed region (above and to the
left of the black line) of charge fractions to yield (T (v =
78.1 MHz)) = —300mK (the deviation of the black 21cm curve
from monotonous behavior is a result of the strong-coupling
regime, as discussed in the text). For these masses, a win-
dow is left open between 107¢ < ¢ < 107" in the range
0.0115% (my/MeV) S fy S 0.4%. More details in Figs. 4, 5.

B. Direct DM interaction with the hydrogen gas

Albeit no such concrete particle physics model exists,
if DM were allowed to interact with the neutral hydro-
gen itself, a much weaker cross-section amplitude might
suffice to explain the EDGES results. This is because in
such case there is no suppression of the scattering by the
small ionization fraction during Cosmic Dawn, unlike for
millicharged DM. As described earlier, when calculating
the brightness temperature for DM-hydrogen scattering,
we assume the DM interacts with particles of mass mpg.

In Figure 6 we plot the minimal cross section—as a
function of the DM particle mass—required to yield con-
sistency with the EDGES 99%-confidence upper bound.
The resulting curve lies below the CMB upper limit from
Planck. We also plot a forecast for CMB-S4 limits [9].
Evidently, there seems to be room for a phenomenolog-
ical DM interpretation of EDGES even if CMB-S4 does
not detect any imprint®. However, it is important to reit-
erate that for this calculation we assumed the Lyman-o
coupling z,, is infinite. As this condition is purely un-
physical, it is worthwhile to investigate in more detail the
potential influence on our conclusions of (the uncertain)
astrophysical processes which may take effect during the
Cosmic Dawn epoch. We do this in the next section.

IV. DISCUSSION OF REAL-WORLD
UNCERTAINTIES

A. A minimal yet realistic scenario

While the door may appear to remain open (ever so
slightly) to a DM interpretation of the EDGES signal,
it is important to bear in mind that this minimum cross
section heavily depends on the assumption regarding the
Lyman-« coupling efficiency. This dependency is not lin-
ear and thus unintuitive. To illustrate what a realistic

5 Note that the forecast in Ref. [9] is conservative, as it does not
include CMB lensing analysis, which may drive the constraint
with future measurements [28].
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FIG. 4. The 21cm brightness temperature as a function of
the charge fraction e, for different interacting DM fractions
fx- All curves have a turnover point due to the transition into
the strong-coupling regime. For f,, =0.0115% (m, /MeV), the
peak absorption barely crosses the EDGES 99% upper bound
(T21(v="78.1MHz)) =—-300mK. Compare against Figs. 3, 5.

signal would require, we plot in Figure 7 the 21cm absorp-
tion profile in the full frequency range measured by the
EDGES low-band instruments, with and without DM-
hydrogen interactions. In each case we set the scattering
cross-section amplitude to the value necessary to roughly
yield (Tz; (v = 78.1 MHz)) = —300 mK. We compare the
most optimistic choice of setting Ty = Tp|v;, , (which was
employed above to generate the 21cm curve in Figure 6),
with a range of possible astrophysical scenarios for T.
We use a simple phenomenological prescription—
described in the Appendix—to model the astrophysical
processes that take place during Cosmic Dawn, namely
cosmic reionization, cosmic heating (which is usually at-
tributed to X-ray emission from stellar remnants), and
the Lyman-« coupling parameterized by z, in Eq. (5),
[29]. Focusing on the latter, we consider three different
values of z,, which under ACDM would yield a minimum
temperature between To; = —40mK and T5; =—160 mK.

DM Millicharge: Viable Parameter Space
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FIG. 5. The viable parameter space for millicharged DM to
explain the anomalous EDGES 21cm signal. The allowed re-
gion is bound from above by SLAC constraints [15] (gray),
from the left by stellar cooling [13] (purple), from below by
SN1987A cooling [14] (blue), and from the right by the re-
quirement to cool the baryons enough to yield a 21cm bright-
ness temperature consistent with the EDGES 99% upper
bound, [(T51(v="78.1 MHz))| =300mK [1] (black). Contours
are shown for several values of the fraction f, of the total
DM that is millicharged; each yields an upper bound on the
mass my ~ (fy/0.0115%) MeV. The rightmost limit is from
Planck 2015 [9] (red). A portion ruled out by the Neg limit
at BBN [32], valid below m, ~me., is sketched (light green).

We set the reionization redshift and duration to values
consistent with Planck 2015 cosmology and include a
minimal amount of X-ray heating in the calculation of
Ty, simply to ensure that the maximum absorption is
reached near v = 78 MHz and the signal cuts off around
90 MHz, roughly matching the EDGES measurement.

Figure 7 demonstrates that in order to bring the ab-
sorption amplitude that would occur under ACDM (i.e.,
without DM-hydrogen interactions) to the minimal level
that is marginally consistent with EDGES, the cross sec-
tion required can be significantly larger than the mini-
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FIG. 6. Constraints from the CMB on the f, = 100% DM-
hydrogen scenario, as a function of the DM-particle mass. We
show 95% C. L. excluded regions for DM—proton interaction,
from Ref. [9]. The constraints (in red) were obtained from
Planck 2015 temperature, polarization, and lensing power
spectra. We also show a projection of future constraints from
CMB-54 [9] (pink), stronger by a factor ~ 3 over most of the
mass range. The lower limit on the cross section required to
explain the EDGES signal (black) lies below these limits.

mum cross section plotted in Figure 6, depending on the
Lyman-a coupling and on the DM particle mass. We em-
phasize that we deliberately employ a very simple model
for these quantities so as to render our conclusions most
transparent. We have verified that the particular choices
of the free astrophysical parameters, other than xz,,, have
a minor effect on the 21cm absorption amplitude required
for consistency with EDGES.

With data from future experiments such as CMB-
S4 [20], an increasing portion of the allowed astrophysical
parameter space to explain the EDGES signal with a di-
rect v~* coupling of DM to hydrogen can be probed.
Measurements of the global 21cm signal [38] (also at
higher frequencies), as well as the 2lcm power spec-
trum [39-41], will complement the CMB constraints.

B. Additional sources of heating

To conclude this discussion, we list a number of heat-
ing sources, all of which, while uncertain to a degree,
should make it even harder to cool the baryons enough
to explain the EDGES result. For more details on these
processes, we refer the reader to Ref. [29] which charts the
parameter space of relevant astrophysical models, and to
Ref. [42] which introduces a hitherto neglected heating ef-
fect, mediated by Lyman-a emission from the first stars,
on the baryon temperature. Briefly, these effects include:

e An inevitable heating source comes from X-ray
emission from remnants of the first stars and subse-
quent generations. Depending on when this source
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FIG. 7. The 2lcm brightness temperature with (solid)

and without (dashed) DM—-hydrogen interactions for different
choices of the Lyman-« coupling z.. Upper (Lower) panel:
DM-particle mass is set to 0.3 GeV (0.03 GeV). Black lines
correspond to infinite zo (i.e. Ts = T3); blue lines assume a
rather large Lyman-a coupling, while red (orange) lines cor-
respond to a fraction 20% (5%) of it (see Appendix B for the
full list of astrophysical parameters). As the efficiency of cou-
pling the spin temperature to the gas temperature decreases,
a much stronger cross section is needed to yield an absorption
trough marginally consistent with the EDGES measurement.

becomes efficient, it could have a varying degree of
influence on the maximum absorption possible. In
the illustration we provided above, the duration of
the X-ray heating phase was deliberately chosen to
be quite minimal, Azx = 1, and its central redshift
set right before the end of the Cosmic Dawn epoch,
zxo = 12.75, so as to yield an absorption profile
shape that is consistent with the EDGES measure-
ment, but at the same time remain conservative
and incur only minimal heating of the baryons at
the time of peak absorption. Stronger heating may
require higher scattering cross sections with DM in
order to yield the measured EDGES trough.

e An efficient Lyman-a coupling requires a strong
Lyman-a flux, which in turn can result in addi-
tional, non-negligible heating of the baryon gas via
a new mechanism very recently derived in Ref. [42].
Lyman-« photons from the first stars were shown to



mediate energy transfer between the CMB photons
and the thermal motions of the hydrogen atoms, re-
sulting in a O(10%) alteration of the 21cm bright-
ness temperature at z ~ 17. For non-ACDM sce-
narios, such as DM-baryon scattering, the effect
can be significantly stronger. A detailed treatment
of this effect is beyond the scope of this work, but
the preliminary analysis conducted in Ref. [42] in-
dicates that the 21cm absorption amplitude in the
presence of cooling due to DM—baryon interactions
can be halved when including this heating mecha-
nism, which can require cross sections as much as
an order-of-magnitude stronger to overcome it.

e In addition to astrophysical sources of heating, in
certain models which exhibit Coulomb-type inter-
actions, annihilation of DM particles can lead to
energy injection into the IGM and cause additional
heating [21]. We plan to revisit this elsewhere [43].

In view of this list, the illustration in Figure 7 should be
considered quite conservative.

V. CONCLUSIONS

Non-gravitational interactions between DM and stan-
dard model particles may lead to detectable imprints in
cosmological observables such as the 21cm signal [2, 3].
The Cosmic Dawn era provides a unique observational
window to probe possible interactions between baryons
and cold DM, as this is the point in time where the global
gas temperature reaches its minimum value in the history
of the Universe. For a v=* cross section, the interaction
during this epoch is significantly enhanced versus earlier
or later times, when the particle velocities are larger [4].
Such scattering was suggested as a possible explanation
of the EDGES measurement of a stronger-than-expected
21cm absorption amplitude around redshift z ~ 17.9

However, this scenario may also lead to detectable sig-
natures in other measurements, in particular those of the
small-scale CMB power spectrum [8-11]. Still, as we
demonstrated above, even for the very low cross-section
amplitudes allowed by the CMB constraints from Planck
2015 data—which were derived in Ref. [9]—the effect on
the 21cm signal can potentially be considerable.

Here we have investigated in greater detail two classes
of models that have been suggested to explain the anoma-
lously large 21cm absorption signal recently detected by
the EDGES experiment. One is that of Ref. [4], which
adopted the phenomenological approach in Ref. [3] and
considered a direct interaction between the DM particles
and the hydrogen gas, without a concrete particle physics
model in mind. If DM interacts with neutral hydrogen,

6 Alternative explanations include a new source of radio emission
in the EDGES band [44-47]; an earlier kinetic decoupling of
baryons from CMB photons [48-50]; or foreground residuals [51].

then weak cross sections—below the sensitivity of cur-
rent CMB experiments—suffice in order to account for
the EDGES signal. Barring a concrete model to explore
in this case, we focused on the astrophysical uncertain-
ties and illustrated that while it is possible for this phe-
nomenological interaction to cool down the baryons to
the desired level, the window for a realistic signal which
incorporates all the sources of heating is at best limited.

The more motivated model from the particle-physics
perspective is millicharged DM. As it scatters only with
ionized particles, the interaction is suppressed during
Cosmic Dawn, when the ionization fraction is very low,
Ze ~ 2x 1074, and models with 100% of DM in the form
of millicharged particles require cross sections strongly
ruled out by the CMB if they are to explain EDGES.
However, it has been claimed by Ref. [5-7] that if mil-
licharged DM comprises roughly 1% of the total DM,
it could explain the EDGES result while evading vari-
ous astrophysical and collider constraints. As this work
has shown, based on a detailed analysis of the effect of
DM-baryon interactions on the 21cm signal, and taking
into account constraints from the CMB, as well as stel-
lar and SN1987A cooling, only a tiny window remains
open for a DM-millicharge explanation of the EDGES
anomaly. More explicitly, we found that for DM frac-
tions 0.0115% (m, /MeV) S f, S 0.4%, particle masses
0.5MeV — 35MeV, and charge 10 % < ee < 10~ %e (re-
fer to Figure 5 for the precise range of viable charge frac-
tions), the EDGES anomaly can in principle be explained
(see our discussion of astrophysical uncertainties above).

Notably, in addition to explaining the EDGES mea-
surement while evading CMB limits, a small fraction of
DM which is tightly bound to baryons at recombination
is a potentially interesting notion, as it could resolve the
current tension between CMB and BBN measurements of
the baryon energy density. While this component would
appear as excess baryon energy density in the former, it
would be missing from the latter, which is directly based
on the deuterium abundance (and also arises from an
earlier epoch where the interacting DM and the baryons
may not yet be strongly coupled). Comparing the two
values, Qyh? = 0.0224 £ 0.0001 (Planck 2018 [17]) vs.
Qph? =~ 0.02170 £ 0.00026 (BBN, taking the average and
larger uncertainty between the values found in two inde-
pendent measurements [18; 19]), they are discrepant at a
2 2% level, which indeed could be alleviated if the frac-
tion of this DM component is f, ~ 0.4%. Importantly,
CMB-S4 will probe down to f, ~0.1% [9, 12], enabling a
direct test of the DM explanation for the 2, discrepancy
with BBN. (For alternative solutions, see Ref. [18].)

In conclusion, the DM interpretation of the EDGES
anomaly (which awaits corroboration by other global
2lcm experiments [52-54]), currently hangs on a thin
thread. Fortunately, future experiments such as CMB-
S4, as well as experiments targeting the Lyman-a for-
est power spectrum [8, 9, 55] and the power spectrum
of 21cm fluctuations [56-59], will be able to probe these
scenarios directly and may provide a definitive answer.
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Appendix A: Initial Conditions for 21cm Calculation

To generate initial conditions for solving Eqs. (1)-(3)
from a computation that appropriately handles the pre-
recombination physics, we used the method developed in
Ref. [9]. There, we modified CLASS to incorporate scatter-
ing between baryons and DM. For the CMB calculation
in Ref. [9], the value of V,; could be safely taken as the
square root of its variance to obtain the average temper-
ature evolution. Since the baryons are tightly coupled to
the photons, the effect of DM-baryon scattering on the
baryon temperature is negligible prior to recombination.

Here, in order to take into account the fact that Vs,
T, and T} vary between different patches in the sky and
properly calculate the average 21cm brightness temper-
ature, Eq. (7), we sampled a range of initial relative ve-
locities Vyp,0 at z = 1700 (with root-mean-square (V%))
Then, assuming that each patch of sky had a constant V,,,
from very early times to the epoch of recombination, we
kept the velocity in the patch constant and evolved the
DM and baryon temperatures T, and 7T}, to the same red-
shift. From that redshift on we used Egs. (1)-(3) to track
the remaining evolution until Cosmic Dawn. We chose to
take our initial conditions at z = 1700, before V4 is ex-
pected to substantially decrease as the baryons decouple
from the photons. This procedure neglects the effect of
baryon-photon scattering on the relative velocity, which
is not included in Eq. (1). To check this approxima-
tion, we also considered an alternative scheme, whereby
the initial conditions were taken at a lower redshift of
z = 800, at which we averaged over V,; values (sam-
pled with root-mean-square (V%) taken from the Ref. [9]
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computation) but used the average temperature values
(given by the same code), and obtained similar results.
Appendix B: 21cm Cosmic Dawn Modeling

Consistent with the well-known “turning points”
model for the 21cm brightness temperature evolution at
high redshift [26], our model for the 21cm signal at Cos-
mic Dawn accounts very simply for the following effects:

e The Lyman-« radiation from the first starts cou-
ples the spin temperature to the gas temperature
(the Wouthuysen-Field effect), through the Lyman-
a coupling coefficient z,, in the expression for the
spin temperature T in Eq. (5).

e X-ray heating from stellar remnants is included in
the evolution of the gas temperature T3, by adding
a corresponding term to Eq. (3).

e The radiation from the first stars gradually ionizes
the gas and adds to the ionization fraction Z. in
Eq. (4), which is used in Eq. (6).

Motivated by Refs. [60, 61], we use a tanh parameter-
ization for the Lyman-«a coupling coefficient, the ioniza-
tion fraction, and the X-ray heating contribution:

AI(Z) = Ai (1 + tanh[(zig — Z)/AZI]) y (Bl)
where the nine free parameters in this model are simply
the step height A; (i stands for either “a”, “xe” or “X”),
pivot redshift z;9, and duration Az; for each quantity. In
practice, we hold eight of these parameters fixed and vary
only the Lyman-a coupling amplitude A,. To approxi-
mately reproduce the EDGES absorption profile, we use
the following set of fiducial values:

{Aou 200 Aza} = {100, 17, 2}
{AXC; Zxe0) Azxc} = {1, 9, 3}
{Ax, zx0, Azx} = {1000K,12.75,1}

We emphasize that the particular choice of values has no
bearing on the conclusions of our investigation in Section
IV. Following Ref. [60], we define x, = 24,(2)/(1 + z),
add dAx(a)/da to Eq. (3) and Axe(z) to Eq. (4). For
the illustration in Figure 7, we vary A, as a fraction of
its fiducial value and consider 20% and 5% cases (i.e.
A, =20 and A, =5).

Lastly, we set the collisional coupling coefficient x.
according to the approximation in Ref. [26], i.e. . =
ngkio/Aio, where Ajg is the Einstein coefficient, ng(2)
is the hydrogen number density, and xi9p—the specific
rate coefficient for spin de-excitation by hydrogen atom
collisions—depends on the gas temperature at each red-
shift and is well-approximated in the relevant range of
temperatures by k19 = 3.1 X 10_11T£'357€_32/Tb.
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