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Dark matter–baryon interactions can cool the baryonic fluid, which has been shown to modify the
cosmological 21-cm global signal. We show that in a two-component dark sector with an interacting
millicharged component, dark matter–baryon scattering can produce a 21-cm power spectrum signal with
acoustic oscillations. The signal can be up to 3 orders of magnitude larger than expected in ΛCDM
cosmology, given realistic astrophysical models. This model provides a new-physics target for near-future
experiments such as HERA or NenuFAR, which can potentially discover or strongly constrain the dark
matter explanation of the putative EDGES anomaly.

DOI: 10.1103/PhysRevD.108.063503

I. INTRODUCTION

In recent years, rapid progress has been made toward
turning 21-cm cosmology into reality, opening a valuable
window into the Universe at 6≲ z≲ 30. During this epoch,
the intergalactic medium (IGM) reached its lowest temper-
ature in cosmological history, before heating up due to star
formation, which began in dark matter (DM) halos of
sufficient mass. As a result, 21-cm measurements probe the
previously unknown period of cosmic dawn and the first
stars [1–5], and are particularly sensitive to new-physics
processes that impact the thermal state of the IGM or the
process of star formation during this epoch [6–32].
The observable in 21-cm cosmology is the brightness

temperature of radiation with wavelength 21 cm, T21,
absorbed or emitted by the hyperfine states of neutral

hydrogen atoms, and observed at a redshifted wavelength.
Measurements of the sky-averaged T21 (i.e., the global
21-cm signal) have generated significant excitement in
recent years. The EDGES Collaboration reported a detec-
tion of the global signal [33], finding a large absorption
trough of −0.5þ0.2−0.5 K at z ∼ 17 at 99% confidence. This
result is in significant tension with expectations from
ΛCDM cosmology [20]. More recently, however, the
SARAS experiment found that the central value of the
EDGES absorption profile is inconsistent with their mea-
surements at 95% confidence [34]. It is worth noting that
21-cm experiments face severe observational hurdles,
which may take several years of scrutiny to resolve. The
discrepancy observed in the EDGES experiment, for
instance, has often been attributed to potential systematic
uncertainties rather than a new physical phenomenon
[35–39]. Near-future global signal experiments such as
PRIZM [40], SCI-HI [41], REACH [42], and MIST [43], as
well as future results from EDGES and SARAS will help to
clarify the situation soon.
Meanwhile, T21 power spectrum measurements have

been improving steadily. Over the last decade, experiments
such as GMRT [44], MWA [45–50], LOFAR [51,52],
PAPER [53], LEDA [54], and HERA [55,56] have set
increasingly strong upper limits on the power spectrum for
comoving wave numbers 0.03–3 Mpc−1, in a broad redshift
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range of 6≲ z≲ 17; current limits are potentially 1 order of
magnitude away from optimistic ΛCDM expectations [57].
Alongside these advancements, the MeerKAT experiment
has recently reported a notable first detection of the 21-cm
power spectrum at low redshifts, indicating a promising
direction for 21-cm cosmology [58].
Inspired by the EDGES result, recent effort has been

directed toward finding models that enhance the global
signal. This can be accomplished by either increasing the
brightness of the background radiation [33,59–63], or by
reducing the baryon temperature [13–19], typically through
DM-baryon scattering [20–32]. In this paper, we revisit the
two-fluid dark sector—comprising a dominant cold DM
(CDM) and a subdominant millicharged DM (mDM)—first
presented in Ref. [29]. This model generates a large global
signal absorption trough by cooling baryons efficiently,
without introducing significant drag on the baryonic fluid
in the early Universe. Here, we show that the same model
also leads to an enhanced power spectrum that can be
several orders of magnitude larger than ΛCDM expect-
ations. A strong correlation between baryon temperature
and the baryon-DM bulk relative velocity naturally imprints
large acoustic oscillations on the signal [20,22,25], with a
much larger amplitude than is possible through the effect
on galaxy formation in standard astrophysical models
[3,27,64–67]. An oscillation signature is possible in prin-
ciple within the simpler, noninteracting millicharged DM
model [23,27], but it is erased by drag at early times
throughout the small parameter space of this model that
remains consistent with observational constraints, particu-
larly the constraints from the cosmic microwave back-
ground (CMB) [28,68,69]. The predicted power spectrum
in the interacting millicharged DM model provides a near-
future, new-physics target for 21-cm power spectrum
experiments as their sensitivity improves.

II. 21-CM COSMOLOGY

As background radiation photons pass through a region
of neutral hydrogen, they interact with the hydrogen
hyperfine states. Consequently, absorption, spontaneous
emission and stimulated emission of 21-cm photons change
the background radiation intensity at that wavelength. The
photon intensity then redshifts; the temperature contrast
between the transmitted radiation and the background
radiation, observed today at a wavelength 21ð1þ zÞ cm,
is referred to as the 21-cm brightness temperature and
denoted by T21ðzÞ. We assume throughout this paper that
the background radiation temperature is the CMB temper-
ature, TγðzÞ ¼ 2.725ð1þ zÞ K. T21 is determined by the
spin temperature TS of neutral hydrogen gas, via [1,4,5]

T21ðzÞ ≃
1

1þ z
½TSðzÞ − TγðzÞ�½1 − e−τðzÞ�; ð1Þ

where τðzÞ is the effective optical depth of photons with
wavelength of 21 cm at redshift z.
TS is determined by the interaction of neutral hydrogen

atoms with (1) the CMB photons at temperature Tγ ,
(2) other hydrogen atoms in the gas with temperature
Tb, and (3) Lyman-α (Lyα) radiation, which influences TS
through the Wouthuysen-Field (WF) effect [70,71]. The
first process drives TS → Tγ , while the other two processes
pull TS → Tb instead; as a result, TS takes a value between
Tγ and Tb. The relative strength of these processes can be
parametrized by a single coupling coefficient xtot;eff ,
encapsulating the collisional and Lyα interactions [5],

T−1
S ðx; zÞ ¼ T−1

γ ðzÞ þ xtot;effðx; zÞT−1
b ðx; zÞ

1þ xtot;effðx; zÞ
; ð2Þ

where we have also introduced the spatial (x) dependence
of TS, resulting from inhomogeneities in Tb and xtot;eff .
Further details on the value of xtot;eff and other details of the
calculation of T21 are discussed in Appendix B.
There are two main types of 21-cm observables. The first

is the global or sky-averaged brightness temperature, which
we denote by hT21iðzÞ. After the first stars formed and
started emitting significant Lyα radiation at z≲ 25, but
prior to substantial x-ray heating of the IGM at z≲ 15,
Tb ≤ TS ≤ Tγ, leading to a global signal that is in absorp-
tion, i.e., hT21i ≤ 0. A value of hT21iðz ¼ 17Þ no lower
than approximately −150 mK is expected within ΛCDM
cosmology [57].
The second observable is the power spectrum of spatial

fluctuations in the brightness temperature, PT21
ðk; zÞ, which

is a function of comoving wave number k and redshift z. The
dimensionless power spectrum PT21

=hT21i2 is the Fourier
transform of the two-point correlation function (2PCF) of
fluctuations, ξT21

ðxÞ ¼ hδT21
ðx1ÞδT21

ðx2Þix, where h� � �ix
denotes a spatial average over all pairs of points x1 and x2
such that x ¼ x1 − x2, and where δT21

≡ T21=hT21i − 1. For
our isotropic Universe, ξT21

is a function only of x≡ jxj and
PT21

can be written as

PT21
ðk; zÞ

hT21i2ðzÞ
¼ 4π

Z
∞

0

dxx2ξT21
ðx; zÞ sinðkxÞ

kx
: ð3Þ

PT21
is often equivalently expressed in terms of the power per

log k, Δ2
21ðk; zÞ≡ k3PT21

ðk; zÞ=ð2π2Þ.

III. TWO-FLUID DARK SECTOR

The two-fluid interacting millicharged DM model,
first proposed in Ref. [29], is capable of cooling baryons
during the cosmic dark ages sufficiently to produce a global
signal hT21iðz ¼ 17Þ consistent with the EDGES result,
while avoiding stringent CMB constraints on momentum
transfer between baryons and dark matter [28,69,72–74].

BARKANA, FIALKOV, LIU, and OUTMEZGUINE PHYS. REV. D 108, 063503 (2023)

063503-2



To accomplish this, the dark sector comprises two compo-
nents: a millicharged component (mDM) with massmm and
electric charge Q that makes up fm ≲ 4 × 10−3 of the total
DM energy density, and a cold component (CDM) which
accounts for the remainder. A light mediator between mDM
and CDM allows for energy transfer between these two
fluids.
Prior to recombination, the mDM electric charge and

mDM-CDM couplings are set such that the mDM fluid is
tightly coupled to the baryons. After recombination, the
baryonic fluid becomes mostly neutral; as a result, the
mDM fluid decouples from the baryons, and instead
becomes coupled to the CDM fluid, which has a temper-
ature below the baryon temperature at all times. The mDM-
baryon interactions now transfer heat from the baryons to
the entire CDM-mDM fluid, cooling Tb well below the
ΛCDM expectation. The tight mDM-CDM coupling allows
for heat flowing from the baryonic fluid to be shared among
all dark-sector particles, greatly enhancing the available
heat capacity for cooling.
The most compelling particle physics models allowing

particles to carry a small electrical charge also require the
existence of a light “hidden photon” [75]. We note that this
hidden photon is not the light mediator allowing the heat
transfer between mDM and CDM. To avoid CMB Neff
limits on a combination of millicharged particles and light
hidden photons, in this paper we focus on mm ≳ 1 GeV,
which is sufficiently massive to avoid the constraints
of Ref. [32].
As in the ΛCDM paradigm, baryon acoustic oscillations

set up a local bulk relative velocity between the baryons
(together with the mDM) and CDM, vbCðxÞ, with a root-
mean-square velocity of vrms ≡ hv2bCðxÞi1=2 ≈ 29 km s−1 at
z ¼ 1010 [3]. Unlike the noninteracting millicharged DM
model [23], the mDM-CDM coupling in the interacting
model restores the mDM-baryon velocity difference after
cosmic recombination. Since the mDM-baryon interaction
responsible for heat transfer from the baryons weakens
rapidly with velocity, patches with large initial vbC remain
hotter than the rapidly cooling patches with vanishing
vbC [20,22]. This is an important point: the relative bulk
motion at z ∼ 1010 results in different initial conditions for
the baryon temperature evolution at each spatial location.
This spatial variation in Tb leads to spatial variation in the
brightness temperature T21 through Eqs. (1) and (2). In
particular, the correlation with vbC imprints the acoustic
oscillations in the vbC power spectrum onto the 21-cm
power spectrum [3,20].
Following Ref. [29], we compute Tb as a function of dark

matter parameters Q and mm, fixing the CDM mass at
mC ¼ 100 MeV and also fm ¼ 10−4. Varying 10 MeV≲
mC ≲ 18 GeV and 10−8 ≲ fm ≲ 4 × 10−3 changes the
required values of mm and Q to get significant cooling
of the baryonic fluid, but otherwise does not qualitatively
change our results [29]. We choose the maximal coupling

between mDM and CDM, permitting both tight coupling
between mDM and baryons before recombination, and a
sufficiently small drag on the baryonic fluid to avoid CMB
power spectrum constraints [28,69] (see also Appendix C
of Ref. [29]). We integrate the differential equations
governing the properties of the mDM, CDM and baryon
fluids starting from photon decoupling at z ¼ 1010, for
various initial bulk velocities vbC, ultimately obtaining
TbðQ;mm; vbC; zÞ.

IV. ASTROPHYSICS MODELING

To relate TbðQ;mm; vbC; zÞ from our model to a value of
T21ðQ;mm; vbC; zÞ through Eqs. (1) and (2), we need an
astrophysical model for the Lyα and x-ray radiation fields.
Lyα photons determine the coupling of TS to Tb in Eq. (2),
while both Lyα and x-ray photons lead to IGM heating,
partially counteracting cooling by mDM. To determine
both of these effects, we rely on a large-scale, semi-
numerical 21-cm code based on Refs. [57,66,76]. In this
paper, we aim to highlight the discovery potential of the
two-fluid dark sector model in the 21-cm power spectrum;
we therefore account for the minimal effect of realistic
astrophysical models. This contrasts with the typically
adopted simplistic approach that derives the maximum
possible signal by assuming no astrophysical heating
together with full Lyα coupling (i.e., xtot;eff → ∞); in
practice, this limit is not possible, since strong Lyα
coupling brings along with it significant heating, thus
narrowing the range of possible 21-cm signals [57]. We
use an ensemble of 140 realistic astrophysical models from
the seminumerical simulations, chosen to minimize astro-
physical heating and maximize Lyα coupling. As shown
below, we must use an ensemble since the astrophysical
model that gives the maximum absorption of T21 depends
on the DM parameters and on redshift. Further details on
the simulations and the astrophysical parameters are dis-
cussed in Appendix D.
As we focus on models with subdominant x-ray heating,

the dominant process counteracting dark cooling is Lyα
heating. Lyα heating results from the scattering of Lyα
photons, either directly from atomic recoil [77–79], or by
mediating heat transfer from the CMB to the baryons [80].
From each simulation, we obtain the spatially averaged
baryon temperature ΘA

b ðzÞ, with A indexing the 140
simulated astrophysical models (we use Θ to denote
temperatures that are spatially averaged and T for temper-
atures that vary over space through vbC for clarity). To
account for astrophysical heating in our calculations we
define the excess heating as δΘA

b ðzÞ≡ ΘA
b ðzÞ − Θ0

bðzÞ,
where Θ0

bðzÞ is the ΛCDM prediction for the baryon
temperature in the absence of heating. The final baryon
temperature is then

TA
b ðQ;mm; vbC; zÞ ¼ TbðQ;mm; vbC; zÞ þ δΘA

b ðzÞ ð4Þ
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for each astrophysical model. The second ingredient we
obtain from each simulation is the average effective
coupling xAtot;effðTb; zÞ from the spatially averaged Lyα
radiation field. TA

21ðQ;mm; vbC; zÞ is then determined by
substituting xAtot;effðTb; zÞ into Eq. (2) together with Eq. (4).
Note that we have ignored spatial variations in δΘA

b , as
well as in the Lyα radiation field, using only their mean
values, and thus leaving the dependence of Tb on vbC as the
only source of fluctuations. While a fully self-consistent
treatment including astrophysical heating and dark cooling
would account for all spatial variations concurrently, the
simplified prescription presented here is computationally
much more feasible, and is a reasonable approximation
within the parameter range of interest, for which the effect
of velocity fluctuations strongly dominate.

V. BULK RELATIVE VELOCITY

In the two-fluid interacting dark-sector model, the
fluctuations of T21 are set primarily by the dependence
of the baryon temperature on vbC. This correlates the spatial
variations of T21 (at any redshift), to those of vbC at
z ∼ 1010, assuming that any other sources of such fluctua-
tions are subdominant.
Since the drag between the baryons and CDM is small,

vbC at recombination is as it is in the ΛCDM paradigm: a
Gaussian random field with a power spectrum PvðkÞ
defined through hṽbCðkÞṽbCðk0Þi¼ð2πÞ3δð3Þðkþk0ÞPvðkÞ,
where k̂ṽbCðkÞ≡ ṽbCðkÞ, the Fourier transform of vbCðxÞ.
PvðkÞ exhibits the characteristic acoustic oscillations
in k [3].

Under our assumption that the spatial fluctuations of T21

are dominated by its dependence on vbC, the global signal is
evaluated as

hT21i¼
�

3

2πv2rms

�
3=2

Z
d3vbCT21ðvbCÞexp

�
−
3v2bC
2v2rms

�
: ð5Þ

Similarly, the T21 2PCF is given by

ξT21
ðxÞ ¼

Z
d3vbC;a

Z
d3vbC;b

× PðvbC;a; vbC;b; xÞδT21
ðvbC;aÞδT21

ðvbC;bÞ; ð6Þ

where PðvbC;a; vbC;b; xÞ is the joint probability density
function (PDF) of 3D bulk relative velocities at points a
and b separated by a vector x. Since vbC is a Gaussian
random field, P is completely specified by PvðkÞ. In the
Appendix C, we specify the exact structure of P, and
explain the details of our computation of ξT21

. In particular,
we improve on previous results [64,81] by reducing the 6D
integral in Eq. (6) to a 3D integral instead of a 4D one,
making the integral much easier to evaluate numerically.
The power spectrum is then calculated through Eq. (3).

VI. RESULTS

Figure 1 shows the predicted hT21i and Δ2
21 for comov-

ing wave number k ¼ 0.13 Mpc−1 for the two-fluid inter-
acting millicharged DM model with mm ¼ 3 GeV, for a
range of Q values that are viable given current constraints.
To indicate the most easily observable models, we plot lines

FIG. 1. Left: the minimum envelope (i.e., maximum absorption) of the predicted global signal hT21i for mm ¼ 3 GeV across all
astrophysical models, for various values of the charge (colored lines). Right: the maximum envelope of the power spectrum Δ2

21 at
k ¼ 0.13 Mpc−1 for the samevalues of the charge (colored lines). Existing upper limits over a range of redshifts reported byLOFAR [51,52]
(green), and HERA [55,56] (orange) are shown as arrows. In both panels, the signals for all astrophysical models for Q ¼ 2 × 10−2 are
shown in gray; the fiducial range of both quantities expected in standard ΛCDM cosmology is shaded in purple [57].
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in color representing the minimum hT21i and maximum
Δ2

21 envelopes, obtained by varying over all 140 astro-
physical models. To give a sense of the variability in these
models, we show in gray lines the 140 different models
considered for the fixed value Q ¼ 2 × 10−2. The full
fiducial range of values that are possible in standardΛCDM
cosmology are shaded in purple. See Appendix A for a
similar plot of Δ2

21 for other values of k.
The global signal shown on the left has the characteristic

absorption profile, corresponding to Lyα emission driving
TS → Tb before heating of the IGM causes Tb to increase;
by adding x-ray heating it is possible to vary the shape
further. As pointed out in Ref. [29], the global signal from
our model can attain the central value of the EDGES
absorption profile at z ¼ 17, producing signals as large
as hT21iðz ¼ 21Þ ∼ −1250 mK.
The power spectrum shown on the right is predicted to

reach Δ2
21ðz ¼ 21Þ ∼ 105 mK2 for Q ¼ 5 × 10−3, several

orders of magnitude larger than the conventional ΛCDM
expectation [57] indicated by the purple band. For
9 ≤ z ≤ 30, 21-cm power spectrum experiments such as
MWA [45,50], LOFAR [51,52], and HERA [55,56] have
already reported upper limits; we limit ourselves to z ≥ 9 to
avoid uncertainties due to reionization, even though strin-
gent upper limits at z ¼ 7.9 have recently been reported by
HERA [56].
From comparing the Q ¼ 2 × 10−2 envelopes of both

panels of Fig. 1, it is evident that models leading to a
maximal global signal absorption feature do not correspond
to the largestΔ2

21 values. In the left panel of Fig. 2, we show
a scatter plot in the space of Δ2

21ðk ¼ 0.13Þ Mpc−1 and

hT21i at z ¼ 17, for mm ¼ 3 GeV and the experimentally
allowed range of Q [29]. Each gray line is a fixed
astrophysical model, with varying charge Q. The colored
dots indicate the maximal Δ2

21 and minimal hT21i across all
astrophysical models, for a fixed Q. We see that increasing
Q first leads to gradually increasing values of Δ2

21, before
hT21i starts decreasing significantly. This behavior stems
from the σ ∝ v−4rel relative velocity dependence of the
Rutherford scattering cross section between mDM and
baryons; cooling is most efficient for regions where
vbC ¼ 0, while for higher velocities, less efficient cooling
or even heating can take place [22]. This leads to enhanced
fluctuations in Tb and hence T21. As Q is increased further,
these fluctuations are diminished, since large regions of the
IGM—with most values of vbC—experience strong and
early cooling; this behavior is reflected in the right panel of
Fig. 1, where Δ2

21 begins to decrease for Q≳ 5 × 10−3.
In the same figure, we show the forecast sensitivity of

NenuFAR [82] and HERA [27] after 103 hours of obser-
vation, for k ¼ 0.13 Mpc−1. We note that the Square
Kilometre Array (SKA) is projected to do even better,
reaching a sensitivity of around 1 mK2 [83]. For many
choices of ðQ;mmÞ, we see that 21-cm power spectrum
experiments are sensitive to these models, even though the
global signal only has a value of hT21i ≈ −200 mK, only
slightly larger than the ΛCDM expectation shown in Fig. 1
[57]. At present, measurements by the SARAS experiment
have excluded the central value of the EDGES absorption
profile at the 95% confidence level, but with the exclusion
likely depending on the signal shape and not just on the
amplitude.

FIG. 2. Left: scatter plot of the global signal and the power spectrum at k ¼ 0.13 Mpc−1 at z ¼ 17, formm ¼ 3 GeV. Each gray line is
a fixed astrophysical model with varying chargeQ, while the color of each large dot represents a value ofQ and indicates the maximum
fluctuation and absorption signal for that value. The EDGES central value of hT21i ¼ −500 mK with its error range is shown for
reference (brown, horizontal), although the EDGES profile is ruled out at 95% confidence by SARAS. The projected sensitivities of
NenuFAR [82] (green, dotted) and HERA [27] (blue, dotted) with 103 hours of observation are shown. Right: the power spectrum as a
function of k at various redshifts (colored lines), maximized over both astrophysics and particle physics parameters.
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Finally, in the right panel of Fig. 2, we plot the maximum
Δ2

21 across all astrophysical and new-physics models
parameters, for experimentally relevant values of k and
z. Across a broad range of k and z, Δ2

21 ≳ 103 mK2,
reaching values as large as Δ2

21 ∼ 105 mK2, exceeding
the fiducial expectation from ΛCDM cosmology by several
orders of magnitude (see Appendix A for a density plot of
Δ2

21 over all relevant values of k and z). Furthermore, large
acoustic oscillations are imprinted in the T21 signal through
the correlation between Tb and vbC. This is currently the
only viable new-physics model with large acoustic oscil-
lations in the 21-cm power spectrum, and provides a new-
physics target for experiments like NenuFAR and HERA.

VII. CONCLUSION

We studied the 21-cm power spectrum of the two-fluid
interacting millicharged DM model first studied in
Ref. [29], and found that the model can produce a power
spectrum that will be readily detectable in near-future runs
of 21-cm power spectrum experiments such as NenuFAR
and HERA, and eventually the SKA. Large power spectra
are possible even in models in which the predicted global
signal is close to the standard ΛCDM range. This model is
currently the only viable model which produces a large
21-cm power spectrum with acoustic oscillation features,
demonstrating the power of such experiments in searching
for new physics. Our results should provide a useful new-
physics benchmark for upcoming 21-cm power spectrum
experimental results.
While this study has strategically chosen certain astro-

physical models to maximize the detection potential of the
discussed signal, we acknowledge the importance of
expanded parameter exploration and the consideration of
more diverse astrophysical models in future research,
including those that could potentially diminish the detect-
ability of the signal. Moreover, our treatment of heating is
approximate, and we anticipate deviations when the heating
and cooling effects of our particle physics model are of a
similar order. We recognize the need to address this aspect
in more detail in future work, particularly should an
anomalously large 21-cm power spectrum be observed.
This broader and more refined approach is essential to
ensure a comprehensive understanding of the phenomena
under study. Likewise, if early signs of our model begin to
surface in forthcoming 21-cm power spectrum results, a
more comprehensive analysis, such as conducting a
Markov chain Monte Carlo, would indeed become an
essential step in verifying the validity of our model and
its implications.
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APPENDIX A: SUPPLEMENTAL FIGURES

In the left plot in Fig. 3, we show the maximum envelope
of Δ2

21 for mm ¼ 3 GeV and Q ¼ 2 × 10−2 as a function of
redshift for several values of k, including the predicted
signals for all astrophysical models with k ¼ 0.13 Mpc−1.
On the right of Fig. 3, we show contours of Δ2

T21
ðk; zÞ

maximized over both astrophysics and particle physics
parameters.

APPENDIX B: 21-CM COSMOLOGY
FOR HIGH-ENERGY PHYSICISTS

In this appendix, we briefly review the physics of the
21-cm emission in a language familiar to high-energy
physicists, and detail the full calculation for obtaining
the brightness temperature T21, paying special attention to
deriving expressions that are valid even when the spin
temperature is comparable to the hyperfine splitting, a
scenario that is possible due to the significant cooling of
baryons in the two-fluid dark sector model. For an
extensive review, we refer the readers to Ref. [5].
Consider a line-of-sight through a large region of space,

parametrized by comoving coordinates x and redshift z.
Radiation from the CMBwith temperature TγðzÞ is incident
on neutral hydrogen or HI gas at x with number density
nHIðx; zÞ. Since the 21-cm line is very narrow (it has a
decay width of A10 ¼ 2.85 × 10−15 s−1, compared to the
energy level separation corresponding to a frequency of
ν10 ¼ 1.42 GHz), we can safely treat all interactions with
neutral hydrogen as occurring only when the energy of
the photon is exactly given by the hyperfine splitting
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ω10 ≡ 2πν10 at each point in z. Photons approaching the
point with frequency just above ν10 enter with the CMB
blackbody intensity Iν;BBðν ¼ ν10; TγðzÞÞ, with intensity
being defined with respect to frequency ν.1 At this point,
21-cm photons can be absorbed or emitted by the gas,
leading to a change in its intensity ΔIν10ðzÞ. This change in
the intensity with respect to the blackbody is the observable
in 21-cm cosmology.
There are three processes at redshift z that contribute to

ΔIν10ðzÞ: spontaneous emission, absorption and stimulated
emission. In the study of radiative transfer, it is conven-
tional to treat absorption and stimulated emission together,
while spontaneous emission is regarded as a source term at
each point. Under the narrow-width approximation, we can
write the absorption cross section as σ0→1 ≡ Sδðω − ω10Þ,
where S is a constant, so that the number of photons
absorbed per volume per time is simply n0ðdnγ=dωÞjω10

S,
where ðdnγ=dωjω10

Þ is the number density of photons per
unit energy at frequency ω10, where n0 is the number
density of neutral hydrogen atoms in the ground state of the
hyperfine splitting. Similarly, stimulated emission can be
encapsulated in an effective cross section σ1→0 ¼
Rδðω − ω10Þ, and the number of photons emitted by
stimulated emission per volume per time is written as
n1ðdnγ=dωÞjω10

R for another constant R, where n1 is the
number density of neutral hydrogen atoms in the excited
state of the hyperfine splitting. Then the usual detailed
balance argument used in deriving the Einstein coefficients
tells us that in equilibrium at any temperature T,

neq1 A10 þ neq1 R
dneqγ
dω

����
ω10

¼ neq0 S
dneqγ
dω

����
ω10

;

where “eq” denotes equilibrium quantities. The various
number densities are given by neq1 =n

eq
0 ¼ 3e−ω10=T, and

dneqγ
dω

����
ω10

¼ ω2
10

π2
1

eω10=T − 1
:

Using the fact that detailed balance applies at any temper-
ature, we find the following relationship:

R ¼ S
3
¼ π2

ω2
10

A10: ðB1Þ

We now define the optical depth of a photon passing
through the point at redshift z to be

τðzÞ ¼
Z

dt½n0ðzÞS − n1ðzÞR�δðω − ω10Þ

¼
Z

dtn0ðzÞ½1 − e−ω10=TSðzÞ�Sδðω − ω10Þ; ðB2Þ

where we have used the definition of the spin temperature,

n1=n0 ≡ 3 expð−ω10=TSÞ: ðB3Þ

Notice that the optical depth is defined using the net rate of
absorption and stimulated emission. As the photon travels
through the point at redshift z, it comes into resonance with
ω̇ ¼ HðzÞω. We can therefore rewrite the integral in terms
of dω ¼ HðzÞωdt, and perform the integral to obtain

FIG. 3. Left: the maximum envelope of the power spectrum Δ2
21 for mm ¼ 3 GeV and Q ¼ 2 × 10−2 as a function of redshift for

several values of k (colored lines). The predicted signals for all astrophysical models with k ¼ 0.13 Mpc−1 are shown in gray. Right:
contours of Δ2

T21
ðk; zÞ, maximized over both astrophysics and particle physics parameters.

1This assumes that the only 21-cm photons passing through
this point originate only from the CMB, and that the CMB is a
perfect blackbody with no other sources of distortion.
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τðzÞ ¼ 3π2A10nHIðzÞ
HðzÞω3

10

1 − e−ω10=TSðzÞ

1þ 3e−ω10=TSðzÞ ;

with nHI ¼ n0 þ n1. In this expression, we have avoided
the common approximation ω10 ≪ TS, since baryonic
cooling in our model can lead to very small values of
Tb and hence TS. In the limit ω10 ≪ TS, owing to the
highly populated excited triplet state, the optical depth is
small, and is numerically given by [5]

τðzÞ ≃ 9.85 × 10−3
�
TγðzÞ
TSðzÞ

��
Ωbh

0.0327

��
Ωm

0.307

�
−1=2

×

�
1þ z
10

�
1=2

: ðB4Þ

After passing through the gas, the 21-cm intensity
changes because of a combination of absorption and
stimulated emission—encapsulated by τðzÞ—and sponta-
neous emission. We can write the change in intensity as

ΔIν10ðzÞ ¼ −Iν;BBðν10; TγðzÞÞ½1 − e−τðzÞ� þ SðzÞ; ðB5Þ

where Iν;BBðν10; zÞ is the incoming intensity of 21-cm
CMB blackbody radiation, while SðzÞ is the contribution
from spontaneous emission, which only depends on the
properties of neutral hydrogen atoms. We know that in
thermal equilibrium, i.e. if the incoming intensity were a
perfect blackbody with temperature TS, we must have
ΔIν10ðzÞ ¼ 0. From this, we can conclude that

SðzÞ ¼ Iν;BBðν10; TSðzÞÞ½1 − e−τðzÞ�:

In radio astronomy, the intensity Iν at a particular
frequency ν is often expressed as a brightness temperature
Θ instead, with ΘðωÞ≡ 2π2Iν=ω2. For a blackbody, the
relation betweenΘ and the thermodynamic temperature T is

ΘðωÞ ¼ T ×
ξ

eξ − 1
; ðB6Þ

where ξ≡ ω=T, with Θ ¼ T in the limit ξ → 0. The
expression in Eq. (B5) can therefore be written as

ΔΘðzÞ ¼
�

ξðzÞ
eξðzÞ − 1

TSðzÞ − TγðzÞ
�
½1 − e−τðzÞ�;

where ξðzÞ≡ ω10=TS, and we have taken ω10 ≪ TγðzÞ.
Finally, the observed 21-cm brightness temperature is
precisely this absorption or emission relative to the back-
ground TγðzÞ, redshifted to the present day, i.e.

T21ðzÞ ¼
1

1þ z

�
ξðzÞ

eξðzÞ − 1
TSðzÞ−TγðzÞ

�
½1− e−τðzÞ�: ðB7Þ

Once again, we have not taken the usual approximation
ω10 ≪ TSðzÞ or equivalently ξðzÞ ≪ 1, since this assumption
can be violated with baryonic cooling. Adopting this limit
allows one to drop the ξðzÞ=ðeξðzÞ − 1Þ term, recovering the
more usual expression [5].
Other than ΛCDM parameters, the only remaining

unknown parameter that determines T21ðzÞ is the spin
temperature. TS is determined by a competition between
(1) scattering of HI atoms with the CMB, which causes
TS → Tγ , (2) collisions between HI atoms, which causes
TS → Tb, and (3) Lyα scattering, which couples TS to the
color temperature of the Lyα photons TS → TC through the
WF effect [70,71,95]. The spin temperature can be
expressed as a weighted mean [71]

T−1
S ¼ T−1

γ þ xcT−1
b þ xαT−1

C

1þ xc þ xα
; ðB8Þ

where xc and xα represent coupling coefficients through
collisions and Lyα scattering respectively. The collisional
coupling coefficient can be written as [96]

xc ¼
ω10

A10Tγ
½κHH1−0ðTbÞnHI þ κeH1−0ðTbÞne þ κpH1−0ðTbÞnp�;

ðB9Þ

where np and ne are the number densities of free protons
and electrons; the rates κ were calculated and tabulated in
Refs. [97–99]. The Lyα coefficient is [1,5]

xα ¼
16π2αω10

27A10meTγ
Jα; ðB10Þ

where α ≈ 1=137 is the fine-structure constant, and Jα is
defined as

Jα ¼
Z

dΩ
4π

Iνα
ωα

;

where Iνα is the photon intensity at the Lyα frequency, and
ωα ≈ 10.2 eV is the Lyα transition energy. Including the
effect of atomic recoil during Lyα scattering as well as
the possibility of multiple scatterings allows us to write
Eq. (B8) as

T−1
S ¼ T−1

γ þ xtot;effT−1
b

1þ xtot;eff
; ðB11Þ

where xtot;eff ¼ xc þ xα;eff , and

xα;eff ≡ xα

�
1þ Tse

Tb

�
−1

exp

�
−2.06

�
Ωbh

0.0327

�
1=3

×

�
Ωm

0.307

�
−1=6

�
1þ z
10

�
1=2

�
Tb

Tse

�
−2=3

�
: ðB12Þ
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In this expression, Tse ≡mHðω10=ωαÞ2 ≈ 0.402 K, with
mH being the mass of the hydrogen atom [5]. For the results
presented in the paper, we adopt 140 phenomenologically
viable models of xαðzÞ from Ref. [57], chosen for particular
large values of xαðzÞ so that TS is coupled strongly to the
Tb, leading to optimistically but realistically large values of
T21 that can be potentially probed in near-future 21-cm
experiments.

APPENDIX C: DETAILS OF THE POWER
SPECTRUM CALCULATION

Asdiscussed in themain paper, the statistics of the baryon-
CDM bulk relative velocity vbC fully specifies the statistics
of T21 in the two-fluid dark sector model. vbCðxÞ in this
model is a Gaussian random field, as it is in ΛCDM
cosmology; it is fully specified by its two-point function
PvðkÞ, defined as hṽbCðkÞṽbCðk0Þi¼ð2πÞ3δð3Þðkþk0ÞPvðkÞ,
where k̂ṽbCðkÞ≡ ṽbCðkÞ, the Fourier transform of vbCðxÞ. In
particular, the one-point PDF fðvbCÞ is

fðvbCÞ ¼
�

3

2πv2rms

�
3=2

exp

�
−
3v2bC
2v2rms

�
; ðC1Þ

where vrms ≡ hv2bCðxÞi1=2 ≈ 29 km s−1 at z ¼ 1010. With
this expression, we can easily obtain themeanvalue ofT21 at
redshift z, hT21iðzÞ, given any particular astrophysics model
or new-physics parameters, by integrating over vbC, i.e.

hT21iðzÞ ¼
Z

d3vbCfðvbCÞT21ðvbC; zÞ: ðC2Þ

Similarly, the 2PCF is given by

ξT21
ðxÞ ¼

Z
d3vbC;a

Z
d3vbC;bPðvbC;a; vbC;b; xÞ

× δT21
ðvbC;aÞδT21

ðvbC;bÞ; ðC3Þ

where δT21
≡ ðT21 − hT21iÞ=hT21i is the spatial fluctuation

of T21, and P is the two-point PDF, i.e. the joint probability
density function of 3D velocities at two different points,
separated by the vector x, given by

PðvbC;a; vbC;b; xÞ ¼
1

ð2πÞ3 ffiffiffiffiffiffiffiffiffiffiffiffiffijCðxÞjp exp

�
−
1

2
U⃗TC−1ðxÞU⃗

�
;

ðC4Þ

where U⃗ ≡ ðvbC;a; vbC;bÞ is a 6D vector, and C is the
covariance matrix for this multivariate Gaussian. To differ-
entiate between different types of quantities, we use bold-
face letters to represent 3D vectors, an arrow to indicate 6D
vectors, sans-serif font for 6 × 6 matrices, and under-
scores for 3 × 3 matrices. Note that ultimately, after

performing the velocity integrals, ξT21
is only a function

of x≡ jxj in a homogeneous and isotropic Universe.
The covariance matrix of the 6D Gaussian is given

by [64,81]

CðxÞ
σ2v

¼ 16×6 þ
�

0 cðxÞ
cðxÞ 0

�
: ðC5Þ

Here, σ2v ≡ v2rms=3 ¼ R
d log kΔ2

vðkÞ is the 1D velocity
dispersion, with Δ2

vðkÞ≡ k3PvðkÞ=ð2π2Þ. The elements
of the 3 × 3 matrix c are given by

cðxÞij ≡ hvibCvjbCiðxÞ
σ2v

¼ ckðxÞx̂ix̂j þ c⊥ðxÞðδij − x̂ix̂jÞ;

ckðxÞ ¼
1

v2rms

Z
dk
k
Δ2

vðkÞ½j0ðkxÞ − 2j2ðkxÞ�;

c⊥ðxÞ ¼
1

v2rms

Z
dk
k
Δ2

vðkÞ½j0ðkxÞ þ j2ðkxÞ�; ðC6Þ

where jl are the spherical Bessel functions of order l, i and
j denote spatial components, δij is the Kronecker delta
symbol, and x̂ is a unit vector in the direction of x. ck and
c⊥ give the correlation of the velocity component parallel
and perpendicular to the separation vector x respectively.
For later use, in a coordinate system where x ¼ xẑ, the 3D
matrix takes the form

cðxẑÞ ¼

0
B@

ck 0 0

0 ck 0

0 0 c⊥

1
CA: ðC7Þ

Throughout this appendix, we find it convenient to use
uσv ¼ vbC as our integration variable. Using the Fourier
transform of a 6D Gaussian, the 2PCF of any function fðvÞ
can be expressed as

ξfðxÞ ¼
Z

d3ua

Z
d3ub

Z
d3ωa

ð2πÞ3
Z

d3ωb

ð2πÞ3 e
iωa·uaeiωb·ub

× δfðuaσvÞδfðubσvÞP̃ðωa;ωb; xÞ; ðC8Þ

where δf ≡ f=hfi − 1, (ωa, ωb) are the Fourier transforms
of (ua, ωb), and

P̃ðωa;ωb; xÞ ¼ exp

�
−
1

2
ðω2

a þ ω2
bÞ − ωT

acðxÞωb

�
: ðC9Þ

Since T21 is an isotropic function of velocity, integrating
over the angles of both d3u can be performed easily
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d3ua
d3ωa

ð2πÞ3d
3ub

d3ωb

ð2πÞ3 e
iωa·uaeiωb·ub

¼ u2adua
d3ωa

2π2
u2bdub

d3ωb

2π2
sinðuaωaÞ
uaωa

sinðubωbÞ
ubωb

: ðC10Þ

We can simplify the nondiagonal part of the Gaussian in
Eq. (C9) by noting that

ωT
acðxÞωb ¼ ωajcðxÞωbj cos θa

¼ ωaωb cos θa · Rðx; cos θbÞ; ðC11Þ

where θa is the angle between ωa and cωb, and θb is the
angle between ωb and x, and where through Eq. (C7) we
have identified

Rðx; cos θbÞ≡ jcðxÞωbj
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2⊥ðxÞ þ cos2θb½c2kðxÞ − c2⊥ðxÞ�

q
: ðC12Þ

This result can be directly computed using the expressions
in Eq. (C6).
At this point, we can integrate over the two remaining

azimuthal angles and θa; after some algebra, we arrive at

ξfðxÞ ¼
2

π

Z
du1u21

Z
du2u22 · δfðu1σvÞδfðu2σvÞ

×Wðu1; u2; xÞ; ðC13Þ

with

Wðu1; u2; xÞ ¼
1

u1u2

Z
1

−1

d cos θb
2

exp ½− 1
2

u2
1
þu2

2

1−R2 � sinh½Ru1u21−R2 �
R

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − R2

p :

ðC14Þ

Equation (C13) can now be integrated numerically for a
given δT21

ðvbCÞ to obtain the 2PCF, ξT21
ðxÞ. Note that the

numerical integration that needs to be performed is a 3D
integral, which is numerically much simpler to evaluate
than the equivalent 4D integral expressions found in
Refs. [64,81].
Implementing Eq. (C13) numerically poses some mild

numerical challenges. For separations x much shorter than
the sound horizon, which sets the typical scale of spatial
fluctuations, c⊥; ck → 1 and R → 1, and the 3D integral
becomes extremely peaked and difficult to evaluate numeri-
cally with a regular mesh. On the other hand, for distances
much larger than the sound horizon, the correlation
between the two points becomes weak; a series expansion
in the limit of large x produces a simple expression for ξT21

that is highly accurate, allowing us to avoid performing the
relatively expensive numerical integration. We will now
discuss the small-x and large-x limits in turn.

1. Small-separation limit

At distances much smaller than the sound horizon, we
expect ck; c⊥ → 1. To understand what happens in this
limit, we first write Eq. (C8) as

ξfðxÞ ¼
Z

d3ua

Z
d3ub

Z
d3ωa

ð2πÞ3
Z

d3ωb

ð2πÞ3 e
iωa·uaeiωb·ub

× exp

�
−
1

2
ðωa þ ωbÞ2 þ ωT

adðxÞωb

�

× δfðuaσvÞδfðubσvÞ; ðC15Þ

with d≡ 1 − c, which is a small parameter in this limit.
We now rewrite expðω⊺

adðxÞωbÞ as derivatives acting on
expðiωa · uaÞ expðiωb · ubÞ, to obtain

ξfðxÞ ¼
Z

d3ua

Z
d3ubδfðuaσvÞδfðubσvÞ exp½−∂ia∂jbdij�

×
Z

d3ωa

ð2πÞ3
Z

d3ωb

ð2πÞ3 e
iωa·uaeiωb·ub

× exp

�
−
1

2
ðωa þ ωbÞ2

�
; ðC16Þ

where we introduced the notation that ∂
i
a is the partial

derivative with respect to the component uia (and likewise
for ∂jb), and we adopt the Einstein summation convention
from here on. The last two integrals are now inverse Fourier
transforms that we can evaluate, to obtain

ξfðxÞ ¼
Z

d3ua

Z
d3ubδfðuaσvÞδfðubσvÞ exp½−∂ia∂jbdij�

×
e−u

2
b=2

ð2πÞ3=2 δ
ð3Þ
D ðua − ubÞ

¼
Z

d3ua

Z
d3ubδ

ð3Þ
D ðua − ubÞ

e−u
2
b=2

ð2πÞ3=2
× exp½−∂ia∂jbdij�δfðuaσvÞδfðubσvÞ; ðC17Þ

where in the last line we have performed an integration by
parts to move the derivatives over.
We are now ready to expand in terms of the small

parameter dij. Expanding the exponential to second order,
we have

exp ½−∂ia∂jbdij� ≃ 1 − ∂
i
a∂

j
bdij þ

1

2
∂
i
a∂

j
b∂

k
a∂

l
bdijdkl: ðC18Þ

At leading order, we have
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ξð0Þf ðx → 0Þ ¼
Z

d3ua

Z
d3ubδ

ð3Þ
D ðua − ubÞ

×
e−u

2
b=2

ð2πÞ3=2 δfðuaσvÞδfðubσvÞ

¼ hδ2fðvÞi; ðC19Þ

since the PDF of 3D bulk relative velocities is gðvÞd3v ¼
ð2πσ2vÞ−3=2 exp½−v2=ð2σ2vÞ�d3v, with v ¼ σvu.
At the next order, evaluating the derivatives, we find

ξð1Þf ðx→0Þ¼−dij
Z

d3ua

Z
d3ubδ

ð3Þ
D ðua−ubÞ

×
e−u

2
b=2

ð2πÞ3=2
uiau

j
b

uaub
σ2vδ

0
fðuaσvÞδ0fðubσvÞ

¼−dij
Z

d3ua
e−u

2
a=2

ð2πÞ3=2
uiau

j
a

u2a
σ2vδ

02
f ðuaσvÞ: ðC20Þ

At this point, we make use of the identity

Z
d3uuiujfðuÞ ¼ δij

3

Z
d3uu2fðuÞ; ðC21Þ

which can be deduced from the fact that the symmetry of
the integral makes it proportional to the rank-2 isotropic
tensor, i.e. the Kronecker delta function. Putting everything
together, we finally obtain

ξð1Þf ðx → 0Þ ¼ −
1

3
diiσ2vhδ02f i ¼ −

1

3
Tr½d�σ2vhδ02f i; ðC22Þ

where Tr is the trace of a matrix.
Finally, at the second order, we first expand the deriv-

atives carefully,

∂
i
a∂

k
a ¼

δik

ua
∂a þ

uiauka
u2a

�
∂
2
a −

1

ua
∂a

�
; ðC23Þ

which can be applied to the second-order expression to give

ξð2Þf ðx→ 0Þ¼ 1

2
dijdkl

Z
d3ub

e−u
2
b=2

ð2πÞ3=2

×

��
δik

ub
−
uibu

k
b

u3b

�
σvδ

0
fðuaσvÞ

þuibu
k
b

u2b
σ2vδ

00
fðuaσvÞ

�
× ði→ j;k→ lÞ: ðC24Þ

To simplify the expression, we apply Eq. (C21), as well as
the analogous result at rank 4,

Z
d3uuiujukulfðuÞ

¼ 1

15
ðδijδkl þ δikδjl þ δilδjkÞ

Z
d3uu4fðuÞ

≡ 1

15
Sijkl

Z
d3uu4fðuÞ; ðC25Þ

to obtain

ξð2Þf ðx→ 0Þ¼ 1

2
dijdkl

Z
d3ub

e−u
2
b=2

ð2πÞ3=2
��

δikδjl

3u2b
þ Sijkl
15u2b

�
σ2vδ

02
f

þ2

�
δikδjl

3ub
−
Sijkl
15ub

�
σ3vδ

0
fδ

00
fþ

Sijkl
15

σ4vδ
002
f

�

¼ 1

2
dijdkl

Z
d3ub

e−u
2
b=2

ð2πÞ3=2
��

1

3
δikδjlþ2Sijkl

15u2b

−
Sijkl
15

�
σ2vδ

02
f þSijkl

15
σ4vδ

002
f

�
; ðC26Þ

where in the last line we have performed an integration by
parts. Contracting the indices gives finally

ξð2Þf ðx → 0Þ ¼ ½3dikdik − diidkk�
σ2vhδ02f i
30

þ 1

30
ð2dikdik þ diidkkÞ

×

�
2σ4v

�
δ02f
v2bC

	
þ σ4vhδ002f i

�
: ðC27Þ

The combined expression can then be written as

hfi2ξfðx → 0Þ≃ hf2i− hfi2

−
1

9



Tr½d�− 1

2
Tr½d2�

�
hðvrmsf0Þ2i

þ 1

270
fTr½d�2 þ 2Tr½d2�g

×

��
2
v2rms

v2bC
− 3

�
ðvrmsf0Þ2 þ ðv2rmsf00Þ2

	
:

ðC28Þ

2. Large-separation limit

At large separations, both ck and c⊥ approach 0. Once
again, we can start from Eq. (C8) and write

ξfðxÞ¼
Z

d3ua

Z
d3ubδfðuaσvÞδfðubσvÞexp½∂ia∂jbcij�

×
Z

d3ωa

ð2πÞ3
Z

d3ωb

ð2πÞ3e
iωa·uaeiωa·ub exp

�
−
1

2
ðω2

aþω2
bÞ
�
:

ðC29Þ
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We can immediately take the Fourier transform of the
Gaussian to find

ξfðxÞ ¼
Z

d3ua

Z
d3ubδfðuaσvÞδfðubσvÞ

× exp ½∂ia∂jbcij�
e−u

2
a=2

ð2πÞ3=2
e−u

2
b=2

ð2πÞ3=2 : ðC30Þ

At this point, we can expand the exponential in the limit of
small c, noting that any term with odd derivatives in ua is
zero, since the resulting expression is odd under ua → −ua.
Because hδfi is zero, the leading-order result goes as two
powers of c:

ξð1Þf ðx → ∞Þ ¼ 1

2
cijckl

�Z
d3uaδfðuaσvÞ∂ia∂ka

e−u
2
a=2

ð2πÞ3=2
�

× ða → b; i → j; k → lÞ: ðC31Þ

As in the small-separation limit, we can exploit the
symmetry of the integral to rewrite ∂ia∂ka → ∂

2
aδ

ik=3, giving

ξð1Þf ðx → ∞Þ ¼ 1

18
cikcik

�Z
d3uaδfðuaσvÞ∂2a

e−u
2
a=2

ð2πÞ3=2
�2

;

ðC32Þ

which we can evaluate to obtain

ξð1Þf ðx → ∞Þ ¼ 1

2
Tr½c2� hv

2δfi2
v4rms

: ðC33Þ

At the next order, we have

ξð2Þf ðx → ∞Þ

¼ 1

24
cijcklcmncpq

�Z
d3uaδfðuaσvÞ∂ia∂ka∂ma ∂pa

e−u
2
a=2

ð2πÞ3=2
�

× ða → b; i → j; k → l; m → n; p → qÞ: ðC34Þ

Once again, we can replace ∂
i
a∂

k
a∂

m
a ∂

p
a → Sikmp∇2

a∇2
a=15,

where ∇2
a ≡ ∂

i
a∂a;i, leading to

ξð2Þf ðx→∞Þ

¼ SikmpSjlnq

24ð15Þ2 cijcklcmncpq

×

�Z
d3uaδfðuaσvÞ∇2

a∇2
a
e−u

2
a=2

ð2πÞ3=2
�2

: ðC35Þ

Contracting the tensor indices gives

SikmpSjlnqcijcklcmncpq ¼ Sikmpðc2ikc2mp þ c2imc
2
kp þ c2ipc

2
kmÞ

¼ 3½ðcikcikÞ2 þ 2ðc2Þikðc2Þik�
¼ 3fTr½c2�2 þ 2Tr½c4�g: ðC36Þ

Evaluating the integral and simplifying leads us to the final
expression,

ξð2Þf ðx → ∞Þ ¼ 1

8
fTr½c2�2 þ 2Tr½c4�g

×

�
3

5

hv4δfi
v4rms

− 2
hv2δfi
v2rms

�
2

: ðC37Þ

The final combined result is

ξfðx → ∞Þ ≃ 1

2
Tr½c2� hv

2δfi2
v4rms

þ 1

8
fTr½c2�2 þ 2Tr½c4�g

×

�
3

5

hv4δfi
v4rms

− 2
hv2δfi
v2rms

�
2

; ðC38Þ

which to leading order is in agreement with Ref. [81].

3. Velocity correlation functions

Finally, in this section, we compute the correlation
functions for powers of vbC, which we denote as v for
simplicity in this section.We alsowrite ξf in terms of various
bias factorsmultiplying velocity correlation functions,which
is a common approximation scheme used in the literature.
The correlation functions for v2 and v4 are both simple

Gaussian integrals, resulting in

ξv2ðxÞ ¼
2

9
Tr½c2�;

ξv4ðxÞ ¼ 4ξv2 þ
8

225
fTr½c2�2 þ 2Tr½c4�g: ðC39Þ

Alternatively, these expressions could have been obtained
by noting that the large-separation expansion is exact to
first order for ξv2 and to second order for ξv4. At large
separation, we see that ξv4 ≃ 4ξv2 to leading order, in
agreement with Eq. (C38). It is common to write the
correlation function ξf as a bias parameter multiplied by ξv2
and ξv4 ; comparing our expressions here and Eq. (C38), we
find in the large-separation limit

ξfðx → ∞Þ ≃ 9

4

�hv2δfi
hv2i

�
2

ξv2ðxÞ

−
225

64

�
2
hv2δfi
hv2i −

hv4δfi
hv4i

�
2

× ½4ξv2ðxÞ − ξv4ðxÞ�: ðC40Þ

In the small-separation limit, we write c ¼ 1 − d as before,
and noting that c2 ¼ 1–2dþ d2, we obtain
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ξv2ðxÞ ¼
2

3
−
4

9
Tr½d� þ 2

9
Tr½d2�; ðC41Þ

which is an exact expression, while keeping terms up to
order d2, we find

ξv4ðx → 0Þ ≃ 16

5
−
112

45

�
Tr½d� − 1

2
Tr½d2�

�

þ 32

225
ðTr½d�2 þ 2Tr½d2�Þ: ðC42Þ

The above two expressions are in agreement with
Eq. (C28), which we can now rewrite as

ξ̄fðx → 0Þ ≃
�
A
4
−
7B
48

�
ξ̄v2ðxÞ þ

5B
192

ξ̄v4ðxÞ;

ξ̄ðxÞ ¼ ξðxÞ − ξð0Þ; A ¼ h½vrmsf0ðvÞ�2i;

B ¼
��

2
v2rms

v2
− 3

�
½vrmsf0ðvÞ�2 þ ½v2rmsf00ðvÞ�2

	
:

ðC43Þ

APPENDIX D: DETAILS OF THE SIMULATIONS

We rely on a large-scale, seminumerical 21-cm code
based on Refs. [57,66,76,100]. Driven by the specifications
of radio telescopes such as the SKA, the simulation models
large cosmic volumes (3843 comoving Mpc3) with a
resolution of 3 comoving Mpc. The initial conditions for
density fields, bulk relative velocities between dark matter
and baryons [3,66,101], and IGM temperature are gener-
ated at z ¼ 60. The halo abundance is calculated within
each resolution element using the approach of Ref. [102],
which is based on Refs. [103–105]. The resulting number
of halos is biased by the local values of the large-scale
density and velocity fields. Subsequently, star formation is
derived assuming that every halo with a mass higher than

the star-formation threshold will form stars at a given
star-formation efficiency [106], which is a function of halo
mass as well as the local value of the Lyman-Werner (LW)
radiative background, which suppresses star formation via
the molecular-cooling channel [101].
Radiation produced by stars and stellar remnants is

propagated taking into account redshifting and absorption
in the IGM. We follow the evolution and spatial fluctua-
tions in several key radiative backgrounds: x-rays heat up
and mildly ionize the IGM, Lyα photons are responsible for
the WF coupling and contribute to IGM heating [57], LW
photons affect the efficiency of star formation, and ionizing
photons drive the process of reionization. We then compute
the 21-cm signal of neutral hydrogen affected by all the
sources of light within the light cone. The simulation
produces three-dimensional cubes of the fluctuating 21-cm
signal at a selection of redshifts, which can be used to
calculate hT21i and PT21

.
Since the Universe at the time of primordial star

formation is practically observationally unconstrained,
we perform multiple simulations, varying several free
astrophysical parameters within their allowed ranges
[57,107]. The relevant astrophysical parameters include
the minimum circular velocity of star-forming halos Vc, the
star formation efficiency f�, the x-ray spectral energy
distribution, x-ray heating efficiency fX, the ionizing
efficiency of sources, and the mean free path of ionizing
photons. In this paper, we aim to highlight the discovery
potential of the two-fluid dark sector model in the 21-cm
power spectrum; we therefore take an ensemble of simu-
lations of 140 astrophysical models from this realistic
parameter range, chosen to minimize astrophysical heating
and maximize Lyα coupling, both of which result in a
stronger absorption for T21. Specifically, we choose models
where Vc > 16.5 km s−1, fX < 0.001 and fradio < 1 [63].
Although it is included in the model, the process of
reionization has a subdominant impact on the high-redshift
signals discussed in this paper.
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