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Ultralight axions (ULAs) are a promising and intriguing set of dark-matter candidates. We study the
prospects to use forthcoming measurements of 21-cm fluctuations from cosmic dawn to probe ULAs. We
focus in particular on the velocity acoustic oscillations (VAOs) in the large-scale 21-cm power spectrum,
features imprinted by the long-wavelength (k ∼ 0.1 Mpc−1) modulation, by dark-matter–baryon relative
velocities, of the small-scale (k ∼ 10 − 103 Mpc−1) power required to produce the stars that heat the neutral
hydrogen. Damping of small-scale power by ULAs reduces the star-formation rate at cosmic dawn which
then leads to a reduced VAO amplitude. Accounting for different assumptions for feedback and
foregrounds, experiments like HERA may be sensitive to ULAs with masses up to mα ≈ 10−18 eV,
two decades of mass higher than current constraints.
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I. INTRODUCTION

Next-generation cosmic microwave background (CMB)
experiments such as the Simons Observatory (SO) [1,2]
and CMB-S4 [3], galaxy surveys such as DESI [4] and the
Vera Rubin Observatory (VRO) [5], as well as 21-cm
experiments such as HERA [6] or SKA1-low [7,8] will
soon generate a wealth of stringent new tests of the standard
cosmological model and hopefully shed light on the nature
of dark matter. Here, we consider ultralight axions (ULAs),
a dark-matter candidate that is compelling because of its
possible connections to the strong-CP problem, galactic
substructure, and string theory [9,10].
Here we explore new probes of ULAs enabled by

forthcoming measurements of fluctuations of the 21-cm
line of neutral hydrogen during cosmic dawn. The galaxy-
formation rate in any particular region of the Universe can
be affected by the dark-matter–baryon relative velocity in
that region. This thus introduces a fluctuation in galaxy-
formation rate on the fairly large (k ∼ 0.1 hMpc−1) coher-
ence scale of the linear-theory dark-matter–baryon relative
velocity [11]. The oscillations in the dark-matter–baryon
relative-velocity power spectrum are thus imprinted in the
power spectrum of 21-cm fluctuations from cosmic dawn
[12–25].
ULAs (and other models of ultralight bosonic dark

mater) differ from standard cold dark matter (CDM) due
to their astrophysically large de Broglie wavelength, which

leads to an effective sound speed in the ULA density
perturbations, suppressing the growth of cosmic structure
relative to CDM [9,26,27].1 This effect, and other effects
related to the ULA wavelength, can be probed by a wide
variety of astrophysical and cosmological measurements
[9,10,34–36]. The CMB and galaxy surveys establish a
lower bound on the ULA mass around 10−25 eV, and probe
the ULA density fraction at the percent level for lower
masses [37–39]. The lower limit can be improved by a
variety of cosmological probes (e.g. Refs. [40–43]), with
the strongest, m > 2 × 10−20 eV, being provided by the
Lyman-alpha forest flux power spectrum [44].
The prospects to use the 21-cm signal as probe the small-

scale matter power spectrum during cosmic dawn were
discussed in Ref. [24]. Here we show that the velocity
acoustic oscillations (VAOs) [23] in the 21-cm power
spectrum can extend the sensitivity to an ULA mass up
to two orders of magnitude higher. The probe is quite robust
to theoretical uncertainties as it relies on the linear-theory
effects of ULAs, which are better understood than non-
linear effects. Reference [45] showed that if the ULA Jeans
scale is larger than the baryon Jeans scale, then the
modulation feature in the power spectrum caused by
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1Note that recent studies of ULAs using N-body simulations
suggest interference effects which can lead to ∼10–15% effect on
the matter power-spectrum on scales comparable to the de
Broglie wavelength of the fluid (see e.g. Refs. [28–31]), which
we will omit in this paper. The interference and vorticity effects
that are not captured by the fluid formulation we use here are
unlikely to be significant at the power spectrum level, although a
possible effect on early star formation is still an open question
[32,33].
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dark-matter–baryon relative motion is absent, thus sug-
gesting that the VAO feature would also be absent.
Reference [45] thus speculated that a future measurement
of VAOs would be able to probe ULA particle masses
around 10−18 eV. The present work addresses this claim in
more detail. We compute explicitly the 21-cm cosmic dawn
VAO feature from simulations and calculate the sensitivity
of its amplitude to the ULA Jeans scale following
Refs. [12,20,22,45–47]. We forecast the sensitivity of a
realistic 21-cm measurement to this effect, accounting for
foreground removal and baryonic feedback.
This paper is organized as follows. We describe the

21-cm hydrogen line and relative-velocity signature in
Sec. II. We discuss the ULAs and their effects on
observables in Sec. III. We provide forecasts on the ULA
mass in Sec. IV and conclude with discussion in Sec. V.

II. THE IMPACT OF RELATIVE VELOCITIES ON
THE 21-CM POWER SPECTRUM

A. The 21-cm hydrogen line

The absorption/emission of 21-cm photons by neutral
hydrogen is determined by the Ts of neutral hydrogen,
which can be obtained from,

n1
n0

¼ g1
g0

e−T�=Ts : ð1Þ

Here, n0 and n1 are the comoving number densities of the
hydrogen atoms in the singlet and the triplet states, where
g0 ¼ 1 and g1 ¼ 3 are their numbers of degrees of freedom,
respectively. The temperature corresponding to the 21-cm
hyperfine transition is T� ¼ 0.068 K. The hydrogen emits
(absorbs) photons from the CMB when the local spin
temperature is higher (lower) than the CMB temperature.
The distribution of these photons at the different wave-
lengths and at different redshifts can be used to infer the
astrophysical and cosmological properties of our Universe.
Our observable is the 21-cm brightness temperature [48],

T21 ¼ 38mK

�
1−

Tγ

Ts

��
1þ z
20

�
1=2

xHIð1þ δbÞ
∂rvr
HðzÞ ; ð2Þ

where xHI is the neutral-hydrogen fraction, ∂rvr is the line-
of-sight gradient of the velocity, Tγ is the CMB temper-
ature, δb is the baryon overdensity, and H is the Hubble
parameter [19,21,48].
We define the cosmic-dawn era to be that when the first

stars formed, starting around z ∼ 25–35 [49]. After recom-
bination, the gas kinetic temperature is dominated by
adiabatic cooling and the spin temperature is coupled to
the CMB temperature due to the high gas density and
through collisions [50]. Toward the end of the dark ages,
collisional coupling of hydrogen becomes ineffective and
the 21-cm signal becomes small. The first stars produce UV
photons that redshift into the Lyman-α line and couple the

kinetic and spin temperatures of hydrogen in the
intergalactic medium (IGM) via the Wouthuysen-Field
effect [51–53]. Remnants of these first stars likely produce
a background of ∼0.1–2 keV X-rays [54,55] heating the
IGM before reionization progresses largely after z ∼ 10
[56–58]. Toward the end of reionization (z≲ 10), Lyman-
Werner feedback reduces the effects of streaming velocities
in the IGM on the 21-cm signal [49,59].
We model the 21-cm fluctuations during cosmic-dawn

with semi-numerical simulations provided by 21cmvFAST,2

which is built upon 21cmFAST.3 Initial conditions for peculiar
velocity and density fields are set at z ¼ 300 with a
Gaussian random field in Lagrangian space, before being
evolved with the Zel’dovich approximation [60] to match
the mean collapse fraction for the conditional Sheth-
Tormen halo mass function [61]. The photon emission
rates of the sources embedded in each halo are assumed
proportional to the increase of the total collapsed halo mass.
The excursion set formalism is used in each cell to estimate
the mean number of sources contributing to the gas
temperature from the surroundings. The kinetic temper-
ature is calculated including adiabatic expansion, Compton
scattering with the CMB [62], and the inhomogeneous
heating history of the IGM (please see for details on this
calculation in Refs. [63,64]).
For each observed frequency, we produce realizations of

the 21-cm signal of coeval cubes of size 2000 Mpc on
20003 grids. Each coeval cube is simulated at the respective
redshift from an initial density field given by appropriate
transfer functions for relative velocities and matter. The
power spectrum Δ2

21ðkÞ of 21-cm fluctuations satisfy

hδT21ðk⃗; zÞδT�
21ðk⃗0; zÞi ¼ ð2πÞ3δðk⃗− k⃗0Þ2π

2

k3
Δ2

21ðk; zÞ; ð3Þ

where δT21ðk⃗; zÞ is the Fourier transform of ½T21ðx⃗Þ−
T̄21�=T̄21, the zero-mean fluctuations of the 21-cm bright-
ness temperature at redshift z.

B. The impact of relative velocities

The modulation induced by the dark-matter–baryon
relative velocities on the 21-cm power spectrum can be
captured from the statistics of the collapsed baryonic density
to a good approximation. Briefly, the effect of bulk relative
velocities is analogous to that of the gas pressure, which
suppresses the accretion of baryons. The bulk kinetic energy
of the gas gets converted into thermal energy as it falls into
the dark matter (DM) halo, resulting in a change in the
effective sound speed ceff;s ≃ ðc2s þ v2cbÞ1=2, hence in
the baryon collapsed fraction [12,13,13–19,21,22,65].
The effect of the relative velocities on the 21-cm brightness

2github.com/JulianBMunoz/21cmvFAST.
3github.com/andreimesinger/21cmFAST.
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temperature power spectrum amplitude can then be para-
metrized as [23]

Δ2
21;velðk; zÞ ¼ AvelðzÞΔ2

v2ðk; zÞjWðk; zÞj2; ð4Þ

where Avel is some redshift-dependent amplitude of fluctu-
ations. Thewindow functionWðk; zÞ depends on the various
contributors to the 21-cm power spectrum such as Lyman-α
coupling and X-ray heating. Here, we defined Δ2

v2ðkÞ as the
power spectrum of the quantity

δv2 ¼
ffiffiffi
3

2

r �
v2cb
v2rms

− 1

�
; ð5Þ

which accurately captures the shape of the effect of relative
velocities on the observables for the scales where the
“streaming” bulk relative velocity can be approximated
with a root-mean-squared value vrms ≃ 30 km s−1 at recom-
bination [11]. As the VAOs are statistically independent
from the density fluctuations at first order, the amplitude of
the 21-cm power spectrum can be written as

Δ2
21ðk; zÞ ¼ Δ2

21;velðk; zÞ þ Δ2
21;nwðk; zÞ; ð6Þ

where Δ2
21;nwðk; zÞ is the component excluding VAOs.

Throughout this paper we use a fourth-order polynomial
to parametrize the smooth contribution to the spectra
following Ref. [22],

ln½Δ2
21;nwðk; zÞ� ¼

X4
i¼0

ciðzÞ½ln k�i; ð7Þ

where ciðzÞ are coefficients we fit for using simulations we
discussed above. The fitted smooth spectra serve as our
phenomenological model that captures the dependence of
the 21-cm power spectra to the cosmological parameters. In
what follows we marginalize over these coefficients in our
forecasts.Wemodel the power spectrum of the velocity as in
Ref. [23] using the form we defined in Eq. (4). We use
12cmvFAST to calculate the window function and the ampli-
tude AvelðzÞ for a given feedback model, and calculate Δ2

v2

for a given cosmology. We calculate the relative-velocity
transfer function at the end of recombination using CLASS

Boltzmann solver [66], which we use as an initial condition
for our simulations. We show the effect of relative velocities
on the 21-cm power spectrum at redshift z ¼ 14 in Fig. 1
for the medium baryonic feedback scenario defined in
21cmFAST.

III. ULAS AND THEIR EFFECTS ON
OBSERVABLES

A. ULA equations of motion and the density
power-spectra

A coherently oscillating scalar field ϕ in a quadratic
potential V ¼ m2

αϕ
2=2 has an energy density that scales as

a−3 and thus can behave in cosmology as DM [67]. The
Klein-Gordon equation is

ð□ −m2
αÞϕ ¼ 0; ð8Þ

where □ is the D’Alembertian for the cosmological
spacetime, and mα is the axion mass. At zeroth order in
cosmological perturbation theory, the solution of this
equation for the field initially displaced a fixed amount
from the vacuum leads to production of the ULA DM relic
density via realignment [67–70]. At higher orders in
perturbation theory, the ULA field is coupled to the
gravitational potential, and undergoes structure formation.
The difference between ULAs and CDM arises due to the
gradient terms in □, which in linear perturbation theory
lead to a sound speed in the effective ULA fluid equations
[26,71–73].
In the moving background of the DM-baryon relative

velocity the ULA and baryon fluid equations are [45]

_δα ¼
iμ
a
δα − θα; ð9Þ

FIG. 1. The brightness-temperature power spectra of t he 21-cm
hydrogen line at redshift z ¼ 14 (in solid red), shown with fitted
contribution to the power spectra (in dashed green) in the absence
of the relative velocity effect and the velocity contribution
(dashed blue) as discussed in Sec. II B. For the simulations we
used 21cmvFAST [23] with medium feedback. Error bars shown
in the figure for the signal are Poisson errors from our simu-
lations. The dashed green line is a fourth-order polynomial fit, as
discussed in Sec. II B.
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_θα ¼
iμ
a
θα −

3

2
H2½ΩαðtÞδα þ ΩbðtÞδb� − 2Hθα þ

k2c2s;a
a2

δα;

ð10Þ

_δb ¼ −θb; ð11Þ

_θb¼−
3

2
H2½ΩαðtÞδαþΩbðtÞδb�−2Hθbþ

c2s;bk
2

a2
ðδbþδTÞ;

ð12Þ

_δT ¼ 2

3
_δb þ

Tγ

Tg

ΓC

Hð1þ zÞ δT; ð13Þ

where μ ¼ v⃗ðbgÞbα ðtÞ · k⃗, Ωα is the ULA density, Ωb is the

baryon density, v⃗ðbgÞbα is the ULA-baryon relative velocity,
cs;b is the baryon sound-speed, and cs;a is the ULA sound-
speed, ΓC is Compton interaction rate, Tγ is the CMB
temperature, Tg is the gas temperature and we include the
effect of temperature fluctuations δT ¼ δTg

=Tg. On sub-
horizon scales, the ULA sound speed is approximated as

c2s;α ≈
k2

4m2
αa2

: ð14Þ

We solve these equations given the initial conditions for
a ΛCDM Universe at matter-radiation equality that we
compute using CLASS [66]. The ULA sound speed leads to
a suppression of power relative CDM (which has cs ¼ 0).
Using CDM initial conditions is not exactly accurate for

ULAs, since there is already some departure from CDM
at high redshift in the transfer function (see e.g.
Refs. [37,72]), however the dynamical suppression of
structure for z < 1010 caused by the sound speed gives
an accurate model at low z (such an approach was taken in
Refs. [74,75]).
We demonstrate this suppression in clustering statistics

with the power-spectra of the baryon and matter fluctua-
tions in Fig. 2. In these figures we also show the
suppression in clustering due to DM-baryon relative-
velocity which increases the baryon pressure experienced
by halos. While on large scales (k ∼ 0.1 Mpc−1) the
fluctuations of the 21-cm temperature are enhanced due
to the additional VAO term (as discussed in Sec. II B),
small-scale fluctuations of density are somewhat sup-
pressed by the relative velocities.

B. VAO amplitude

The amplitude of the VAO signature AvelðzÞ depends
non-linearly on the small-scale brightness temperature,
which is sensitive to the baryonic feedback processes
and nonlinear clustering on smaller scales. Similar to
Ref. [22], we can calculate the amplitude of the VAOs
by defining a 21-cm relative-velocity bias in the form

b221ðzÞ ¼ hT2
21ðvcbÞi − hT21ðvcbÞi2 ð15Þ

such that the relative-velocity contribution to the 21-cm
power-spectra can then be written as

Δ2
21;velðk; zÞ ¼ b221ðzÞΔ2

v2ðk; zÞjWðk; zÞj2; ð16Þ

FIG. 2. The effect of ULAs on the baryon and DM power-spectra. The left and middle plots show the baryon and dark matter
power-spectra for varying ULA mass, respectively. The ULAs can be observed to dampen the structure formation on small scales. Here,
the solid (dashed) colored lines correspond to the power spectra in the absence (presence) of the relative velocity effect as shown in
e.g. Refs. [12,20,46,47]. The right plot compares the characteristic baryon overdensity ΔbðkÞ ¼ ½R k

0 k
03dk0=ð2π2ÞPbðk0Þ�1=2 (solid black

line) in the absence of ULAs with the characteristic change in the small-scale baryon power about their mean value ΔðΔ2
bÞ≡

jΔ2
bðk; vcb ¼ 0Þ − Δ2

bðk; vcbÞj (colored lines) as function of wave number k. The amplitude of the quadratic small-scale fluctuations
(k ∼ 100h Mpc−1) shown as comparable with the linear power-spectra on large scales (k ∼ 0.01h Mpc−2). On all plots, different colors
correspond to the scenarios with ULAs with varying mass at redshift z ¼ 20. The masses are highlighted with white markers on the color
bar shown on the left panel. The right-most line (highlighted with the black marker on the color bar) corresponds to
mα ¼ 1.6 × 10−21 eV, with succeeding lines to the left corresponding to masses as highlighted on the color bar.
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and the relative-velocity bias b21ðzÞ has the fiducial value
of AvelðzÞ. In what follows, we calculate the derivative of
the bias term with respect to the axion mass ∂b221ðzÞ=∂mα

that appears in our forecasts using the analytical approx-
imations up to quadratic order in density fluctuations as
described in [20,46,47]. We set the fiducial value to AvelðzÞ,
which we calculate from fitting Eqs. (4) and (7) to our
simulations using 21cmvFAST with no ULAs (equivalent to
mα → ∞). We demonstrate the effect of ULAs on the
21-cm power-spectra in Fig. 3 which lead a suppression of
the quadratic contribution to the VAO amplitude. As shown
in Ref. [20], because the VAO signature in the 21-cm
temperature fluctuations is inherently quadratic, the VAO
signature in the 21-cm temperature power-spectrum ampli-
tude Δ2

21;velðkÞ, at wave number k, ends up being sensitive
to smaller scales than k. This allows the VAO signature to
be sensitive to small scales where ULAs suppressed the
density fluctuations. ULAs cut-off the power spectrum on
small scales, and remove the (higher order) modulating
effect of the DM-baryon relative velocity on the small scale
matter power spectrum. Thus, a cut-off in the power
spectrum on k smaller than the baryon smoothing scale
drastically reduces the quadratic contribution to the VAO
amplitude, as anticipated in Ref. [45]. This is the primary
physical effect demonstrated explicitly for the first time in

the present work (Fig. 3), and drives the forecasted
constraints that follow.
Note that the 21-cm temperature-brightness signal at

redshift z ∼ 16 corresponds to the halfway point throughout
the heating transition marked by large fluctuations com-
pared to the later times (z ∼ 14) where X-rays heat up the
IGM, making the power-spectrum (and the VAO signature)
smaller and less pronounced, as well as earlier times where
Lyman-α becomes comparable to theX-ray, as demonstrated
by the redshift evolution of the signal visible in Fig. 3.
In a nut-shell, the VAO feature on large scales (the

velocity coherence scale) are induced by the second order
modulation of the power spectrum by relative velocity on
small scales (near the baryon Jeans scale). The amplitude
and shape of the VAO decouple, and the amplitude can
be estimated by computing the velocity bias, b21ðzÞ, in
moving background perturbation theory. ULAs damp the
power on scales below the axion Jeans scale. Thus, if the
axion Jeans scale is larger than the baryon Jeans scale,
relative velocities induce no power spectrum modulation in
moving background perturbation theory [45], the velocity
bias vanishes, and thus too do the large scale VAO.
The analytic approximation to b21ðzÞ has been shown to

match the qualitative features of the relative-velocity
contribution to the power-spectra while also predicting

FIG. 3. The effect of ULAs on the VAO signature in the 21-cm power-spectra for redshift bins centred at z ¼ f14; 16; 24g. The VAO
amplitude can be shown to vary with mα. The dotted black lines correspond to the anticipated noise (cosmic variance and thermal noise
combined) for the HERA experiment, which we calculate with 21cmSense. We discuss the binning in wave number k in Sec. IV. Upper
plots correspond the 21-cm signal. The blue end of the color spectrum corresponds to the prediction from the ΛCDM cosmology,
averaged over 20 simulations with 21cmvFAST. We demonstrate the effect of ULAs on the 21-cm power spectrum with varying colors.
See Fig. 2 for the correspondence between different colors and the ULA mass. Here, the effect of ULAs are calculated analytically using
Refs. [20,46,47] as discussed in Sec. III B.
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AvelðzÞ to be an Oð1Þ lower compared to more robust
calculations using 21cmvFAST simulations [22], which
capture the baryonic feedback processes and the effect
of nonlinear structure formation more accurately. In what
follows, we marginalize over the baryonic feedback
strength using our simulations to account for the former,
and leave evaluating the effect of nonlinear structure
formation on the partial derivative ∂b221ðzÞ=∂mα to future
works. Note nevertheless that our fiducial values for AvelðzÞ
are robust as they are calculated from simulations.

IV. FORECASTS

A. Experimental specifications

We take four redshift bins of size Δz ¼ 2, centred at
redshifts z ∈ f12; 14; 16; 18g, and one redshift of size
Δz ¼ 3, centred at z ¼ 24 to match Ref. [22]. These
choices are made to get sufficiently high SNR per redshift
bin in order to detect the VAO features using experimental
specifications matching HERA survey [6].
Foreground mitigation for the cosmological 21-cm

signal is performed either via wedge suppression or
avoidance.4 21cmSense [78–80] is a python module designed
to estimate the noise power spectra when a given telescope
array observe the 21-cm signal via foreground avoidance.
We use 21cmSense for the HERA experiment, which we
describe below.
In every uv bin5 the noise is calculated as,

δ2uvðkÞ ≈ X2Yðk3=2π2ÞðΩEff=ð2t0ÞÞT2
sys; ð17Þ

where X2Y is a scalar conversion from an observed solid
angle (or effective beam,ΩEff ) to a comoving distance [81],
Tsys is the system temperature, t0 is the total observation
time and k is the three-dimensional Fourier wave number.
Assuming Gaussian errors on cosmic variance, we

express the total uncertainty with an inversely-weighted
sum across all the k modes as

Δ2;obs
21 ðkÞ ¼

�X
i

1

½δ2uv;iðkÞ þ Δ2
21ðkÞ�2

�
−1
2

; ð18Þ

where the index, i, represents multiple measurements of the
same frequency from redundant baselines within the array.
This is therefore the total noise, including both sample
variance and thermal noise.

The foreground wedge is defined as

kk ¼ aþ bk⊥; ð19Þ

where kk and k⊥ are the Fourier modes projected on the
line-of-side and the transverse plane respectively; b
depends on the instrument beam, bandwidth and under-
lying cosmology; a is the buffer zone, typically chosen as
a ¼ 0.1h Mpc−1 (a ¼ 0.01h Mpc−1) for pessimistic (opti-
mistic) scenarios.
We apply 21cmSense to HERA [82,83], where stations

are located in a filled hexagonal grid (11 along each side).
Each station is 14 m in diameter giving a total collecting
area of 50; 953 m2 accross a total bandwidth ranging
[50, 250] MHz. The antennae are taken to be at
Trx ¼ 100 K. HERA is operated only in drift scan mode
for 6 hours per night. Throughout the paper we assume three
years of observation with HERA.
For reference, we calculate the total SNR as equal toP
k Δ2

21ðk; zÞ=Δ2;obs
21 ðk; zÞ and the VAO SNR as equal toP

k Δ2
21;velðk; zÞ=Δ2;obs

21 ðk; zÞ, summed (in quadrature) over
the redshift bins we consider. Here,

P
k is the sum over

binned wave numbers and Δ2;obs
21 ðk; zÞ is the total uncer-

tainly of the 21-cm spectra defined in Eq. (13). We set the
k-bin widths to the inverse of the cosmological bandwidth
corresponding to the redshift range that can be considered
co-eval as in [6]. We find the total (over all z) detection
signal-to-noise ratio (SNR) of the 21-cm signal to be
f130; 190; 498g, and the SNR of the VAO signature to
be f21; 40; 190g, for our {pessimistic, moderate, optimis-
tic} foreground considerations, respectively, and for regular
baryonic feedback, using HERA [6].

B. Results

We define the information matrix as

FαβðzÞ ¼
X
k−bins

∂αΔ2
21ðk; zÞ∂βΔ2

21ðk; zÞ
ðΔ2

21;obsÞ2ðk; zÞ
; ð20Þ

and model the 21-cm power-spectra with

fc0ðzÞ; c1ðzÞ; c2ðzÞ; c3ðzÞ; c4ðzÞ; mα; ϵFBðzÞg; ð21Þ

at each redshift bin we consider, where ciðzÞ with i ∈
f0;…; 4g parametrizes the non-wiggle part of the 21-cm
power-spectra, mα is the ULA mass, and ϵFB is a parameter
representing the sensitivity of the 21-cm power-spectra to
the Lyman-Werner (LW) baryonic feedback efficiency
in the 21cmFAST simulations we consider, which parametrize
the formation of stars as a change of mass of cooling haloes
as [84,85]

4Please see [76,77] for detailed description of the EoR window
and foreground wedge.

5The uv plane is the Fourier transform of the sky brightness
distribution in a plane perpendicular to the direction of obser-
vation. Radio interferometers cannot produce an image of the sky
directly, instead they make observations in the uv plane.
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Mcoolðz; vcb; FLWÞ ¼ Mcoolðz; vcb; 0Þ × ½1þ ϵFBBðFLWÞβ�;
ð22Þ

whereMcoolðz; vcb; 0Þ is the mass of cooling in the absence
of LW feedback, FLW¼1.256×10−20ergss−1cm−2Hz−1sr−1

is the LW flux, B ¼ 4 and β ¼ 0.47 as fitted to the
simulations in Refs. [86,87].

In Fig. 4, we show the total signal-to-noise (SNR) on
the ULA mass from the five redshift bins defined above.
The colored vertical lines indicate that ULA masses lower
than mα ¼ 6.0 × 10−19 eV will be detected with an SNR
of 5 or higher. The dotted black horizontal line correspond
to SNR of 5. The SNR goes to zero for high ULA mass
where the effect of the ULA on the 21-cm is negligible.
The SNR flattens at low masses where models with
different ULA masses cannot be distinguished from each
other. Here, the buffer zone is set as a ¼ 0.05h Mpc−1,
corresponding to our moderate foreground scenario we
describe next.
Foregrounds play an important role in determining

our ability to infer cosmology from the 21-cm signal.
We demonstrate how various foreground scenarios affect
the constraints on the ULA mass in Fig. 5. Here, we
have defined the scenario where the baselines are added
incoherently, no k modes are included from within the
horizon wedge (and buffer zone) and a ¼ 0.1h Mpc−1 as

FIG. 4. The total SNR on the ULA mass using foreground cut-
off scale a ¼ 0.05h Mpc−1, assuming moderate baryonic feed-
back and HERA survey specifications as we describe in the text.
The SNR of the ULA mass detection is plotted for varying ULA
mass mα. The vertical lines indicate that ULA masses lower than
mα ¼ 6.0 × 10−19 eV will be detected with an SNR of 5 or
higher. The horizontal lines correspond to SNR of 3. The SNR
goes to zero for high ULA masses and flattens at low masses
where scenarios with different ULA masses cannot be distin-
guished from each other.

FIG. 5. Analysis of the effect of foregrounds on the ULA mass
constraints. Three foreground scenarios are shown, these are
pessimistic (dashed gray line), moderate (solid blue line), and
optimistic (dot-dashed green line). The upper limits on the ULA
mass can be seen to worsen for the pessimistic foreground
scenario where masses below 1.0 × 10−19 eV are constrained
with SNR > 5. For the optimistic scenario, ULA masses below
8.0 × 10−18 eV are constrained with SNR above 5. The moderate
scenario is identical to the results shown if Fig. 4.

FIG. 6. Contour plots demonstrating the improvement on the
ULA mass constraints from the redshift information, for fiducial
values of mα ¼ 10−19 eV and ϵFB ¼ 1. The foremost contour
(solid, indigo color) corresponds to the constraints from a single
redshift bin centered at z ¼ 14. Following dashed contours
correspond to successively adding information from redshift bins
centered at z ¼ f24; 18; 16; 12g with colors described above.
Innermost plot correspond to adding all redshift bins, matching
ourmoderate foreground scenario (shownwith blue solid contour)
forecasts described before. The redshift information can be seen to
improve the ULA mass estimate along the degeneracy direction.
We find the VAOmeasurements can potentially measure the axion
mass of mα ¼ 10−19 eV over 95% precision.
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pessimistic. In the moderate scenario, the baselines are
added coherently and a ¼ 0.05h Mpc−1, otherwise same as
the pessimistic scenario. In the optimistic scenario, all
baselines in the primary field of view (no buffer zone) are
added coherently and a ¼ 0.03h Mpc−1. We find ULA
masses below 1.0 × 10−19 eV and 8 × 10−18 eV will be
detected to SNR of 3 or higher for the pessimistic and
optimistic scenarios, respectively. The SNR exceeds 10 by
mα ¼ 10−18 eV in the optimistic scenario, while flattening
around ∼5 in the pessimistic scenario.
Another important factor when detecting the ULAs is the

effect of baryonic feedback, which suppresses the VAO
signature [22]. Moreover, if feedback affects the 21-cm in a
similar way, we might expect the ULA mass to be some-
what degenerate with ϵFB. Indeed in Fig. 6 we show that for
a single redshift bin, the effect of baryonic feedback has
some degeneracy with mα. Here, we show the mα − ϵFB
contour plots from various combinations of the redshift
bins. The foremost solid contour in indigo corresponds to
the constraints from the redshift bin centered at z ¼ 14.
Following dashed contours corresponds to successively
adding information from redshift bins centered at
z ¼ f24; 18; 16; 12g, with colors described in the figure
caption. Innermost blue solid contour correspond to the
forecasts from adding all redshift bins, matching our
moderate foreground scenario. The redshift information
can be seen to improve the ULA mass estimate along the
degeneracy direction suggesting the degeneracy between
the ULA mass and the feedback parameter ϵFB at z ¼ 14 is
somewhat broken.
Lastly, we expect our forecasts to depend on assumptions

about baryonic feedback, which affects the large-scale

21-cm spectrum by preventing smaller-mass molecular-
cooling haloes to form stars, in turn the reducing the effect
of relative-velocities on the 21-cm fluctuations. In Fig. 7,
we show the ULA mass constraints for different feedback
models defined in 21cmFAST. Indeed, lower (higher)
feedback levels lead to more optimistic (pessimistic)
constraints.

V. DISCUSSION AND CONCLUSIONS

Ultralight axions (ULAs) are a well-motivated candidate
to compose all or some of the dark matter and can have a
wide range of particle masses. The velocity acoustic
oscillation (VAO) signature in the 21-cm spectrum on
large scales provides a window to test ULAs through its
sensitivity to small-scale fluctuations in gas density and
temperature. This signal is most pronounced during the
cosmic dawn era (z ∼ 10–30) where the typical mass of
collapsed baryonic objects falls near the critical mass below
which gas pressure prevents their collapse.
We have evaluated the detection prospects of ULAs with

measurements of the 21-cm fluctuations from cosmic
dawn. The ongoing HERA experiment may be able to
constrain ULA mass below 6.0 × 10−19 eV at SNR of 5 for
moderate foreground and feedback scenarios. The sensi-
tivity weakens by a factor ∼4 if the foregrounds end up
more detrimental or by∼3 if the baryonic feedback strength
is larger. Conversely, if the foregrounds are lower, the
sensitivity can be higher by a factor of ∼5. Similarly, lower
baryonic feedback can also improve the ULA sensitivity by
a factor of ∼2. Improvements such as this bridge the gap
between large scale existing cosmological bounds, and
small-scale constraints from galaxy evolution and black-
hole physics [88–90], closing the gaps in ULA parameter
space [91].
Much is yet unknown about the astrophysics of the

cosmic dawn era. In particular, our ability to detect the VAO
signature to high significance to infer cosmology depends
on the baryonic feedback strength and the severity of
foreground contamination. Here, we have shown how these
complications affect constraints to ULAs using a simple
information-matrix analysis and assuming phenomenologi-
cal parameters represent the underlying cosmology and
astrophysics. Going forward, we could build upon the
observations made in this paper by more rigorous simu-
lations with wider-ranging assumptions and modeling to
test our predictions. Nevertheless, we foresee a bright
future for the cosmological significance of the cosmic-
dawn signal, and its potential role in constraining
ULA mass.
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