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We introduce a novel class of signatures—spectral edges and end points—in 21-cm measurements
resulting from interactions between the standard and dark sectors. Within the context of a kinetically mixed
dark photon, we demonstrate how resonant dark photon-to-photon conversions can imprint distinctive
spectral features in the observed 21-cm brightness temperature, with implications for current, upcoming,
and proposed experiments targeting the cosmic dawn and the dark ages. These signatures open up a
qualitatively new way to look for physics beyond the Standard Model using 21-cm observations.
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Introduction.—Observation of the redshifted 21-cm line
emission from neutral hydrogen in the intergalactic
medium (IGM) has recently emerged as a powerful probe
of the cosmological history of our Universe. The intensity
of the global 21-cm emission can be measured as the
differential brightness temperature of the hydrogen spin
temperature contrasted against the background radiation
and scales roughly as AT}, o xy(1 =T, /T), where xy is
the neutral hydrogen fraction, 7, is the transition spin
temperature, and T, is the temperature of the background
radiation. Its sensitive dependence on the underlying
radiation fields as well as cosmic heating and ionization
processes makes it a powerful probe of astrophysics as well
as physics beyond the standard model (SM).

In the standard cosmological picture, the formation
of the first stars and galaxies during cosmic dawn couples
the spin and kinetic temperatures via the absorption and
reemission of Lyman-a photons (the Wouthuysen-Field
effect [1,2]), producing a distinctive absorption trough in
the observed 21-cm brightness temperature as the spin
temperature cools. Eventually, x-ray sources reheat the gas,
and ultraviolet radiation emitted by stellar sources leads to
reionization, increasing the kinetic temperature and turning
off the absorption feature. At higher redshifts, radiative
coupling of the spin and photon temperatures leads to
AT}, ~ 0, although the decoupling of the photon and kinetic
temperatures around z ~ 150 and collisional coupling of the
spin and kinetic temperatures leads to a minor absorption
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trough around z ~ 100. While the depth of the absorption
feature at cosmic dawn depends sensitively on the assumed
astrophysics and cosmology, a bound on the maximal
absorption is obtained by taking the limit of perfect
coupling of the spin and kinetic temperatures and exclu-
sively adiabatic cooling, which in the standard ACDM
scenario corresponds to AT, (z = 17) ~ —0.2 K.

The EDGES experiment recently reported the measure-
ment of the first global 21-cm signal at cosmic dawn [3],
with a central value AT,(z=17)~-0.5703 K at 99%
confidence level which, when taken at face value, implies a
disagreement with the minimum allowed value in the
standard scenario. In addition to the depth, the shape of
the absorption signal as measured by EDGES is unexpected
as well, with the sharp turn-on and turn-off implying sudden
Lyman-a injection and then sudden heating during reioni-
zation, contrary to expectation from more standard astro-
physical scenarios. Taking these tensions at face value would
imply the need for a modification to the standard cosmology.

We note that unmodeled foregrounds and/or systematics
have been suggested as viable explanations for the
unexpected features in the EDGES measurement [4-9].
While the measurement remains tentative, it provides a
jumping off point for considering how signatures of new
physics and nonstandard cosmology could show up in
21-cm observations.

Several mechanisms, both astrophysical and those invok-
ing physics beyond the SM, have been proposed to explain
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the EDGES observation, which would necessarily imply a
larger differential in the photon and spin temperatures
compared to the standard expectation [10-15]. Injection of
Lyman-a photons from the most massive halos [16] and
efficient star formation along with excess x-ray heating [17]
are examples of nonstandard astrophysical explanations for
the sharp turn-on and turn-off of the absorption feature.
Mechanisms for cooling of the kinetic temperature beyond
adiabatic cooling via relative velocity-dependent interac-
tion between baryons and dark matter (DM) particles with
kinetic temperature below the IGM temperature have been
proposed [11], strongly constrained [12,13], and recently
revived [18]. Another class of explanations relies on raising
the effective radio background temperature beyond the
standard temperature of the cosmic microwave background
(CMB), T,(z) = Tcmpo(1 + 2), where Teyp o= 2.725 K
is the present-day CMB temperature. In particular,
Ref. [19] proposed raising the effective temperature
through the production and subsequent resonant oscillation
of dark photons into SM photons in the Rayleigh-Jeans
(RJ) tail of the CMB. This scenario was further explored in
Ref. [20] in the context of dark radiation consisting of
axionlike particles (ALPs) and in Ref. [21] in the context of
ALP-photon-dark photon oscillations in the presence of a
primordial dark magnetic field. The basic idea is that the
decay of cosmologically long-lived dark sector particles
making up a large fraction of the DM density with masses
in the meV range into dark photons can result in a much
larger number density of dark photons in the RJ tail of the
CMB as compared to regular photons. The subsequent
resonant conversion of these dark photons into SM photons
via a mechanism such as kinetic mixing [22] can enhance
the number density of RJ photons and result in a deeper
21-cm absorption feature.

In this Letter, we study the distinctive ways resonant
photon injection can imprint itself onto a measured global
21-cm signal. In particular, we showcase scenarios in which
spectral features imprinted through resonant photon pro-
duction can naturally explain the depth and shape of the
measured EDGES absorption feature and discuss implica-
tions for constraining these scenarios with future 21-cm
measurements. We describe for the first time characteristic
spectral features—edges and end points—in measurements
of 21-cm photons sourced during the cosmic dark ages
[23-25] and originating from coupling ordinary photons to
particles of the dark sector. These novel signatures have the
potential to be powerful probes of physics beyond the SM.
We use the Planck 2018 cosmology [26] throughout
this work.

Spectral features due to photon injection.—Although
photon injection can arise in a variety of models [19-21],
for concreteness we focus on the scenario introduced
in Ref. [19] where a cosmologically long-lived dark
sector particle a of mass m, with lifetime 7, decays into
dark photons A’ of mass my through a — A’A’, which

subsequently resonantly convert into regular photons,
A’ > y, with kinetic mixing parameter ¢ when their mass
matches the photon plasma mass m, (X,z) [27-29]. m,,
my, 7,, and € are the free parameters in the model. The
conversion results in a sharp increase in the number density
of photons in the RJ tail of the CMB, which contribute to
the 21-cm background photon temperature. The redshift of
this feature, which we call an “edge,” is around

Tedge = Zres» my(zres> = my, (1)

where 7., is the resonance redshift at which the plasma
and dark photon masses match and m,(z;) is the mean
plasma mass at that redshift, roughly related to the
cosmological free electron number density m by

m,(2)* ~ 4rh?e*n,(z)/(m,c*). This results in a near-

4

instantaneous increase in the effective photon temperature,
(further) decoupling the spin and photon temperatures, a
consequence of which is an enhancement of the 21-cm
brightness absorption feature. Measuring the location of
the edge uniquely determines the dark photon mass,
through Eq. (1).

Photons resonantly produced at a given redshift z
and frequency w,. then evolve to contribute to the number
density of 2l-cm photons at a given redshift zj;
aS Wyes(1 + 221) = a1 (1 + Z4). Kinematically, hw,., >
myc?/2 is forbidden for a two-body decay, resulting in a
spectral feature, which we call an “end point,” beyond
which all of the converted photons have redshifted below
the 21-cm frequency. The location of the end point z.,4 is
defined through

L+ Zena @27
1+ Zes macz/2 .

(2)

Measuring the location of the edge uniquely determines
my through Eq. (1), and measuring the end point location
additionally specifies m, through Eq. (2).

We note that the edges and end points that we identify in
21 cm are analogs to the edges and end points that can
signify new physics in kinematic distributions at high
energy colliders [30]. In both cases, these distinctive
spectral features serve as handles to distinguish new
physics from backgrounds.

For the remainder of this Letter we assume that a is the
DM. The differential number density of dark photons of
angular frequency w at redshift z due to a decays is given
by [19,31,32]

dny _ 2ppm(2dec) (1 + Z)3 3 ® macz -—w |, (3)
do TaH<Zdec>maa)(1 + Zdec) 2h

where z4.. is the redshift at which the decay a — A’A’ takes
place, H(zg4..) the Hubble rate and ppy(zgec) the DM
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density, both evaluated at zg... Equation (3) presumes
two-body decay kinematics with 7, > f;, and takes
m, > my. Note that for a two-body decay there exists a
unique relation zg4e. = m,c?/(2hw) — 1 between angu-
lar frequency and redshift of decay. The photon abund-
ance dn,/dw is obtained by multiplying dny /dw by
the total A’ —y conversion probability (P,_u) =
Sz dz'd(P,_x)/dZ/, computed following Refs. [28,29]
and accounting for effects of inhomogeneities in the plasma
mass. The existence of inhomogeneities in the photon
plasma broadens the characteristic width of the spectral
edge, since resonant conversions can now take place over
some range of redshifts around zq,. [28,29,32-34]. Since
this modifies the redshift at which the wavelength of
produced photons redshifts beyond 21 cm, the end point
acquires a characteristic width as well. Nevertheless, the
redshift width of conversions considered here is much
smaller than the sensitivities of relevant experiments [29],
allowing the spectral features to be resolved. We use the
fiducial setup from Ref. [28], with a log-normal description
of plasma mass fluctuations and a simulation-inferred
fluctuation spectrum [29] to compute conversion proba-
bilities accounting for plasma mass perturbations. As in
Ref. [28], we only consider plasma mass perturbations in
the range 1072 < 1 + & < 10? throughout this work, since
the log-normal distribution of perturbations cannot be
assumed to be reliable outside of this range [28,29].

The effective 21-cm photon temperature including the
excess photons n4_,, is computed as T, (z) = Tcmp(2) (14
na_,/Ncvs ), where Teyg(2) is the standard CMB temper-
ature and ncyp the standard CMB number density corre-
sponding to 21 cm. This effective 21-cm temperature is
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T T

— A=y
| —- Standard Model

W = Wa1

1 1
10! 102 10°
1+z

FIG. 1.

shown in the left panel of Fig. 1 for an illustrative signal
point with dark photon mass m, = 10~'> eV, DM mass
m, = 5.1 x 107 eV, and kinetic mixing ¢ = 107°. This
corresponds to resonant conversion around z,.; ~ 220 and a
kinematic end point around z.,q ~ 50.

Several constraints on this parameter space apply—
(i) constraints from stellar energy loss due to A’a pair
production [19,38], (ii) constraints on excess A’ —y
photon flux from radio and microwave observations
[36,37], (iii) constraints on y <> A’ from COBE/FIRAS
[28,35], (iv) bounds on the DM lifetime 7,, and (v) con-
straints from measurements of 21-cm emission at z ~ 9-14
from EDGES high band [39]. The DM lifetime throughout
this study is chosen to saturate the allowed bound [40]. The
right panel of Fig. 1 shows the present-day number density
spectrum of dark photons (dashed blue) and photons (solid
red) compared to the standard CMB expectation (dotted
green), along the measured values from COBE/FIRAS
[35], ARCADE2 [36], and LWA radio surveys [37] for
the illustrative parameter point. It can be seen that the
photon spectrum in this case runs up against the measured
radio flux at @ ~2 x 107 eV, constraining the maximum
allowed injection. We note that late-time resonances
(Fig. 1, left) are generically expected when conversions
in overdense or underdense plasma regions can take place
(for my <3 x 1072 eV in our fiducial description of
fluctuations) [28,29]. We have verified that, in these cases,
the present-day radio flux [37] is far more constraining than
EDGES high-band 21-cm measurements [39].

Such an enhancement in the 21-cm photon temperature
is allowed by current constraints and can lead to striking
signatures observable by current and future 21-cm and
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(Left) Evolution of the 21-cm photon temperature for the standard case (dashed black) and including photon injection for an

illustrative parameter point with dark photon mass m, = 10~'2 eV, DM mass m, = 5.1 x 10~ eV, and kinetic mixing ¢ = 1.4 x 107°.
A sharp increase in effective temperature at z ~ 220 followed by a turn-off at z ~ 50 (corresponding to the regime where all injected
photons have redshifted below 21 cm) can be seen, along with additional resonant injection at lower redshifts z < 10. (Right) For the
same parameter point, the present-day differential number density spectra for dark photons (dashed blue), corresponding resonantly
injected photons (solid red), and the standard CMB (dashed green) along with measurements from COBE/FIRAS [35], ARCADE2 [36],
and LWA radio surveys [37] (black data points). A large excess in the photon number density in the RJ tail is consistent with

observations of the CMB spectrum.

011102-3



PHYSICAL REVIEW LETTERS 127, 011102 (2021)

radio surveys, opening up a new avenue for probing the
dark sector.

Applications to 21-cm observations.—The excess photon
flux and, consequently, higher effective temperature result-
ing from resonant photon injection can leave characteristic
imprints on the observed 21-cm signal. We focus on two
benchmark scenarios here in order to illustrate the main
qualitative features and relevance to current and future
21-cm measurements.

Benchmark 1: Spectral end point at z ~ 15—A sharp
turn-off in the photon temperature evolution due to a
spectral end point will decrease the contrast between the
spin and photon temperatures, turning off the 21-cm
absorption feature. This parameter point corresponds to
dark photon mass my = 107 eV, DM mass m, =
49 x 107* eV, and kinetic mixing € = 5 x 1078, which
would result in resonant conversion around z.4,. =~ 660 and
an end point around z.,q ~ 15.

Benchmark 2: Spectral features during the dark ages
7 ~50-95—An edge or end point during the dark ages
would result in a spectral feature potentially detectable
with proposed space-based 21-cm measurements [23-25].
This parameter point corresponds to dark photon mass
my =2.5x10"13 eV, DM mass m, = 1.7 x 107 eV,
and kinetic mixing € = 4.5 x 107!°, which would result
in an edge around Z.g,. ~ 95 and a kinematic end point
around z.,q = 65.

The evolution of the kinetic, photon, and spin temper-
atures for benchmarks 1 and 2 is shown in the left and right
panels of Fig. 2, respectively. We employ the toy model
for Lyman-a and x-ray heating [41] with additional
input from Refs. [42-45] to compute the temperature
evolution; details of our global 21-cm computation are
described in the Supplemental Material [46]. A halo virial
temperature cut T.; = 2 x 10* K and star-formation effi-
ciency f, = 3% is assumed by default, with the effective

Benchmark 1 (endpoint at z ~ 15)
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x-ray star-formation efficiency for benchmark 1 lowered to
1% to demonstrate the effect of the spectral end point. For
comparison, we also show results for a purely phenomeno-
logical power-law photon injection, 7, = Tcypo(1 + z)X
1+ f,A,(vy/78 MHz)?] (dotted, labeled “power law”),
where v is the present-day photon frequency, and A, and
f are motivated by and fit to the excess low-frequency radio
background measured by ARCADE?2 [36] and LWA [37] for
f»=1 as in Refs. [10,47]. If some fraction f, of this
background is produced primordially, it can show up as a
detectable signal in global 21-cm experiments. When
comparing to benchmark 1, we set f, = 2% in order to
obtain an absorption depth consistent with the fiducial
EDGES measurement. When comparing to benchmark 2
on the other hand, f, = 0.01% of the radio emission is
chosen to illustrate its signature during the dark ages and
compare with the resonant photon injection scenario. We can
see that spectral edges and end points would be clearly
distinguishable from such astrophysical contributions.

The 21-cm brightness temperature corresponding to
these scenarios is shown in Fig. 3. The left panel shows
a signal with a spectral end point at z ~ 15 (with parameters
as in benchmark 1, red line) and lowered x-ray heating
alongside the tentative EDGES measurement (blue band).
The sharp turn-off in the absorption feature is now
predominantly due to the spectral end point. For compari-
son, the case of power law photon injection is shown, with
the turn-off due to x-ray heating. The Supplemental
Material [46] further explores the viable parameter space
within the model considered here that could contribute to
the absorption feature observed by EDGES.

The right panel shows the effect of an injection around
z~ 95 and a kinematic end point at z ~ 65, corresponding
to our benchmark 2 parameter point. The 15 mK uncer-
tainty projected by the proposed DAPPER experiment in
the 15-40 MHz frequency range [24] is shown as the green

Benchmark 2 (feature in dark ages)
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FIG. 2. Evolution of the kinetic (red), photon (blue), and spin (green) temperatures with redshift, shown for the standard model
(dashed), phenomenological power law photon injection (dotted), and photon injection due to dark photon resonant conversion A’ — y
(solid) shown for benchmark 1 (left) and benchmark 2 (right). Compared to the standard model and power law cases, reduced x-ray

heating is assumed for the A’ — y scenarios.
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Benchmark 1 (endpoint at z ~ 15)
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Benchmark 2 (feature in dark ages)
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The 21-cm brightness temperature contrast relative to the microwave background (solid red) for the benchmark scenarios

considered: (left) Benchmark 1, showing a kinematic end point at z = 15 and resulting in a sharp turnoff in the absorption feature that
could explain the EDGES measurement (blue band), and (right) benchmark 2, showing a distinctive kinematic feature during the dark
ages. The expected 15 mK uncertainty of the space-based DAPPER experiment in the 15-40 MHz range [24] is illustrated as the green
band in the right plot, showing that proposed space-based 21-cm experiments would be sensitive to such injections scenarios. The
brightness temperature for the standard model expectation (dashed gray) and a phenomenological power law modification to the CMB
temperature fit to low-frequency radio surveys (dotted gray) are shown for comparison.

band. It can be seen that such a distinctive spectral feature
would be observable by future 21-cm experiments and
easily distinguished from astrophysical backgrounds, pro-
viding a new probe of the nature of the dark sector.

Conclusions.—We have introduced a qualitatively new
class of global 21-cm signatures resulting from interactions
between the standard and dark sectors, characterized by
spectral features—edges and end points—and excesses in
the observed 21-cm global signal brightness temperature. We
have shown how features resulting from dark photon-to-
photon conversion can modify the 21-cm absorption trough
during cosmic dawn, providing a potential explanation for
the anomalous depth and shape of the 21-cm absorption
feature measured by EDGES and, more generally, a new way
to look for new physics in current and upcoming 21-cm
measurements targeting the cosmic dawn era. We have
additionally demonstrated how resonant photon injection
can result in distinctive spectral features in the brightness
temperature during the dark ages, which can be targeted by
proposed space-based 21-cm experiments [23-25].

Although we have focused on a particular model
realization here, we emphasize the generality of the
signatures introduced. Any exotic resonant photon injec-
tion—such as due to conversions between SM photons and
axionlike particles [20,21]—may generically result in a
spectral edge in the 21-cm temperature. A kinematic end
point in the model will correspondingly produce a spectral
end point, which may be hard—as in the case of two-body
decay considered here—or soft, as expected for three (or
more)-body decay.

We have also focused exclusively on signatures in the
global 21-cm signal; the inhomogeneous nature of resonant
photon injection [29] implies that striking signatures may
be expected in the 21-cm power spectrum as well, which is

expected to be targeted by ongoing and proposed surveys.
We defer these additional applications of our framework to
future work.
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