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Abstract: Measurements of 21 cm intensity mapping (IM) during the dark ages can poten-
tially provide us with an unprecedented window on high redshifts and small scales. One of
the main advantages this can bring involves the possibility to probe the nature of dark matter.
Tests of dark matter models with the large-scale structure of the Universe are limited by
non-linearities and astrophysical effects, which are not present for IM measurements during
the dark ages. In this paper we focus on constraining the model in which dark matter is
comprised, totally or in part, by ultra-light axion-like particles around the 10−18–10−22 eV
mass scale. For this model, the angular power spectrum of 21 cm brightness temperature
fluctuations will exhibit a small-scale suppression. However, this effect is intertwined with the
imprint of baryon-dark matter relative velocity at recombination, causing at the same time
an enhancement at large-scales, which is affected by the mass and abundance of axion dark
matter. In this work we forecast how future radio arrays will be able to constrain ultra-light
axion mass through both these effects on the angular power spectrum.
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1 Introduction

Among the many unanswered questions in cosmology, the nature of dark matter, which makes
up roughly 25% of the present energy budget of the Universe, is one of the big elephants
in the room. The standard cold dark matter (CDM) scenario has been tested on large
scales and provides a good fit to the data [1]. However, below galactic scales, there are
some inconsistencies with observations, such as the “missing satellite” problem and the
“cusp-core problem” [2]. These puzzles seem to hint to a lack of power with respect to the
standard ΛCDM picture.

A promising alternative candidate is in the form of ultra-light axion dark matter (ULAs)
or fuzzy dark matter (FDM), which consists in dark matter being made of ultra-light scalar
fields with masses in the range 10−27 ∼ 10−10 eV [3–5]. This scenario provides the same
large-scale predictions as CDM, but differs on small scales due to the wave-like nature of the
fields: such light particles have a large, macroscopic de Broglie wavelength which suppresses
small-scale structure. The new crucial ingredient is quantum pressure: its effects enter
into play on scales comparable to the axion Jeans scale kJ,a ∼ a

√
Hma, and this induces a

suppression on the matter power spectrum with respect to the CDM case. The lighter the
field, the lowest the wavenumber where it suppresses power.

A large number of ultra-light axion fields, with masses down to the Hubble scale, 10−33 eV,
arise e.g., in axiverse scenarios [6–8]. A mass range similar to the one investigated in this
work has been analyzed in [9] and [10] by looking at cosmic dawn measurements. Heavier
masses in the FDM window have been studied through black hole superradiance [11], while
Lyα constraints have been shrinking the allowed window from above [12–14]. However,
if one allows FDM to constitute just a fraction fFDM of the totality of dark matter, the
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allowed mass range still spans many orders of magnitude, see [15]. It is possible for FDM
to exist in large portions in the region 10−25 eV–10−23 eV, while for lighter masses current
constraints suggest fFDM ≲ 10−2, and for heavier masses fFDM ≲ 10−1. In the mass
range 10−32 eV ∼ 10−25.5 eV, CMB and LSS data impose that the ULAs relic density obeys
Ωa/Ωd ≤ 0.05 and Ωah2 ≤ 0.006 [16, 17]. In the mass window 10−25 eV ∼ 10−23 eV, future
experiments such as HERA will be sensitive to fFDM of order 0.01 [15]. Even if ultra-light
axions were to be only a fraction of the dark matter, it would still be possible for the whole
dark matter to be comprised of axions spanning a much wider mass range, in an axiverse-like
scenario with an extended mass function [18–20].

A novel way to probe the nature of dark matter, which is maturing in the last years, is
given by measurements of 21 cm line intensity mapping (see e.g. [21] for a recent review). This
observable has the potential to open an unprecedented window on high redshifts 30 ≲ z ≲ 200,
shedding light on the dark ages of the Universe, i.e., the epoch between recombination, when
neutral hydrogen is formed, and CMB photons can freely stream, and the formation of
the first stars at z ≲ 30.

In order to test the fuzzy dark matter scenario, one would like to investigate the matter
power spectrum at small scales. For 21 cm intensity mapping, this would mean observing its
angular power spectrum up to ℓ ∼ O(106, 107), which is still very futuristic. However, there
are second order perturbative effects that cause low multipoles enhancements, induced by
the relative velocity between baryons and dark matter vbc at recombination [22]: depending
on the mass of the axion, these effects could leave a detectable imprint.

This relative velocity delays the growth of the first structures and therefore suppresses
the matter power spectrum on scales around ∼ 10–103 Mpc−1. This gives rise to additional
effects on the 21 cm angular power spectrum [23]. In particular, there is a long-short mode
coupling that arises from having different patches in the early Universe with different values
of the background relative velocity: the power spectrum gets modulated on the scales over
which vbc varies ∼ 0.005–1 Mpc−1, and this leads to an enhancement of the power on the
largest angular scales.

It has been pointed out in [24] that an interesting interplay arises when the mass of the
axion is such that the relative velocity suppression scales are comparable to the scales at
which the quantum pressure effects kick in. Depending on the mass, ULAs may wash out
power in the matter spectrum before or after the relative velocity suppresses the growth
of structures: if axions are heavy enough, then the damping will happen at sufficiently
high wavenumbers and the vbc effect will be present, consequently also the second order
enhancement effect will be visible at large angular scales. If, on the contrary, axions are too
light, then they will wash out the relative velocity features at small scales and there will
be no corresponding second order effect on large scales. For axion masses around 10−19 eV,
ULAs and vbc effects come into play around the same scales.

For the first time, this work provides a quantitative forecast of the ability of future 21 cm
experiments in the dark ages to put constraints on the mass of ULAs, taking advantage of
the interplay between axion effects and relative velocity effects on the matter power spectrum.
While both vbc and ULAs damping are appreciable at very high multipoles, of order ∼ 106,
searching for second order effects at low ℓs is a much more realistic avenue and it drastically
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improves the constraining power, even for ground based experiments such as an hypothetical
advanced version of the SKAO.

The structure of the paper is as follows. Sections 2–3 give a very brief review of 21 cm
physics, of the dark matter-baryon relative velocity, of the second order imprints of vbc on
the 21 cm angular power spectrum, and of ULAs. Section 4 outlines the methodology for
the analysis. Finally, section 5 forecasts the ability of planned surveys and of more futuristic
instruments to discriminate between CDM and ULAs, and discusses the relevant requirements
for future surveys and the possible degeneracies among parameters. The reference cosmology
is taken from Planck2018 [25], and it will be: {ωb = 0.02238, ωcdm = 0.1201, h = 0.6781,
ns = 0.9660, ln 1010As = 3.045}.

2 21 cm physics

This section very briefly reviews the physics of 21 cm line intensity mapping; for some seminal
papers and recent reviews, see e.g., [21, 26–35].

The dark ages (generally defined as in the epoch 30 ≲ z ≲ 200) are particularly
interesting from a cosmological point of view, because they are not yet affected by astrophysical
complications following the formation of the first luminous objects [36]. During the dark
ages, the Universe is filled with a neutral hydrogen gas: occasionally, the background CMB
photons scatter on the hydrogen atoms and excite the hyperfine state of the electrons. A
21 cm wavelength photon is emitted as a result of the hyperfine transition of the hydrogen
atom from the triplet state, where the spins of the electron and the proton are aligned,
to the singlet state, where the spins are anti-aligned. Once the hydrogen gas has cooled
sufficiently and its temperature is decoupled from the CMB temperature, this 21 cm signal
can be observed in absorption or emission with respect to the background of CMB photons.
The energy difference between the two states, E10 ≈ 0.068 K, corresponds to an emitted
photon frequency ν21 ≈ 1420 MHz, which gets redshifted due to the expansion of the Universe,
so that observing a given frequency singles out a unique redshift slice. This allows to perform
a tomographic analysis, as if one had many CMB-like screens, one for each redshift slice.

Unfortunately, Earth’s ionosphere is opaque to the redshifted 21 cm signal emitted at
z ≳ 30. Probing this era will require an observatory in space or on the far side of the Moon,
where also radio frequency interference is minimized [37]. Being able to observe the 21 cm
signal in the dark ages would provide crucial advantages: on the one hand, fluctuations
are not affected by Silk damping and remain undamped down to the baryon Jeans scale
(k ∼ 300 Mpc−1, to be compared to the photon diffusion scale k ∼ 0.2 Mpc−1); on the other
hand, line intensity mapping will enable us to observe the Universe in tomography. These
two aspects imply that one could in principle probe a wide range of modes, extending well
beyond those accessible to CMB experiments.

The spin temperature Ts is defined from the ratio of abundances of neutral hydrogen
in the triplet state n1 and in the siglet state n0

n1
n0

≡ 3e−E10/Ts ≈ 3
(

1 − E10
Ts

)
. (2.1)

The spin temperature is determined by a balance: collisional transitions tend to set Ts −→ Tgas,
while radiative transitions mediated by CMB photons tend to set Ts −→ TCMB. During the
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dark ages, around z ∼ 100, collisions efficiently couple the spin temperature to the gas
temperature so that Ts ≈ Tgas, and the hydrogen emits or absorbs photons from the CMB
when the local spin temperature is respectively higher or lower than the CMB one.

The local brightness temperature contrast with respect to CMB is

T loc
21 = (Ts − TCMB)(1 − e−τ ) , (2.2)

where τ is the Sobolev optical depth

τ = 3
32π

E10
Ts

xHInHλ3
21

A10
H(z) + (1 + z)∂rv

. (2.3)

with xHI the fraction of neutral hydrogen, A10 ≈ 2.85 · 10−15 s−1 the spontaneous decay
rate, and ∂rv the line-of-sight gradient of the component of the peculiar velocity along the
line of sight.1 Then the redshifted signal is

T obs
21 = T loc

21
1 + z

= τ
Ts − TCMB

1 + z
. (2.4)

Now the brightness temperature fluctuations are to be linked with the perturbations
in the local hydrogen density and gas temperature. The dependence of 21 cm brightness
temperature can be parametrized as:

T21 = T̄21
(
1 + δv + δ2

v

)
+
(
Tbδb + TT δTgas

)
(1 + δv) + Tbbδ

2
b + TbT δbδTgas + TT T δ2

Tgas , (2.5)

with δv = −(1 + z)∂rvr/H(z) and δb = δnb/n̄b, and neglecting δxe . Recall that δb = δH

up to negligible corrections. The mean brightness temperature T̄21 is defined by setting all
perturbations to zero, and all the coefficients T are all functions of redshift only.

It follows that, up to second order in fluctuations [23, 38],

δT21 = THδH + TT δTgas − T̄21δv + THH (δH)2 + TT T

(
δTgas

)2 + THT δHδTgas . (2.6)

2.1 Dark matter-baryon relative velocity

At the time of recombination, there is a highly supersonic relative velocity vbc between baryons
and cold dark matter, of order 30 km/s [22]. Indeed, baryons suffer Thomson scattering as
long as they are tied to the photons, while dark matter travels along geodesics and starts
to form gravitational potential wells. When baryons are no longer coupled to the photons,
their sound speed drops, but they do not immediately fall into the dark matter potential
wells: instead, the relative motion allows baryons to advect out of the wells and significantly
suppresses the growth of structures on scales

kvbc ≡ aH√
⟨v2

bc⟩

∣∣∣∣∣∣
decoupling

∼ 30–40 Mpc−1 . (2.7)

In particular, the power is most strongly suppressed around the Jeans scale kJ = aH/cs ∼
200 Mpc−1, with a difference of ∼ 15% with respect to the standard power spectrum, as
shown in figure 1.

1This term ∂rv can be read as a perturbation of the Hubble expansion rate at the absorber’s location.
Although similar, it is not a redshift-distortion term. See the comment in [23].
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Figure 1. Relative velocity effect on the matter power spectrum, reproducing [22]. Reprinted figure
with permission from [22], Copyright (2010) by the American Physical Society.

In order to study the effect of relative velocities, the key observation is, there is a
separation of scales. The largest scales, which were outside the sound horizon at decoupling,
are left unaffected. The velocity field has a coherence length of about several comoving Mpcs.
The relevant scales for the collapse and formation of structure correspond to a few baryonic
Jeans lengths, that is ∼ 10 comoving kpc. Thus the Universe can be pictured as being made
of many different patches, of size comparable to the coherence length of the relative velocity:
inside each of these patches, the relative velocity can take a different background value v⃗

(bg)
bc .

The quantities of interest need to be averaged over all these regions.
If kcoh is the scale associated to the coherence length of vbc, then this separation of scales

kl ≲ kcoh ≪ kvbc ≲ ks (2.8)

allows to rewrite the fluid equations in the framework of moving background perturbation
theory (MBPT) [22]:

∂δc

∂t
+ 1

a
v⃗c · ∇δc = −1

a
(1 + δc) ∇ · v⃗c , (2.9)

∂v⃗c

∂t
+ 1

a
(v⃗c · ∇) v⃗c = −1

a
∇Φ − Hv⃗c , (2.10)

∂δb

∂t
+ 1

a
v⃗b · ∇δb = −1

a
(1 + δb) ∇ · v⃗b , (2.11)

∂v⃗b

∂t
+ 1

a
(v⃗b · ∇) v⃗b = −1

a
∇Φ − Hv⃗b − c2

s

a
∇δb , (2.12)

∇2Φ = 4πGa2ρ̄mδm . (2.13)

In the absence of density perturbations, but in the presence of a bulk velocity, there exists
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an exact solution:

v⃗c(x⃗, t) = v⃗ (bg)
c (t) ,

v⃗b(x⃗, t) = v⃗
(bg)
b (t) ,

Φ = δc = δb = 0 ,

(2.14)

where the background velocities decrease as 1/a(t). One has to perturb around (2.14)

v⃗b(x⃗, t) = v⃗
(bg)
b (t) + u⃗b(x⃗, t) , (2.15)

and the new perturbation variables are {δc, u⃗c, δb, u⃗b, Φ}.
Introducing the velocity divergence θ = 1

a∇ · v⃗, and working in the bulk baryon frame,
setting v⃗

(bg)
b = 0 and v⃗

(bg)
c = −v⃗

(bg)
bc (t), the equations are

∂δc

∂t
= i

a
v⃗

(bg)
bc · k⃗δc − θc , (2.16a)

∂θc

∂t
= i

a
v⃗

(bg)
bc · k⃗θc − 3H2

2 (Ωcδc + Ωbδb) − 2Hθc , (2.16b)

∂δb

∂t
= −θb , (2.16c)

∂θb

∂t
= −3H2

2 (Ωcδc + Ωbδb) − 2Hθb + c2
sk2

a2 δb . (2.16d)

2.2 Second order effects on the 21 cm power spectrum

The fact that baryons and CDM have a supersonic relative velocity after recombination
modifies the theoretical 21 cm power spectrum on all scales [23]. In particular, the effect that is
most relevant for the present work is a large-scale enhancement at k ∼ 0.005–1 Mpc−1 of 21 cm
fluctuations. Two main ingredients enter the game. First, the relation between 21 cm intensity
and underlying baryonic fluctuations is non-linear, schematically δT21 ≈ αδ + βδ2, with α

and β of comparable magnitude. Then on large scales δT21,l ≈ αδl + β(δ2)l, and normally
this second term would be negligible, for Gaussian initial conditions and while perturbations
are still in the linear regime. As a second ingredient, however, the relative velocity vbc
leads to a large-scale modulation of the amplitude of small-scale fluctuations, consequently
(δ2)l ∼ δ2

s . Small-scale fluctuations are much larger than large-scale ones, δl ≪ δs ≪ 1,
and the usually neglected quadratic term becomes comparable to the linear one δ2

s ∼ δl,
which leads to an enhancement of the large-scale 21 cm power spectrum. Summarizing, the
large-scale enhancement is a non-linear effect, which requires both the non-linear dependence
and the fact that the linear and quadratic terms are of comparable magnitude.

Crucially, this allows to extract information on the behaviour of the small-scale power
spectrum by looking at large scales.

For 21 cm LIM, the MBPT must be complemented with the evolution equations for the gas
temperature perturbations δTgas and the ionization fraction perturbations δxe . Following [23],
one can isolate in equation (2.6) a monopole source

δs ≡
THδ

(1)
H + TT δ

(1)
Tgas

T̄21
, (2.17)

– 6 –



J
C
A
P
0
3
(
2
0
2
4
)
0
0
1

102 104 106

`

10−6

10−5

10−4

10−3

10−2
`(
`

+
1)
C
`/

2π
(m

K
2
)

z = 30

first order

second order

101 102 103 104

`

0.00

0.02

0.04

0.06

0.08

∆
C
`/
C
`

z = 30

relative correction
for ∆ν = 1 MHz

Figure 2. Second order effects and relative correction, reproducing figure 15 in [23]. Reprinted figure
with permission from [23], Copyright (2014) by the American Physical Society.

and a total quadratic term

δT
(2)
21 ≡ THH

(
δ

(1)
H

)2
+ TT T

(
δ

(1)
Tgas

)2
+ THT δ

(1)
H δ

(1)
Tgas

+ TT δ
(2)
Tgas

. (2.18)

Then
δT obs

21 = T̄21 (δs − δv) + δT
(2)
21 . (2.19)

The term δT
(2)
21 contains the total contribution of quadratic quantities. The procedure to

compute it is described in detail in [23], in particular section III deals with the vbc-induced,
long-wavelength fluctuations of small-scale quantities. The small-scale perturbations are
functions of the local value of the relative velocity, therefore their long-wavelength fluctuation
is computed by taking a spatial smoothing over an intermediate scale kcoh ≪ ksmooth ≪ kvbc ,
which practically corresponds to averaging over the distribution of relative velocities.

The angular power spectrum of brightness temperature fluctuations is

Cℓ(z) = e−2τreion4π

∫
d3k⃗

(2π)3

[
P0(k, z)αℓ(k, z)2

+2P0v(k, µ, z)αℓ(k, z)βℓ(k, z) + Pv(k, µ, z)βℓ(k, z)2
]

,

(2.20)

where P0 is the power spectrum of those terms that do not depend on the line of sight
T̄21δs + δT

(2)
21 , Pv is the power spectrum of θb/H, P0v is the cross-spectrum, and

αℓ(k, z) ≡
∫

drjℓ(kr)W (r, z) , (2.21)

βℓ(k, z) ≡
∫

drj′′
ℓ (kr)W (r, z) . (2.22)

The second order enhancement on the 21 cm angular power spectrum at low multipoles
is of order few percent, as shown in figure 2.

3 Ultra-light axions

Ultra-light axions, with masses around 10−20 eV, are appealing dark matter candidates
because they alleviate some of the cold dark matter puzzles on scales ≲ 10 kpc, such as the
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“too big to fail” problem or the cusp-core problem [3, 5], and they provide a new perspective
on the S8 tension [14, 39, 40]. With respect to standard cold dark matter, the main feature
of ultra-light axions is their astrophysically large Jeans scale

λJ,a ∼ 0.1 Mpc
(

10−22 eV
ma

)1/2

(1 + z)1/4 . (3.1)

This stems from a quantum pressure effect, that prevents gravitational collapse on sufficiently
small scales. The practical effect is the appearance of a new term in the linear evolution
equations above, playing the role of an “effective sound speed” for the axion [24]:

∂δa

∂t
= i

a
v⃗

(bg)
ba · k⃗δa − θa , (3.2a)

∂θa

∂t
= i

a
v⃗

(bg)
ba · k⃗θa − 3H2

2 (Ωaδa + Ωbδb) − 2Hθa + k4

4m2
aa4 δa , (3.2b)

∂δb

∂t
= −θb , (3.2c)

∂θb

∂t
= −3H2

2 (Ωaδa + Ωbδb) − 2Hθb + c2
sk2

a2 δb , (3.2d)

with
c2

a ≈ k2

4m2
aa2 . (3.3)

In particular, axion dark matter with mass ma ≲ 10−18 eV washes out small-scale power
before the modulation effects due to relative velocity (described in the previous section)
become important. The interplay between these two effects is crucial when second order
long-short mode coupling is taken into account: if the axion is light enough to wipe out
power before vbc effects enter the game, then no large-scale enhancement will be present;
on the contrary, for larger axion masses, the vbc-induced suppression and therefore also the
large-scale second order effect will be visible. Figure 3 shows the interplay between the two
effects. Figure 4 shows the corresponding 21 cm angular power spectrum, for different values
of the axion mass, compared to the CDM one.

It is also possible for axions to make up only a fraction of the total dark matter content;
from now on, fFDM ≡ ρa/ρm will indicate the fraction of fuzzy dark matter, where ρa and
ρm are the (background) densities of axions and total dark matter respectively (after the
axion begins oscillating and behaves as matter, this ratio can be evaluated at whatever
epoch). For the purpose of this work, it is meaningful to focus on masses that are relevant
for the interplay with the vbc effect.

In this case, the full set of equations becomes:

∂δc

∂t
+ 1

a
v⃗c · ∇δc = −1

a
(1 + δc) ∇ · v⃗c , (3.4)

∂v⃗c

∂t
+ 1

a
(v⃗c · ∇) v⃗c = −1

a
∇Φ − Hv⃗c , (3.5)

∂δa

∂t
+ 1

a
v⃗a · ∇δc = −1

a
(1 + δa) ∇ · v⃗a , (3.6)
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∂v⃗a

∂t
+ 1

a
(v⃗a · ∇) v⃗a = −1

a
∇ (Φ + Q) − Hv⃗a , (3.7)

∂δb

∂t
+ 1

a
v⃗b · ∇δb = −1

a
(1 + δb) ∇ · v⃗b , (3.8)

∂v⃗b

∂t
+ 1

a
(v⃗b · ∇) v⃗b = −1

a
∇Φ − Hv⃗b − 1

a
c2

s∇δb , (3.9)

∇2Φ = 4πGa2ρ̄mδm , (3.10)

with Q the quantum potential for the axion [24], and:

δm = (1 − fFDM)δc + fFDMδa . (3.11)

Figures 5, 6, 7 show a comparison between second order effects for CDM and ULAs,
for different fFDM. The effects are plotted at z = 30, where they are expected to be more
appreciable (see [23] for details).

ULAs behave as CDM on large enough scales, therefore in this regime axions and cold
dark matter travel with the same velocity relative to the baryons. This holds true up to the
scale where quantum potential effects become important. Axions have a scale-dependent
effective sound speed c2

a, that could slow down axions with respect to the cold dark matter
component, and bring the axion velocity field closer to that of baryons, thus suppressing
the relative velocity effect and its implications from a certain k onwards. In order to apply
MBPT as before, one would need to know the hierarchy of scales, which depends on the
axion mass. However such a detailed analysis would be frustrated by all the simplifying
assumptions that were made to write down the axion hydrodynamic equations, and this
investigation is left for a future work.
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4 Analysis

Taking into account all the effects discussed in the previous sections, one can make predictions
for the observational consequences of the existence of a non-negligible fraction of the dark
matter in ultra-light axions.

To summarize, ULAs would cause a small-scale suppression of power. Over a specific
range of scales, the baryon-dark matter relative velocity causes a dip in the matter power
spectrum that in turn generates a large-scale enhancement due to long-short mode coupling.
If the suppression due to the presence of ULAs is happening on scales large enough to cut
the power spectrum and therefore avoid the large-scale enhancement, low-ℓ measurements of
the power spectrum would be able to infer the existence of the small-scale suppression.
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At the linear level, in order to appreciate the small-scale suppression imprinted by the
axion Jeans scale, one would need to measure the angular power spectrum up to very high
ℓ ∼ 106–107, depending on the mass scale of the axion; this is futuristic even for lunar-based
instruments. However, the second order effect mentioned above, depending on the interplay
between axion-induced and vbc-induced suppression, could cause a detectable change in the
large-scale power spectrum as measured by more realistic instruments.

Taking advantage of the separation of scales, the gravitational collapse is treated in
two different regimes: on small scales (k > 1 Mpc/h) through the MBPT system of coupled
differential equations above, both for the CDM, ULAs, and mixed cases, and then averaging
over the relative velocity; on large scales, with the Boltzmann code CLASS [41]. Initial
conditions on the transfer functions are set using CLASS at decoupling. This yields all the
transfer functions, for

{
δb, θb, δc, θc, δa, θa, δTgas , δxe

}
, which are needed to deal with 21 cm

dark ages physics. Then the 21 cm angular power spectrum for temperature fluctuations is
computed, switching on the Limber approximation at ℓ ∼ (1 h/Mpc)/χ(z) corresponding
roughly to ℓ ∼ 104. The Cℓs are computed both with and without the second order effects
at low multipoles.

4.1 Detectability

In order to establish whether a given setup will be able to detect (or rule out) certain
masses and fractions of ULAs, one can compute the signal-to-noise ratio (SNR) by taking
the logarithm of the likelihood to find the ∆χ(2), as [42]:

SNR2 ∼ fsky
∑

z

∑
ℓ

2ℓ + 1
2

(
CULAs

ℓ (z) − CCDM
ℓ (z)

Cth+noise
ℓ (z)

)2

. (4.1)

The sum runs up to an ℓmax that is taken to be the largest achievable coverage ℓcover(zmin).
The maximum achievable ℓ depends on the redshift, and is computed in each redshift bin as
ℓcover(z). For a given z, the Cℓ(z) vector will only contain noise for ℓ > ℓcover(z)

Then, at fixed axion masses, a Fisher forecast can allow to understand how well the
axion mass will be constrained, marginalizing over cosmological parameters {ωb, ωcdm, h, ns,

ln 1010As}. The Fisher analysis follows the formalism outlined in [43, 44]. If the maximum
likelihood estimation can be well approximated by a multivariate Gaussian, then the Fisher
matrix is:

Fαβ =
∑

ℓ

σ−2
ℓ

∂Cℓ

∂θα

∂Cℓ

∂θβ
, (4.2)

where

σ2
ℓ = 2(Cth+noise

ℓ )2

fsky(2ℓ + 1) , (4.3)

and again the sum runs up to ℓmax, considering only z-bins auto-correlations, as the cross-bin
signal is very small for 21 cm IM measurements [45].

The noise power spectrum is diagonal if one assumes that the noises between i-th and
j-th frequency channels are uncorrelated.
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SKAO aSKAO LRAI LRAII
B [MHz] 1 1 1 1
Dbase [km] 6 100 1000 3474
fcover 0.02 0.2 0.9 0.9
Nyears 5 10 10 10
fsky 0.75 0.75 0.75 0.75
ℓcover 5679 94682 946832 3289297
noise [mK2] ∼ 5 · 10−3 ∼ 9 · 10−8 ∼ 5 · 10−11 ∼ 4 · 10−12

Table 1. Survey specifications.

4.2 Survey specifications

The setups considered in our analysis are listed in table 1. This paper focuses on a planned
version of the SKAO, a hypothetical future extension of it (advanced SKAO, aSKAO),
optimistically assumed to reach up to z < 35, and two possible configurations of a Lunar
Radio Array (LRA) on the far side of the Moon. LRAI and LRAII are two ideal instruments on
the far side of the Moon, the former with a baseline of 1000 km, the latter covering the entire
far side Moon, shown here just for the sake of indicating what could be in principle achieved.

The noise is modelled as in [46]:

Cnoise
ℓ = (2π)3 T 2

sys(ν)
B tobsf2

cover

( 1
ℓcover(ν)

)2
, (4.4)

with B the bandwidth of the survey, tobs the total time of observation, fcover the coverage
fraction, ℓcover = 2πDbase/λ(z) the maximum observable multipole. The system temperature
is taken to be the synchrotron temperature of the observed sky:

Tsys(ν) = 180
(180 MHz

ν

)2.6
. (4.5)

Notice that in general one should also correct for the instrument temperature, as in [44], but
since here measurements are performed at high redshift, that correction is subdominant.

The binning in redshift is set following [38]. The correlation length in r is defined as the
radial separation beyond which the cross-correlation between two redshift slices is less than
1/2 the power spectrum. Then it is converted into a correlation length in frequency:

ξν ≈ 1 MHz
( 51

1 + z

)1/2 ( ξr

60 Mpc

)
, (4.6)

where ξr is the correlation length in radial comoving separation, and it can be taken to
be ξr ∼ 60 Mpc as a reference value. Here ξν needs to be smaller than the bandwith B

of the instrument, so one can take (νmax − νmin)/B linearly spaced bins in frequency, and
then convert them into redshift bins: the resulting bins will be more finely spaced at low
redshifts, and broader at high redshifts.
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Figure 8. SNR for the small and large scale effects, for the range of masses considered in this work
as a function of different fractions. Results are for the SKAO.

5 Results and discussion

This section presents results for the predicted limits on axion mass from 21 cm IM from
different future interferometers, obtained using the effects described in the previous section.

One can already draw some conclusions, based purely on physical and instrumental
considerations, which will then be confirmed in a quantitative way with numerical results.
When looking at large scale effects, axions with ma ∼ 10−18 eV and heavier behave as CDM,
since they suppress the matter power spectrum at smaller scales than the ones over which
the vbc induced suppression is visible. Lighter masses, instead, wash out the vbc features and
consequently also the low-ℓ enhancement, providing a different scenario from standard CDM.
Indeed, the SNR is higher for lighter masses. For such light values, where the difference
between the two models is the most appreciable, even the ground-based aSKAO reaches large
SNR values. Proposed Moon-based instruments benefit from taking into account second
order effects in the analysis, but the improvement is mass-dependent and less drastic, because
such surveys can take advantage of the high multipoles range they can access, in order to
probe quantum pressure effects.

First of all, considering the SKAO configuration as described in table 1, one can work
with a single bin at z ∼ 30. The analysis (with results shown in figure 8) confirms that
the noise will dominate over the signal for the mass range considered here, as expected.
This is valid for both the small and large scale effects, for which the SNR reaches at best
(for the smallest masses) ∼ 10−3.

If one considers the more advanced configuration aSKAO, in the optimistic redshift range
z ∼ 30–35, detection (or ruling out) of most masses considered would become possible.

Looking more in detail (see figure 9), when considering only small scales effects, even in
this configuration one could have a SNR > 1 only for the smallest masses considered. This is
because ground based realistic multipole ranges (which are proportional to the baseline) allow
to only barely touch the beginning of the power spectrum damping from axions of masses
of ∼ 10−21. However, to confirm the power of analyses taking advantage of the long-short
mode coupling, the right panel of figure 9 illustrates how an upgraded version of the SKAO
could reach SNR values > 10 for even dark matter fractions of 10% for ma ≤ 10−20, being
able to probe larger fractions when considering heavier masses.
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Figure 10. Same as figure 8 but for LRAI.

Future interferometers on the far side of the Moon will reach extremely high values of
ℓmax; this will allow to tap into very small scales information, unaccessible to any other
observable. Therefore (see figure 10), small scales will already provide very high SNR for
masses ≲ 10−19; for this mass range, one could reach a SNR > 10 even for very small fFDM,
making those instruments able to detect virtually any (non negligible) fraction of fuzzy dark
matter for ma ≤ 10−19. The sharp reduction of SNR when going to larger masses is easily
understood by looking at the multipole coverage of the instrument.

In figure 10 one can see that for lighter masses, large scale effects only marginally improve
constraints; this is again understandable, as the large ℓ reach of the LRAI is already powerful
enough to allow very high significance detections. Going toward heavier masses, on the other
hand, large scale effects open up the possibility to detect (or rule out) very small fractions of
fuzzy dark matter for all considered masses. In particular, the LRAI would enable robust
detections of even 0.1% of dark matter in axions, for all the masses considered in this work.

In figure 11 one can find a summary of the SNR reachable, for small scale (top panel) and
large scale (bottom panel) effects, for all the instruments and masses considered in this work.
This figure also includes the hypothetical LRAII instrument, which is given as a comparison.
This shows that going from a futuristic, but realistic LRAI configuration to a proof-of-principle
full Moon coverage would considerably help with small-scales effects, but that the small-large
scales interplay makes it that the LRAI can already reach the necessary constraining power.

In order to assess possible degeneracies with cosmological parameters, a Fisher matrix
analysis is performed, over the parameters

{
ωb, ωcdm, h, ns, ln 1010As

}
. Our results indicate
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Figure 11. SNR for small (top panel) and large scales (bottom panel) power spectrum modifications,
for different masses and different surveys.

that, for experiments that are competitive for the masses considered, including variations of
other cosmological parameters will not considerably change our results.

Using Fisher matrix analyses, the precision in the determination of the axion mass can be
studied, assuming this will be detected; in practice, this means taking different ma as fiducial.

Figure 12 shows percentage 1σ errors for a few ground-based hypothetical surveys and
for the lunar-based LRAI. A ground-based advanced SKAO-like interferometer would be able
to constraint an ULA in the mass range 10−21–10−17 eV at 1σ ∼ 30%, taking advantage of
the large-scale effects. Building an instrument on the Moon with an LRAI-like survey would
achieve 1σ < 10% for all masses considered, and up to ≲ 0.01% for the lightest axions. All
these constraints are for the totality of the dark matter in axions (fFDM = 1).

As expected, ground instrument constraints worsen with lighter masses, where no large-
scale effects are expected (cf. figure 7). While being obviously less powerful than large lunar
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arrays, they are most competitive around 10−19–10−18 eV, but then lose constraining power
as the power spectrum converges to the CDM one. A lunar-based interferometer, instead,
would be able to measure the lighter axions up to ≲ 0.01% level.

Results presented in this section are all calculated as direct modifications of angular
power spectra. A real data analysis would need to account for observational considerations
including foregrounds and systematic effects. The Galactic synchrotron foreground is orders
of magnitude brighter than the 21 cm signal, and foreground characterization and subtraction
is an open issue, see e.g., [27, 28, 47]. Therefore, here only cosmic variance and instrumental
noise are included, while a more detailed observational investigation is left to a future work.

Additional complications may enter the game at small scales, such as model-dependent
self-interactions, and the formation of soliton cores at the center of dark matter halos [48, 49].
The soliton profile can be modelled as [48] ρ(r) = ρ0

[
1 + 0.091 (r/rc)2

]−8
, where ρ0 is the

central density and rc the radius at which the density reaches half of its central value,

rc = 1.0
(

ρ0

3.1 · 1015 M⊙/Mpc3

)1/4 (
ma

2.5 · 10−22 eV

)1/2
kpc . (5.1)

If one takes rc as an estimate of the scale associated with the soliton core, the corresponding
angular scales ℓc(z) ∼ kcr(z) are of order

ℓc(z) ≃ 1.1 · 107
(

ρ0

3.1 · 1015 M⊙/Mpc3

)−1/4 (
ma

10−20 eV

)−1/2 ( r(z)
r(z = 30)

)
. (5.2)

For the heavier masses considered, ma ≃ 10−18 eV, these scales may be accessible by the most
futuristic configuration LRAII, for which ℓcover is of order 106. A proper treatment would
require numerical simulations, similar to what has been implemented recently in [50, 51].
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5.1 Ground-based survey design for fFDM < 10%

In this section is presented an investigation on what are the instrument requirements (for
ground-based interferometers) that would allow to detect a fuzzy dark matter presence of
order fFDM ∼ O(10%).

Figure 13 shows the expected SNR when varying the baseline Dbase and the area coverage
fcover of the instrument, for different axion masses. If the axion is heavier than ∼ 10−20 eV,
small-scale suppression happens at wavenumbers larger than where the vbc has relevant effects:
this implies that there is no difference at low multipoles between CDM and ULA spectra. In
this case, a detection must rely on the observation of higher multipoles, which are practically
unaccessible for a ground based detector. On the contrary, if the axion is lighter, then
increasing the baseline of the survey and/or the coverage fraction could lead to a detection.

6 Conclusions

Measurements of 21 cm line intensity mapping power spectrum during the dark ages have
the potential to unveil a wealth of cosmological information; this paper focuses on shedding
light on the nature of dark matter. This work forecasts the ability to distinguish between the
standard CDM scenario and a compelling alternative, namely ultra-light axion-like scalar
fields; these have the peculiarity of suppressing the matter power spectrum on small scales,
due to quantum pressure effects. Ultra-light axion dark matter has become one of the
most promising candidates in the recent years, and many works set (sometimes tentative)
constraints on its abundance and mass. Among the models considered in literature, masses
of around 10−22–10−18 eV are currently the least robustly constrained.

This study considers future planned surveys, like an advanced version of the Square
Kilometer Array Observatory, and a proposed lunar-based radio array, which would gain
access to the full dark ages.

The relative velocity vbc between baryons and dark matter at recombination introduces
a suppression of the power spectrum over a range of specific scales (≈ 50–1000 h/Mpc). This
relative velocity induces a long-short mode coupling which leads to a large-scale enhancement
in the power spectrum, due to the fact that the vbc has a coherence length that is much
smaller than the cosmological horizon.

Depending on the axion mass, this feature may or may not be washed out by the axion-
induced suppression, which happens at scales that are directly related to the axion mass.

By forecasting the multipoles reach and the precision in measuring the 21 cm IM spectrum
for different proposed radio interferometers, this work studies their capabilities to constrain
the presence of ultra-light axions of different masses and abundances.

The results obtained by using both the small-scale suppression and the large-scale
enhancement show how currently proposed ground-based instruments will not be able to set
meaningful constraints for the axion masses considered here. On the other hand, possible
future extensions of ground-based interferometers could be able to help setting strong
constraints on the masses mentioned above.

Building a radio array on the far, radio-silent side of the Moon would allow to properly
tap into the dark ages and both measure very precisely the large-scale 21 cm power spectrum
and reach extremely high multipoles. This would allow to distinguish ULAs from CDM
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Figure 13. SNR without and with second order effects, for log10 ma = −18, −20, −22 (top to
bottom), varying the design of the survey. Here the observation time is fixed to 10 years, B = 1 MHz,
fsky = 0.75.

with high significance, even if axions were to make up as low as 1% of the dark matter, and
essentially close the axion dark matter window on currently allowed masses.
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