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Self-interacting neutrinos provide an intriguing extension to the Standard Model, motivated by
both particle physics and cosmology. Recent cosmological analyses suggest a bimodal posterior
for the coupling strength Geff , favoring either strong or moderate interactions. These interactions
modify the scale-dependence of the growth of cosmic structures, leaving distinct imprints on the
matter power spectrum at small scales, k > 0.1Mpc−1. For the first time, we explore how the
21-cm power spectrum from the cosmic dawn and the dark ages can constrain the properties of self-
interacting, massive neutrinos. The effects of small-scale suppression and enhancement in the matter
power spectrum caused by self-interacting neutrinos propagate to the halo mass function, shaping
the abundance of small– and intermediate–mass halos. It is precisely these halos that host the
galaxies responsible for driving the evolution of the 21-cm signal during the cosmic dawn. We find
that HERA at its design sensitivity can improve upon existing constraints on Geff and be sensitive
to small values of the coupling, beyond the reach of current and future CMB experiments. Crucially,
we find that the combination of HERA and CMB-S4 can break parameter degeneracies, significantly
improving the sensitivity to Geff over either experiment alone. Finally, we investigate the prospects
of probing neutrino properties with futuristic Lunar interferometers, accessing the astrophysics-
free 21-cm power spectrum during the dark ages. The capability of probing small scales of these
instruments will allow us to reach a percent-level constraint on the neutrino self-coupling.

I. INTRODUCTION

Over the past decades, cosmology has made remark-
able progress in mapping the large-scale structure (LSS)
of the Universe and refining our understanding of funda-
mental physics. Observations of the cosmic microwave
background (CMB) and large-scale galaxy surveys have
provided stringent constraints on key cosmological pa-
rameters. These cosmological observations are sensitive
to the fundamental interaction among particles, thus
opening a window to search for physics beyond the
Standard Model (SM). Further progress to scrutinize
the concordance ΛCDM model and explore alternative
cosmological scenarios requires new and complementary
datasets.

Among the open questions in cosmology and funda-
mental physics, the properties of neutrinos remain elu-
sive. In the SM, there are three flavors of massless neu-
trinos. However, observations of neutrino oscillations
indicate at least two of the three flavors have non-zero
mass [1–9], but the absolute mass of the neutrino states
and possible beyond-SM interactions remain unknown.

Using cosmological observations is a promising route
to study the properties of neutrinos, due to the large
abundance of neutrinos in the early Universe [10–15].
Neutrinos affect the growth of structure differently at
high and low redshifts due to their transition between
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the relativistic and non-relativistic regimes. The precise
redshift when this transition occurs depends on the sum
of neutrino masses Mν , which has been constrained, for
example, using Planck 2018 CMB data [16] and baryon
acoustic oscillations (BAO) results from the Dark Energy
Survey Instrument (DESI) [17–20]. Currently, the Planck
+ DESI joint analysis places the strongest constraint on
Mν [20], beating even the design sensitivity of current
and upcoming terrestrial experiments [21, 22]. However,
current observations are not yet sensitive enough to dis-
tinguish between different neutrino mass hierarchies [23].
Cosmological observations are also particularly sensi-

tive to the free-streaming nature of neutrinos. In the SM,
neutrinos free-stream after decoupling from the plasma
around Big Bang Nucleosynthesis. Preventing neutri-
nos from free-streaming enhances the CMB power spec-
tra, modifies its acoustic phase-shift, and imprints char-
acteristic features in the matter power spectrum [24–
36]. A departure from the free-streaming nature would
inevitably point towards the existence of beyond-SM
physics in the neutrino sector.
An intriguing possibility is that the SM neutrinos ex-

perience self-interactions, which can be modeled by a 4-
Fermi effective operator, induced by a mediator of mass
O(MeV) [24]. Recent studies have shown that measure-
ments of the CMB and LSS show a moderate to strong
preference for strong neutrino self-interactions, almost
six orders of magnitude stronger than SM weak inter-
actions [24, 27–29, 31–33, 37–41] Moreover, these strong
self-interaction scenarios have the potential to partially
relax the Hubble and S8 tensions [39, 41].
Additionally, small-scale cosmological probes are cru-
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cial for studying self-interacting neutrinos across a wide
range of interaction strengths. Previous work studied the
constraining power of the 21-cm power spectrum on inter-
actions between neutrinos and dark matter [42, 43] and of
the 21-cm global signal on self-interactions between ultra-
high-energy neutrinos [44]. The effects at small scales
may also be correlated with those at large scales, and
a global analysis could strengthen constraints and break
degeneracies with other cosmological and astrophysical
parameters. For example, high-redshift 21-cm data can
be used in combination with CMB measurements to re-
duce the degeneracy between the optical depth τ and
Mν in CMB data, enabling the ability to constrain both
parameters with good accuracy [45, 46].

In this paper, we study how the high-redshift 21-
cm power spectrum can probe the existence of self-
interacting neutrinos. Furthermore, we investigate the
interplay between future CMB and 21-cm observations
and their ability to place joint constraints on self-
interaction coupling strength Geff and the sum of neu-
trino massesMν . We perform forecasts for three different
fiducial models with strong (SIν), moderate (MIν), and
mild (mIν) neutrino self-interactions. The SIν model is
based on the CMB results from Ref. [47], which found a
preference for self-interactions over ΛCDM. The MIν and
mIν models are ones beyond the reach of current CMB
experiments.

Our main focus is the 21-cm power spectrum from the
cosmic dawn, which probes small scales indirectly due to
the relation between matter fluctuations and the abun-
dance of the first galaxies. We forecast for the design
sensitivity of the Hydrogen Epoch of Reionization Array
(HERA) [48], which is a precursor of the Square Kilo-
meter Array Observatory (SKAO) [49, 50] and already
sets upper limits on the most extreme astrophysical mod-
els [51–53]. We also forecast for futuristic observations
of the 21-cm signal from the dark ages, which rely on
advanced versions of SKAO or proposed Lunar detectors
(e.g., Refs. [54–60]). Even if very challenging to access,
the 21-cm signal from the dark ages would be extremely
informative for cosmology, since it would be free from
degeneracies with astrophysical sources, and it could be
used to trace fluctuations on small scales that are still in
the linear regime. For the CMB, our forecasts use the
specifications for the wide survey proposed for CMB-S4.

We find that the design sensitivity of HERA has much
stronger constraining power on Geff over CMB-S4 for the
MIν and mIν models, since the CMB sensitivity is lim-
ited by Silk damping [61]; for the SIν model, CMB-S4 is
the more sensitive probe. In all cases, the combination
of CMB-S4 and HERA outperforms either experiment
alone, permitting 2σ constraints of ∼ 10% on log10Geff .
For the SIν model, including HERA improves upon the
CMB-S4 constraint through its more precise determina-
tion of τ . For the mIν model, CMB-S4 breaks the de-
generacy in the 21-cm power spectrum between Mν and
small Geff , providing a remarkable improvement in the
sensitivity to Geff over the individual experiments. We

also extend our analysis to two configurations of Lunar
detectors, and joint analyses with CMB-S4 achieves 2σ
constraints of ∼ 1%–5% on log10Geff .
This paper is structured as follows. In Sec. II we sum-

marize the properties of self-interacting neutrinos and re-
view the effects of both standard and self-interacting neu-
trinos on the CMB and the matter power spectrum. In
Sec. III we introduce the 21-cm power spectrum and dis-
cuss its constraining power on the small-scale regime. In
Sec. IV we introduce our forecasting formalism, describe
our simulation setup, and summarize the properties as-
sumed for the detectors included in our study. In Sec. V
we present our results for the CMB, 21-cm cosmic dawn,
and 21-cm dark ages, as well as results from joint analy-
ses between the CMB and the 21-cm signal. We conclude
in Sec. VI.
Throughout this paper, the effects of neutrino self-

interaction on CMB and the matter power spectrum are
calculated using nuCLASS1, which is a modified version of
the Boltzmann solver CLASS [62]2, and we have made our
code publicly available. The analysis of the 21-cm sig-
nal uses simulations produced with 21cmFirstCLASS [63–
65]3, which is an extension of the semi-analytical simula-
tion code 21cmFAST v3 [66]4.

II. COSMOLOGICAL EFFECTS OF
SELF-INTERACTING NEUTRINOS

Cosmological neutrinos play an important role in the
growth of cosmic structures and have a significant im-
pact on cosmological observables (e.g., see Refs. [67–
69] for reviews). At very high redshift, neutrinos are
relativistic particles that are initially coupled to the
photon-baryon fluid through weak interactions. As the
Universe expands, these interactions become inefficient,
and neutrinos decouple during the radiation-dominated
era at T ∼ 1MeV. After decoupling, neutrinos free
stream and have a relativistic energy density ρν ≃ [1 +
7/8(4/11)4/3Neff ]ργ [70, 71], where ργ is the photon en-
ergy density and Neff is the effective number of relativis-
tic neutrino-like species. Massive neutrinos eventually
become non-relativistic due to the Hubble expansion and
contribute instead as a matter component of the Uni-
verse. However, they maintain a high thermal velocity
that prevents them from clustering on small scales [72].
Incorporating self-interactions alters the standard cos-

mological impact of neutrinos. The primary effect is
the modification of their free-streaming nature: self-
interactions drive neutrinos toward more fluid-like be-
havior. There are well-motivated beyond-SM scenarios
in which neutrinos possess self-interactions [73–77], and

1 https://github.com/subhajitghosh-phy/nuCLASS
2 https://github.com/lesgourg/class_public
3 https://github.com/jordanflitter/21cmFirstCLASS
4 https://pypi.org/project/21cmFAST/

https://github.com/subhajitghosh-phy/nuCLASS
https://github.com/lesgourg/class_public
https://github.com/jordanflitter/21cmFirstCLASS
https://pypi.org/project/21cmFAST/
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ΛCDM SIν MIν mIν

log10 Geff − −1.77 −4 −5

h 0.673 0.67 0.673 0.673

Ωb 0.0493 0.0498 0.0493 0.0493

Ωc 0.2612 0.2595 0.2612 0.2612

109As 2.093 1.959 2.093 2.093

ns 0.9637 0.9298 0.9637 0.9637

Neff 3.01 2.82 3.01 3.01

Mν 0.051 0.08 0.051 0.051

τ (Sec. II and III) 0.052 0.052 0.052 0.052

τ (Sec. IV) 0.052 0.045 0.054 0.053

TABLE I. Fiducial values of the cosmological parameters for
ΛCDM and the three models under consideration. These pa-
rameters are the neutrino self-interaction coupling strength
Geff (in MeV−2), Hubble parameter h, baryon energy density
Ωb, cold dark matter energy density Ωc, primordial amplitude
As, primordial spectral tilt ns, effective number of relativistic
neutrino-like species Neff , sum of neutrino masses Mν , and
optical depth τ . We use the top set of values for τ when
describing the cosmological effects of self-interacting massive
neutrinos in Secs. II and III. The bottom set of values are es-
timates from our 21cmFirstCLASS simulations, assuming the
fiducial II scenario astrophysical model in Table II, and we
use these values for our analysis in Sec. IV.

we quantify the low-energy effect on cosmology with the
effective operator

L ⊃ Geff(ν̄ν)(ν̄ν), (1)

where ν is the left-handed neutrino and Geff is a di-
mensionful coupling constant. This interaction can be
modeled as L ⊃ gν,ijφν̄iνj , where φ is a scalar mediator
and i and j are flavor indices. For simplicity, we con-
sider flavor-universal interactions and set the coupling
gν,ij = gνδij to be the same for all flavors with no cross-
flavor interactions. In this scenario, the effective coupling
constant in Eq. (1) is [24, 28]

Geff =
|gν |2

m2
φ

, (2)

where mφ is the mediator mass. The neutrino self-
interaction rate is Γ ∝ aG2

effT
5
ν , where a is the scale

factor and Tν is the neutrino temperature. This formu-
lation has been extensively adopted in the literature to
constrain the self-interaction coupling strength with cos-
mological observables [24, 27–29, 31–33, 37–41].

Throughout this paper, we consider three fiducial mod-
els for massive neutrinos with strong (SIν), moderate
(MIν), and mild (mIν) self-interactions. The cosmo-
logical parameters we use for ΛCDM and for each self-
interaction model are listed in Table I. The SIν model
uses the best-fit values from Table V of Ref. [47] for

the analysis of Planck 2018 TT+TE+EE data [16] com-
bined with BAO measurements from 6dFGS [78], SDSS
MGS [79], and BOSS DR12 [80]. However, note that
we use the value of Neff from Ref. [47] to define the de-
generacy factor between the neutrino species (degncdm in
nuCLASS); converting back to Neff produces the values we
list in Table I.
For the MIν model, we use a value of Geff that is close

to the upper bound from Ref. [47]; for the mIν model, we
use a value of Geff that is an order of magnitude smaller
and is thus well beyond the reach of Planck. Since the
MIν and mIν models are poorly constrained from CMB
data alone, we fix the other parameters to their best-fit
ΛCDM+Neff+Mν values from Ref. [47]. In all cases, we
use the 95% confidence level (CL) upper limit on Mν .
In the remainder of this section, we discuss how self-

interacting massive neutrinos affect CMB anisotropies
and the matter power spectrum, and we further motivate
the choices for our fiducial models. We provide details of
the modified Boltzmann equations in Appendix A.

A. Effects on the cosmic microwave background

Standard neutrinos impact the CMB through their
gravitational effects. Post neutrino decoupling, the rel-
ativistic, free-streaming neutrinos have a larger sound
speed than the photon-baryon fluid, so the neutrinos
gravitationally pull the photon-baryon fluid as their den-
sity perturbation modes oscillate. This effect induces a
phase shift of the CMB acoustic peaks towards larger
scales (i.e., smaller multipoles ℓ) [35, 81]. Due to the
free-streaming effects, neutrinos also diminish metric po-
tentials (as we discuss in Sec. II B) and thus suppress the
amplitude of the CMB power spectra Cℓ at high multi-
poles. The magnitude of these effects depends on Neff

and Mν .
If neutrinos posses sufficient self-interactions after they

decouple (from the photon-baryon fluid), they continue
behaving as a fluid until their self-interactions decouple,
thus delaying the onset of neutrino free streaming. Only
the scales that enter the horizon after self-decoupling ex-
perience the same gravitational effect from free-streaming
neutrinos that is expected in ΛCDM. Scales that enter
the horizon before self-decoupling (and after neutrino
decoupling) are not subject to the standard effects of
neutrino free streaming; thus, on these scales, neutrino
self-interactions induce an enhanced amplitude of CMB
acoustic peaks and a shift towards larger multipoles, rel-
ative to ΛCDM. The enhancement and shift are degener-
ate with ns and the angular size of the acoustic horizon
θ∗, respectively [24, 28, 31, 37].
Because of the degeneracy between Geff and ns, pre-

vious CMB+LSS studies of self-interacting neutrinos
have found a bimodal posterior for log10Geff [24, 27–
29, 31–33, 37–41], with a tight posterior peak around
log10Geff ∼ [−1.4,−1.8], thereby motivating our SIν
benchmark model. We note that although we assume
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FIG. 1. Residuals of the CMB temperature power spectrum
for strong (SIν, solid red), moderate (MIν, dashed cyan), and
mild (mIν, solid cyan) neutrino self-interactions with respect
to ΛCDM. We use the fiducial values listed in Table I. For
comparison, the dot-dashed gray line illustrates the effect of
increasing Mν in ΛCDM.

flavor-universal interactions, there is also a peak in
Geff around the same values for flavor-specific interac-
tions [31, 32]. Since the value of θ∗ (as well as Neff)
shifts for these models, self-interacting neutrinos have
been proposed as a possible solution to the Hubble ten-
sion [28, 31]; however, subsequent studies [29, 39, 47, 82]
have shown that including BAO measurements [78–80]
or CMB polarization data in the analysis significantly
reduces the viability of resolving the tension.

Figure 1 demonstrates the impact of self-interacting
neutrinos on the CMB temperature power spectrum. For
SIν, free streaming is delayed up to a time around matter-
radiation equality, leading to a net shift in the acoustic
peak locations and their amplitudes. In order to maintain
a good fit to Planck, these changes are partially compen-
sated by changes to As, ns, and τ [47].
Moving away from the SIν regime towards smaller val-

ues of Geff , previous studies have simply found upper
limits, since the effects of self-interactions are pushed to
smaller scales, corresponding to an earlier self-interaction
decoupling time. Our MIν model corresponds to a value
of Geff near the upper limit in Ref. [47], for which the
scales of interest start to become more difficult to probe
with the CMB due to Silk damping. We choose a value
of Geff for the mIν model that is an order of magnitude
below that for the MIν, so detecting the impact of mIν
on the CMB would require a future instrument with sen-
sitivity to smaller scales than Planck.
In Fig. 1, the phase shift due to delayed free-streaming

occurs on scales ℓ > 3000, which is beyond the accessi-
bility of Planck, for the MIν and mIν models. The only
visible effect in the figure is the slightly larger amplitude
at high multipoles, which does not produce a sufficient
deviation from ΛCDM to be detected with Planck.

As a point of comparison in Fig. 1, we show the ef-
fect of changing Mν in a cosmology with no neutrino
self-interactions, using the ΛCDM fiducial cosmology
in Table I, except we fix θ⋆ instead of h to its best-
fit Planck value and choose a larger sum of neutrino
masses, set to five times that of the ΛCDM benchmark
(Mν = 5MΛCDM

ν ) An increase in the sum of neutrino
masses causes a suppression in the temperature power
spectrum at high multipoles, while an increase in the neu-
trino self-interaction strength (from mIν to MIν) causes
an enhancement.

B. Effects on the linear matter power spectrum

Massive neutrinos suppress matter clustering at scales
that enter the horizon when neutrinos are relativistic.
The suppression stems from two physical effects: rela-
tivistic neutrinos themselves do not cluster, and their ra-
diation pressure hinders the clustering of cold dark mat-
ter and baryons, further suppressing structure formation.
Figure 2 shows the additional suppression in the matter
power spectrum for Mν = 5MΛCDM

ν .
The free-streaming nature of neutrinos also impacts

the linear matter power spectrum Pm(k, z). Free-
streaming induces a difference in the evolution of the
potentials ϕ and ψ, which drive the growth of matter
perturbations [81, 83]:

dc(k, t) = −9

2
ϕP + k2

∫
dt′ t′ψ(k, t′) ln

(
t′

t

)
, (3)

where dc = δc − 3ϕ, δc is the dark matter density con-
trast in Newtonian gauge (dc = δc at late times), ϕP is
the primordial value of ϕ on large scales, and t is con-
formal time. In particular, ψ(k, t) decays for modes that
enter the horizon during the radiation-dominated era. In
the presence of free-streaming neutrinos, the anisotropic
stress is ϕ−ψ ̸= 0, which results in a smaller superhorizon
initial value of ψ and thus a faster decay [67].
Incorporating neutrino self-interactions suppresses

anisotropic stress before the onset of neutrino free
streaming. As a result, there is a scale-dependent im-
pact on Pm(k, z), as shown in Fig. 2 for z = 0. Small-
scale modes that enter the horizon while neutrinos are
still tightly self-coupled experience an anisotropic stress
ϕ− ψ ∼ 0; therefore, the initial value of ψ is higher, but
its decay is slower. The overall effect is the suppressed
growth of dc, relative to ΛCDM. Neutrinos also affect
the scale dependence of the galaxy bias (see e.g., [84]),
which we do not include in this work. In contrast, modes
that enter the horizon close to neutrino self-decoupling
experience a boost in the initial value of ψ, while subse-
quent evolution returns it to its ΛCDM behavior. Thus,
the amplitude of density perturbations for these modes
is strongly boosted. Finally, large-scale modes that en-
ter the horizon after the neutrinos have self-decoupled
and are free streaming remain unchanged with respect
to ΛCDM.
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FIG. 2. Residuals of the linear matter power spectrum at
z = 0. The legend is the same as in Fig. 1.

Figure 2 highlights the impact of neutrino interactions
on the matter power spectrum, with respect to ΛCDM.
The scale that enters the horizon around neutrino self-
decoupling experiences the largest boost in Pm(k). For
the MIν and mIν models, the boost occurs on scales
k ∼ 1 − 100Mpc−1, and there is a moderate ∼ 10%
suppression at larger k. For the SIν model, the shape
of Pm(k) with respect to ΛCDM arises from two effects.
First, there is a boost k ∼ 0.1Mpc−1 caused by the neu-
trino self-interactions. Second, the primordial spectral
tilt for the SIν model is smaller than the tilt for ΛCDM,
as listed in Table I. The smaller tilt results in the relative
enhancement of Pm(k) on very large scales, as well as the
steep suppression for k ≳ 1Mpc−1.

The scale-dependent nature of the deviation from
ΛCDM in all models is crucial for probing them using
small-scale observations. The large-k suppression is sim-
ilar in magnitude to the suppression from additional neu-
trino mass, which is controlled by the value Mν . How-
ever, the notable enhancement of the matter power spec-
trum for the moderate and mild self-interaction models
provides a distinct feature that can help distinguish these
models.

III. IMPACT OF SELF-INTERACTING
NEUTRINOS ON THE 21-CM SIGNAL

At redshift z ≳ 6, the 21-cm line is sourced by neu-
tral hydrogen (H) in the intergalactic medium (IGM).
To study its signal, the main observable quantities are
the brightness temperature

T21(z) =
Ts(z)− TCMB(z)

1 + z
e−τ21(z), (4)

and its spatial fluctuations δT21, which are used to con-
struct the 21-cm power spectrum

∆2
21(k, z) =

k3

2π2
δD(k − k′)⟨δT21(k, z)δT ∗

21(k
′, z)⟩. (5)

The evolution of T21(z) in Eq. (4) follows the evo-
lution of the difference between the CMB temperature
TCMB and the spin temperature Ts(z), which provides
an estimate of the relative number densities of H in the
triplet and singlet states. In turn, the evolution of Ts(z)
is driven by the coexistence of different processes that
excite H in the IGM, coupling its value either with the
CMB temperature or with the gas temperature Tgas(z).
The 21-cm optical depth is [85]

τ21 = (1 + δm)xHI
T0
Ts

H(z)

∂vr
(1 + z), (6)

where T0 is a normalization factor, xHI is the neutral hy-
drogen fraction, δm is the matter density contrast, H(z)
the Hubble parameter, and ∂vr the line-of-sight gradient
of the velocity. We summarize the key expressions re-
quired to model the evolution of all these quantities in
Appendix B.
Based on the dominant coupling process, we can dis-

tinguish between two different eras:

• the dark ages (z ∼ [30, 200]), during which Tgas
cools adiabatically and Ts is coupled to its value
via collisional coupling between the H atoms; and

• cosmic dawn (z ∼ [6, 30]), during which radiation
sourced by stars and galaxies couples Ts to Tgas,
while at the same time heating the gas and increas-
ing Tgas. The cosmic dawn is followed by the epoch
of reionization (z ∼ [4, 6]), in which UV radiation
from astrophysical sources ionizes the gas, thus de-
creasing the H optical depth τ21 and damping the
21-cm signal until it disappears.

The amplitude of the 21-cm signal is strongly affected
by the choice of the underlying cosmological and as-
trophysical models. Extensive reviews can be found in
Refs. [85–87] and references therein; we simply visual-
ize the evolution of the average value of T21(z), namely
the global signal, in Fig. 3. We obtain these various
T21(z) curves by running 21cmFirstCLASS under differ-
ent choices of cosmological and astrophysical parameters,
evolving the 21-cm signal consistently from recombina-
tion to reionization.
Figure 3 highlights how different neutrino properties

can speed up or slow down the evolution of the global
21-cm signal during cosmic dawn. However, it also shows
how such changes can be degenerate with the choice of
astrophysical parameters, such as the star formation effi-
ciency f∗,10, which we discuss in Sec. III A 2. Since differ-
ent neutrino properties introduce scale-dependent effects
in the matter power spectrum, we expect to be able to
break degeneracies with the astrophysical parameters by
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FIG. 3. Illustrative plot of the 21-cm global signal across cosmic history. The evolution of T21(z) is estimated from the
21cmFirstCLASS simulation, which evolves the 21-cm signal consistently with the chosen cosmological and astrophysical models,
from recombination (z ∼ 1100) down to reionization (z ∼ 6). The legend is the same as in Fig. 1, but we also show the effect
of reducing the star formation efficiency f∗,10 from its baseline. The horizontal line shows T21(z) = TCMB.

looking at the 21-cm power spectrum ∆2
21(k, z) instead.

Using ∆2
21(k, z) is also crucial to detect signatures of neu-

trino properties during the dark ages; here, in fact, the
global signal is blind to such models, since they do not
introduce extra energy injection in the IGM compared to
ΛCDM.

In the following, we recap the key aspects required to
understand how the amplitude of the 21-cm signal evolves
and how ∆2

21(k, z) traces the shape of the underlying
Pm(k, z), highlighting why we expect it to be sensitive
to the small scales affected by the self-interacting neu-
trino models.

A. Cosmic dawn

When the first galaxies in the Universe begin to form,
their radiation has enormous consequences for the condi-
tions of the IGM, as it alters the status of the atoms in the
gas, increases the gas temperature, and ionizes neutral H.
The coupling between Ts and Tgas during this epoch is
caused by the Lyman-α (Lyα) flux emitted by the stars,
which is easily absorbed by H through the Wouthuysen-
Field effect [88, 89]. At the same time, the X-ray compo-
nent of the radiation heats the gas [90–92], and the ability
of the UV component to escape into the IGM turns on
the epoch of reionization [66, 93].

As we describe in Secs. III A 2 and IIIA 1, the detailed
evolution of T21(z) and its fluctuations during cosmic
dawn depends both on the shape of the underlying mat-
ter power spectrum and on the model of star formation.
Therefore, the choice of cosmology and astrophysics im-
pacts the shape of the expected 21-cm power spectrum

during the cosmic dawn. As an example, in Fig. 4, we
show the ∆2

21(k, z) produced by our 21cmFirstCLASS
simulations. We compare the neutrino self-interaction
models with ΛCDM at fixed z and at fixed k, highlighting
the features that each neutrino model introduces, which
may be distinguishable with the sensitivity of upcoming
21-cm detectors. Moreover, the figure demonstrates that
by using ∆2

21(k, z), we can break degeneracies between
astrophysical and cosmological parameters, due to the
scale-dependent effect from cosmology.

1. Halo mass function

The key ingredient to model the evolution of ∆2
21(k, z)

is the star formation rate density (SFRD) ρ̇∗(x, z). This
determines the intensity of the Lyα radiation that cou-
ples Ts to Tk, as well as the intensity of the X-ray heat-
ing. A summary of the key quantities required to model
these processes can be found in Appendix B. Following
Refs. [94, 95], we model the SFRD as a function of the

star formation rate (SFR) Ṁ∗, which depends on the host
dark matter halo massMh, convolved with the local halo
mass function (HMF) dn/dMh(x, z):

ρ̇∗(x, z) =

∫ ∞

Mmin

dMh
dn

dMh
(x, z)Ṁ∗(Mh, z)fduty(Mh),

(7)
where fduty(Mh) is the duty cycle, which suppresses the
SFR below a certain turnover mass, Mturn. We set
Mmin = 105M⊙, but this choice does not affect the final
result, as long as Mmin < Mturn.
We can rewrite Eq. (7) in terms of the local collapse
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FIG. 4. 21-cm power spectrum during cosmic dawn for fixed z (left) and for fixed k (right). The legend is the same as in Fig. 1.
We show z = 13, which coincides with the redshift of the 21-cm absorption peaks in Fig. 3. We also show k = 0.3Mpc−1,
since it is in the range of scales already probed by HERA Phase I [51–53]. The errorbars represent the design sensitivity of the
HERA detector we adopt for our analysis in Sec. IVA.

fraction of matter into halos with mass Mh ≥Mmin

fcoll(x, z,Mmin) =
1

ρ̄m,0

∫ ∞

Mmin

dMh
dn

dMh
(x, z)Mh, (8)

where ρ̄m,0 is the mean matter density at z = 0. As we
discuss in detail in Sec. III A 2, the star formation rate
can be approximated as a power law of the host halo
mass, Ṁ∗(Mh) = ASFRM

α∗
h /ρ̄m, where the ASFR factor

is independent of Mh, and α∗ depends on the model.
Since

dfcoll
dMh

(x, z) = −Mh

ρ̄m

dn

dMh
, (9)

we can define

Fcoll(x, z) = −
∫
d logMh

dfcoll
dMh

(x, z)Mα∗
h fduty(Mh),

(10)
so that the SFRD can be re-expressed as

ρ̇∗(x, z) = ASFRFcoll(x, z). (11)

This form is particularly helpful in the context of sim-
ulations, since it allows us to relate the local SFRD
to the local density field. According to the extended
Press-Schechter (EPS) formalism [96, 97], the collapsed
fraction in Eq. (8) can also be estimated based on the
local density field smoothed over comoving scale R =
[3Mh/(4πρ̄m,0)]

−3, which we denote as δm,R. We have

fEPS
coll,R(x, z,Mmin) = erfc

[
δc − δm,R(x, z)√

σ2(Mmin, z)− σ2(Mh, z)

]
,

(12)

where δc = 1.686 is the critical density for collapse, and
the smoothed variance of the matter field is

σ2(Mh, z) =

∫ ∞

0

dk

k
Pm(k, z)W 2

R(k), (13)

and we use a real-space spherical top-hat window func-
tion WR(k) = 3[sin(kR)− (kR) cos(kR)]/(kR)3.
In the original EPS formulation, the smoothed over-

density δm,R(x, z) is linearly evolved; we do the same
in our 21cmFirstCLASS simulation. However, we note
that using a non-linear evolution through 2nd-order La-
grangian perturbation theory [98, 99] would be justified,
since it seems to provide better agreement with radiative
transfer simulations in the epoch of reionization [65].
Combining Eqs. (8), (10), and (12), we can estimate

FEPS
coll (x, z) and, if needed, scale this factor to any other

HMF formalism through [66, 100, 101]

Fcoll(x, z) = Fcoll(z)
FEPS

coll (x, z)

⟨FEPS
coll (x, z)⟩x

, (14)

where ⟨FEPS
coll (x, z)⟩x is the spatial mean in the EPS case

and Fcoll(z) ∝
∫
dMhdn̄/dMh(z)Mh is proportional to

the mean HMF. For our analysis in Sec. IV, we rely on
the Sheth, Mo, and Tormen HMF [102–104]

dn̄

dMh
(z) = −Ωmρc

Mh

d log σ

dMh

√
2πAST(1 + ν̂−2pST)ν̂e−ν̂2/2,

(15)
where ρc = 3H2

0/(8πG) is the critical density, AST =

0.353, pST = 0.175, and ν̂ =
√
0.73 δc/σ.

The spatial fluctuations in T21 during cosmic dawn are
mainly driven by inhomogeneities in the distribution of
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FIG. 5. Halo mass function (top) and its residual with respect
to ΛCDM (bottom). The legend is the same as in Fig. 1.
Compared with Fig. 2, the effect each model has on the lin-
ear matter power spectrum at different scales propagates to
variations in the abundance of halos with different Mh.

dark matter halos, where the astrophysical sources form.5

Therefore, ∆2
21(k, z) is inevitably related to the HMF

and hence to the underlying Pm(k, z). Therefore, any
deviation from ΛCDM, such as the ones caused by self-
interacting neutrinos, should propagate to the 21-cm sig-
nal via the HMF.

In Fig. 5, we compare the HMF at cosmic dawn for
ΛCDM with the HMF for the neutrino models of in-
terest for our work. The window function WR(k) in
Eq. (13) provides a k-dependent weight that also depends
on R(Mh), so variations of Pm(k, z) over certain k re-
gions roughly translate to variations of the HMF over
certain halo masses Mh. Due to the different values
of ns between the SIν model and the fiducial ΛCDM
model (see Table I), the HMF is suppressed for halo
masses Mh ≲ 1014M⊙. The small boost of Pm(k, z) at
k ∼ 0.1Mpc−1 in Fig. 2 increases the abundance of halos
with Mh ≳ 1014M⊙, which are very rare at high z; the
21-cm signal is almost blind to this high-mass end.

In contrast, the shape of Pm(k, z) for the MIν model
implies that the number of mini-halos (Mh ≲ 108M⊙) is
suppressed, while the number of halos withMh ≳ 109M⊙
is enhanced. This result is particularly interesting for

5 Reference [105] recently showed that stochasticity in the astro-
physical model has a non-negligible effect on the galaxy luminos-
ity function at cosmic dawn. We expect ∆2

21(k, z) to be similarly
affected [106].

21-cm at cosmic dawn, since galaxies in these halos drive
the evolution of H in the IGM. For the mIν model, the
smaller value of Geff diminishes these features and shifts
them to smaller masses, such that only halos of mass
Mh ∈ [108, 1010]M⊙ experience boost in the HMF.
Finally, analogous to our discussion of Pm(k, z) in

Sec. II B, increasing Mν has the opposite effect from the
mIν and MIν models over a certain range of scales. Ad-
ditional neutrino mass suppresses the HMF for all masses
above a certain threshold. It is only at very small scales
that the increased-Mν , mIν, and MIν models all sup-
press the matter power spectrum, which translates into
the suppression of very low-mass halos in Fig. 5.
We now discuss the interpretation of the cosmic dawn

signals T21(z) and ∆2
21(k, z) in Figs. 3 and 4, respectively,

in light of our HMF results. The change induced in the
HMF by self-interacting neutrinos implies that the num-
ber of astrophysical sources is also varied, thus advancing
or delaying the onset of cosmic dawn.
For example, the increased-Mν and mIν models shift

T21(z) in different directions. More massive neutrinos
suppress small scales, reducing the abundance of halos in
the small-to-intermediate mass range. Therefore, it takes
more time to heat up the gas, and the difference between
Ts and the CMB temperature remains large down to a
lower redshift, explaining why T21(z) and the amplitude
of ∆2

21(k, z) [shown at z = 13 in Fig. 4] are larger as com-
pared to ΛCDM. Note that the SIν model suppresses the
abundance of small-to-intermediate mass halos even more
than the increased-Mν model, further delaying cosmic
dawn. The mIν model presents the exact opposite effect
through its enhancement of power on scales relevant for
the 21-cm signal, thereby advancing cosmic dawn.

It is important to note that the features in the matter
power spectrum in Fig. 2 propagate to features in the
21-cm power spectrum in Fig. 4 but at different values
of k. Small-scale deviations of the matter power spec-
trum appear at slightly larger scales in the HMF, which
correspond to halos that host galaxies whose radiation
fields impact the IGM and thus the 21-cm power spec-
trum at still larger scales. Despite the complications it in-
troduces in the modeling, the SFR is the key to move the
indirect effects of the self-interacting neutrino models—
and of small-scale physics in general—into regimes that
can be actually probed by 21-cm and would be other-
wise inaccessible by more direct observations of small-
scale structure.

2. Astrophysical model

Finally, to compute the 21-cm signal at cosmic dawn,
we need to model the SFR Ṁ∗(Mh, z) of the first galaxies.
The SFR is then used to calculate the radiation fields that
drive the evolution of Ts through the SFRD in Eq. (7).
We distinguish between atomic cooling galaxies

(ACGs) and molecular cooling galaxies (MCGs). ACGs
are produced inside halos with typical masses Mh ≃
[109, 1011]M⊙, while MCGs are associated with mini-
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popII popIII

log10 f∗,10 -1.25 log10 f∗,7 -2.5

α∗,10 0.5 α∗,7 0

log10 fesc,10 1.35 log10 fesc,7 -1.35

αesc,10 -0.3 αesc,7 -0.3

log10(LX,10/SFR) 40.5 log10(LX,7/SFR) 40.5

TABLE II. Fiducial values of the astrophysical parameters
adopted in the 21cmFirstCLASS simulations for our analysis.
For each type of source (popII or popIII stars), we provide
the star formation efficiency f∗ and corresponding power-law
index α∗, the escape fraction fesc and corresponding power-
law index αesc, and the soft-band X-ray luminosity per unit
star formation rate LX,(10,7)/SFR. All quantities have a 10

or 7 subscript to denote the pivot masses M II
p = 1010M⊙ and

M III
p = 107M⊙ for the popII and popIII stars, respectively.

halos and thus form at higher z. Inside ACGs and
MCGs, star formation is driven by different cooling mech-
anisms, and they can be roughly associated with popula-
tion II (popII) and population III (popIII) stars, respec-
tively [107–110].

Based on Refs. [94, 95], we approximate the average
SFR for each population as the stellar mass produced
over a typical timescale:

Ṁ II,III
∗ =

M II,III
∗

0.5H−1(z)

=
f II,III∗ MhΩb/Ωc

(
Mh/M

II,III
p

)αII,III
∗

0.5H−1(z)
.

(16)

Here, we have assumed that the stellar mass can be
simply estimated by scaling the baryon mass inside a
halo, MhΩb/Ωc, by a mass-dependent efficiency factor,

f II,III∗
(
Mh/M

II,III
p

)αII,III
∗ . This is a common approxi-

mation in the context of 21-cm simulations; see, e.g.,
Refs. [111–113] for alternatives.

The pivot masses are M II
p = 1010M⊙ and M III

p =

107M⊙; the values of f II,III∗ and αII,III
∗ are different for

ACGs and MCGs and are summarized in Table II. The
difference between popII and popIII stars also determines

a different turnover massM II,III
turn below which star forma-

tion becomes inefficient. This mass enters the calculation
of the duty cycle fduty(Mh) in Eq. (7), which is computed
differently in the two scenarios:

f IIduty(Mh) = exp

(
−M

II
turn

Mh

)
, (17)

f IIIduty(Mh) = exp

(
− Mh

M III
turn

)
exp

(
−Matom

Mh

)
. (18)

These two expressions allow for a smooth transition
of fduty(Mh) between the halo-mass regime related to
MCGs and the one in which ACGs dominate. The tran-
sition occurs atMatom = 3.3×107M⊙[(1+z)/21]

−3/2 [95].

FIG. 6. 21-cm power spectrum during cosmic dawn for fixed
k and varying z. The color legend is the same as in Fig. 1.
Solid lines represent our baseline (only popII stars), while the
dashed lines include the contribution of popIII stars. The
errorbars represent the sensitivity of the HERA detector we
adopt in our analysis in Sec. IVA.

As for the turnover mass, in the case of ACG galax-
ies, its value is determined by stellar feedback, such as
photoheating and supernovae [114–118]; for MCGs, it is
necessary to account for photons in the Lyman-Werner
band (11.2–13.6 eV) [107–110, 119] and the suppression
due to the relative velocity between dark matter and
baryons [120–124] (see, e.g., Ref. [95] for more details

and for the full derivation of M II,III
turn ).

The last piece of information needed for the astrophys-
ical model is represented by the escape fraction of ion-
izing photons from galaxies into the IGM, f II,IIIesc (Mh).
Following previous literature [94], we parameterize it to
be constant in redshift and a function of Mh:

f II,IIIesc (Mh) = f II,III
esc,M II,III

p

(
Mh

M II,III
p

)αII,III
esc

. (19)

Table II collects the fiducial values of the astrophysical
parameters, based on standard choices in the literature
(see, e.g., Refs. [94, 95]).
Varying the astrophysical parameters affects, in a

scale-independent way, the speed at which cosmic dawn
proceeds, hence varying the position and depth of the
trough in T21(z) in Fig. 3. Similarly for ∆2

21(k, z), the
peaks rise at different z with different heights in Fig. 4.
As a further example, in Fig. 6, we show ∆2

21(k, z) for
ΛCDM and for the SIν and mIν models, under a popII-
only and a popII+popIII scenario. As expected, popIII
stars anticipate the onset of cosmic dawn and the epoch
of reionization; therefore, the peaks of ∆2

21(k, z) are lower
and shifted to higher z.
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FIG. 7. 21-cm power spectrum during the dark ages for fixed z and varying k. The legend is the same as in Fig. 1. The power
spectrum for k ≲ 1Mpc−1 (left) is extracted from the same simulation we generated for cosmic dawn. The power spectrum on
smaller scales (right) is extracted from an additional 21cmFirstCLASS simulation with a smaller box size and higher resolution;
see Sec. V. The errorbars show the sensitivity of the Lunar D (left) and LRA1 (right) detectors. The smallest k is set by the
size of the simulation box, and the largest by the detector resolution; their position depends on ∆ ln(k). Details in Sec. IVA.

B. Dark ages

After recombination and before the formation of the
first stars, the Universe is still sufficiently small that H
collisional excitations are efficient: Ts couples with Tgas,
and the 21-cm signal can be observed in absorption. The
amplitude reaches its largest value around z ∼ 80, but as
the Universe continues expanding, the coupling efficiency
and thus the amplitude of T21 decrease until cosmic dawn
begins.

The fluctuations δT21 required to estimate the 21-cm
power spectrum during the dark ages are given by [125]

δT21(x, z) =
T21(z)δv + cb(z)δb + cT (z)δTk

T21(z)

≃ dT21
dδb

δb(x, z) + T21(z)δv(x, z)

(20)

where δb(x, z) is the baryon density contrast, δv(x, z) =
−(1+z)∂rv/H(z) is the peculiar velocity fluctuation, and
δTk

(x, z) is the spatial fluctuation of the gas kinetic tem-
perature. In the second line, we neglect the fluctuations
in the gas temperature.

Before recombination, baryons are coupled with CMB
photons and therefore oscillate without collapsing; after
they decouple, baryons begin to follow the dark matter
distribution and can be treated as a biased tracer of the
underlying dark matter field. However, it is important
to account for some subtleties.

First, during dark ages, the coupling between baryons
and dark matter is not yet complete, and the evolution

of δb(k, z) must be estimated using the scale-dependent
growth factor Db(k, z) = Tb(k, z)/Tb(k, z = 0), where
Tb(k, z) is the baryon transfer function. Using this
growth factor has a non-negligible impact on the com-
putation of ∆2

21(k, z), compared to the case in which
the signal is computed using the total matter fluctu-
ation δm(k, z) or under the approximation of a scale-
independent growth factor, δm(k, z) = δ0(k)D(z) [63,
65].

Moreover, the relative velocity between baryons
and dark matter suppresses small-scale power in
Pm(k, z) [120–126]. This suppression propagates to all
scales in ∆2

21(k, z), due to the non-linear relation between
δT21 and δb and due to a large-scale modulation that ve-
locities induce on δb.

The 21-cm power spectrum during the dark ages can be
theoretically estimated by solving the Boltzmann equa-
tions. Its shape fully depends on the underlying cos-
mological model, particularly on the form of Pm(k, z).
However, for consistency, we extract ∆2

21(k, z) from the
same 21cmFirstClass runs realized for the cosmic dawn.

As an example, Fig. 7 shows ∆2
21(k, z) at z = 50 for

ΛCDM and the neutrino models of interest. Note that
the deviations of ∆2

21(k, z) induced by the neutrino mod-
els on the dark ages signal occur on scales k more compa-
rable (as compared to the cosmic dawn signal) to those
in Pm(k, z). As shown in Fig. 3, the self-interacting neu-
trino models do not affect T21(z) during the dark ages,
since there is no mechanism to impact the evolution of
the gas temperature. Variations on ∆2

21(k, z) are directly
sourced by the shape of Pm(k, z) shown in Fig. 2: the SIν
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power suppression is due to the smaller value of ns rela-
tive to ΛCDM, while the enhancements for MIν and mIν
reflect the bumps in their corresponding Pm(k, z).
To better capture the effects of MIν and mIν in the

dark ages, we run a higher-resolution simulation, as dis-
cussed in Sec. IV. The resulting 21-cm power spectrum
is shown in the right panel of Fig. 7. Features in the
Mν and mIν models are in principle distinguishable from
ΛCDM for k ≳ 1Mpc−1, but detecting these scales would
require detectors with very high angular resolution.

IV. RUNNING FORECASTS

To simulate the 21-cm signal during both the dark ages
and cosmic dawn, we use 21cmFirstCLASS. The simula-
tion allows us to account for different initial cosmologies,
for the effects of the baryon-dark matter relative veloc-
ity (suppression of the matter power spectrum and of the
minimum halo mass required to form stars [120–126]), for
the scale-dependent growth factor and for the evolution
of baryon- and dark-matter perturbations.

We choose a box size of L = 600Mpc and a resolu-
tion Ncell = 256, which provides a k-space resolution
between kmin = 2π/Lbox ≃ 0.01Mpc−1 and kmax =
2πNcell/Lbox ≃ 2.5Mpc−1. This setup allows us to sim-
ulate the signal in the sensitivity band with sample vari-
ance smaller than the detector noise (see Sec. IVA).

We run a second simulation with L = 50Mpc and
Ncell = 128 to improve the resolution for our dark ages
analysis, accessing scales 0.15Mpc−1 ≲ k ≲ 10Mpc−1.

The initial conditions for the simulation are gener-
ated by our nuCLASS code, which incorporates the ef-
fects of neutrino self-interactions. The transfer func-
tion and growth factor produced by nuCLASS are used
in 21cmFirstCLASS to evolve the simulation consistently
with the input cosmology. Since self-interacting neu-
trinos do not interact with dark matter and baryons,
the Boltzmann equations inside the simulation are un-
affected. Within nuCLASS, we consider three degenerate
neutrino species and describe their properties in terms
of the coupling strength Geff , the sum of their masses
Mν , and the effective number of relativistic neutrino-like
species Neff .

1. Fiducial setup

The fiducial cosmological parameters we use for our
analyses are listed in Table I. In particular, we use an
optical depth τ that is produced as an output by our
21-cm simulations; it is then used to compute the CMB
power spectrum for our CMB analyses.

The fiducial astrophysical parameters we use for our
cosmic dawn analyses are listed in Table II. We con-
sider two scenarios: popII-only and popII+popIII. The
popII-only scenario, in which the evolution of Ts is
driven by atomic-cooling galaxies, is used in the official

HERA analysis pipeline [51, 52]; therefore, we consider
it to be our baseline. Including popIII stars, which are
sourced by molecular cooling galaxies inside mini-halos
with Mh ≲ 108M⊙ [118, 127, 128], anticipates reioniza-
tion, and τ shifts to∼ 0.05 in the SIν model and to∼ 0.07
in the others. The addition of popIII stars also increases
the number of parameters, so the analysis is subject to
larger uncertainties and is computationally more expen-
sive. Nevertheless, the abundance of mini-halos strongly
depends on the shape of Pm(k, z) on very small scales, so
we expect the inclusion of popIII stars to affect the con-
straining power of HERA data [53], particularly for the
MIν model. Therefore, we also analyze a popII+popIII
scenario.

2. Optical depth computation

The optical depth τ is the line-of-sight integral of the
mean electron density n̄e(z) and is given by [45, 46]

τ =
σT 3H2

0Ωb

8πGmp

[
1 +

Y BBN
p

4

(
mHe

mH
− 1

)]−1

×

×
∫ zCMB

0

dz
c(1 + z)2 xHII(1 + δb)

H0

√
Ωm(1 + z)3 +ΩΛ

,

(21)

where σT is the Thompson cross-section, mp,H,He are the
proton mass and the atomic masses for H and Helium
(He), respectively, and Y BBN

p is the primordial He mass
fraction. We can estimate τ and its uncertainty based
on the other cosmological parameters and the density-
weighted ionization fraction xHII(1 + δb) [45, 46]. This
latter quantity is approximately ∼ 1 for z ≲ 5 when the
Universe is fully ionized and ∼ 0 for z ≳ 35 before reion-
ization; its value during cosmic dawn and the epoch of
reionization can instead be directly estimated from our
21cmFirstCLASS simulations. The resulting value of τ
for each of our fiducial models in Table I is consistent with
the cosmological and astrophysical model in the simula-
tion. In our analysis in Sec. IVB, the uncertainty on τ is
inferred from the uncertainties on the other parameters.

A. Detector specifications

The sensitivity of detectors measuring the 21-cm signal
or the CMB has been widely discussed in the literature.
Here, we summarize the main ingredients needed for our
forecasts.

1. Cosmic dawn: HERA

To explore the constraining power of the 21-cm signal
during cosmic dawn, we consider the design sensitivity
of HERA [48], which is expected to be achieved in the
reasonably near future. It is composed of ∼ 330 packed
antennas, distributed in a hexagonal shape with 14m di-
ameter dishes. The observational frequency band ranges
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FIG. 8. Cumulative SNR as a function of z for the 21-cm
experiments considered in this work. HERA probes the era
of cosmic dawn, while Lunar D and LRA1 are configurations
to probe the dark ages.

between 50 and 250MHz, with a resolution 8MHz and
82 channels probing each bandwidth. The 21-cm signal
is divided into ∼ 25 bins between z ∼ [5, 27]. The bins
are equally spaced in frequency, while their width varies
in redshift. We assume to ≃ 3000 hr integration time
(540 days). The detector properties are summarized in
Table III.

We estimate the sensitivity σ∆2
21,CD using the public

code 21cmSense6 [129–131]. The code allows us to ac-
count for cosmic variance, instrumental noise, and fore-
ground reduction. In particular, we assume the so-
called moderate scenario [130], in which the foreground-
contaminated wedge on the line-of-sight modes k∥ ex-

tends 0.1hMpc−1 beyond the detector horizon [132].
Figure 8 shows the redshift-dependent cumulative

signal-to-noise ratio

SNR(z) =
∑

k∈kHERA

∆2
21(k, z)

σ∆2
21,CD(k, z)

(22)

for HERA, obtained using 21cmSense and summing over
the scale range kHERA ∈ [0.05, 1.5]Mpc−1 allowed by the
instrument resolution.

2. Dark ages: Lunar arrays

Finally, we explore the prospects of measuring the 21-
cm signal deep in the dark ages. The SKAO or any
other ground-based detector can only slightly extend the
low-frequency range observed by HERA because of atmo-
spheric effects. Hence, a new observational window can

6 https://github.com/jpober/21cmSense

be opened by constructing an array in a location with
no atmosphere, such as the Lunar far side, which would
also use the Moon to shield radio interference from Earth
(e.g., Refs. [55, 57–59]).
We provide an order-of-magnitude estimate of the

noise that such detectors could reach. Following
Refs. [133–135] (see also Refs. [136–138] for further de-
tails on the 21-cm noise computation), we model the noise
σ∆2

21,DA(k, z) as the sum between the thermal noise

∆2
N (k, z) =

2

π

√
k3Vz
∆ ln k

T 2
sys

δν to

1

Nant
(23)

and the sample variance

∆2
CV (k, z) =

2π∆2
21(k, z)√

Vzk3∆ ln k
, (24)

which we set equal to the signal mean in the Pois-
son approximation. The observed volume is Vz =
4πfskyχ

2(z)∆χ(z), where χ(z) is the comoving distance
to the center of each redshift bin zi, and ∆χ = χ(zimax)−
χ(zimin) is its width. We set the observed sky fraction to
fsky = 0.75 and the system temperature to the sky tem-
perature Tsys ∼ Tsky = 180K(ν/180MHz)−2.6, neglect-
ing the contribution of the instrument.
In our dark ages forecast, we consider two different de-

tector configurations: Lunar D (based on the D scenario
in the Supplementary Material of Ref. [135]) and LRA1
(based on the lunar radio array in Refs. [139–142]). For
Lunar D, we use 10 frequency bins between 10MHz and
45MHz, with frequency resolution δν = 5MHz. These
choices correspond to z ∼ [30, 150], with bins between
zimin,max = −1 + ν21/(ν

i
obs ± δν/2). For LRA1, we use

40 bins between 6.3MHz and 46.3MHz (corresponding
to z ∼ [30, 220]), with frequency resolution δν = 1MHz.
For both configurations, we set the total observation

time to to = 104 hr. We estimate the number of dipole-
like antennas to be [143]

Nant =
fcoverπD

2
base/4

Aeff
, (25)

where Dbase is the maximum baseline of the experi-
ment, fcover is the fraction of interferometer area covered
by antennas, and Aeff is the effective collecting area of
the dipoles. We estimate Aeff = G(21 cm)2(1 + 50)2/4π
with G = 1.64. Therefore, in our analyses we consider
{Dbase, fcover, Nant} = {20 km, 0.2, 4×106} for Lunar D
and {100 km, 0.2, 1×108} for LRA1. All detector proper-
ties are summarized in Table III.
Finally, we set ∆ ln k = 0.5 and define kmin = 2π/Lbox

and kmax as the maximum between the scale probed by
the resolution of the simulation, 2πNcell/Lbox, and the
resolution of the detector, 2πDbase/[21 cm(1 + z)χ(z)]].
For example, at z = 30, we have kmax ≃ 1.5Mpc−1

for Lunar D and kmax ≃ 8Mpc−1 for LRA1; there-
fore, for Lunar D, we derive our results using the same
21cmFirstCLASS simulation adopted for cosmic dawn,

https://github.com/jpober/21cmSense
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∆ν [MHz] δν [MHz] Nant to [hr] Ref.

HERA [50, 250] 8 330 dishes 3000 [129, 130]

LunarD [10, 45] 5 4×106 dipoles 104 [135]

LRA1 [6.3, 46.3] 1 1×108 dipoles 104 [140–142]

TABLE III. Specifications for the 21-cm detectors used in our
analyses. We list the observed frequency range ∆ν, frequency
resolution δν, type and number of antennas Nant, and obser-
vation time to.

while for LRA1 we add the information on scales k >
1.5Mpc−1 from the smaller simulation introduced in at
beginning of Sec. IV.

Figure 8 compares the performance of the two Lunar
setups with HERA. Although the Lunar detector is more
futuristic, we see that it would allow us to probe a com-
pletely different regime of cosmic history, where the cos-
mological signal is pristine: it is in the linear regime with
no astrophysical contamination.

3. CMB-S4

For the CMB analysis, we adopt the latest specifi-
cations of the wide survey proposed for CMB-S4. We
use noise curves from the CMB-S4: Dark Radiation
Anisotropy Flowdown Team (DRAFT) tool 7, for the
S4-wide Chilean LAT configuration8, updated on Octo-
ber 2023 [144–147]. Here, the observed sky fraction is
fsky = 0.6, and the properties of the detector are com-
bined separately for TT and EE to get the noise power
spectra

NT,E
ℓ =∆2

T,E [rad] exp

(
ℓ(ℓ+ 1)

θFWHM[rad]√
8 log(2)

)
×
[
1 + (ℓℓT,E

knee)
αT,E

]
.

(26)

We use the 93GHz channel, for which the angular resolu-
tion is θFWHM = 2.2 arcmin, and the instrumental noises
are ∆T = 2µK/arcmin and ∆E = 2.68µK/arcmin.
Additionally, [ℓTknee, αT ] = [1932, 3.5] and [ℓEknee, αE ] =
[700, 1, 4]. We restrict our analysis to multipoles ℓ ∈
[30, 3000].
We could improve sensitivity, for example, by im-

plementing a cross-internal linear combination ap-
proach [144] or using a forecast-loop pipeline [148]. These
approaches can further improve the constraining power
on the small scales by reducing the contamination of as-
trophysical signals; their implementation, however, is be-
yond the scope of this work.

7 https://github.com/sriniraghunathan/DRAFT/tree/master
8 https://github.com/sriniraghunathan/DRAFT/tree/master/

products/202310xx_PBDR_config/s4wide_202310xx_pbdr_

config

B. Fisher matrix formalism

We use the Fisher matrix formalism to perform our
forecasts (see, e.g., Ref. [149] for review). Our base-
line cosmological parameters and their fiducial values are
listed in Table I. We have the six vanilla ΛCDM cosmo-
logical parameters and the three parameters that char-
acterize the neutrino properties: Geff , Mν , and Neff . We
also include the full set of astrophysical parameters listed
in Table II.
For each self-interacting neutrino model (SIν ,

MIν , mIν) and each astrophysical scenario (popII,
popII+popIII), we estimate the numerical derivatives of
∆2

21(k, z) with respect to all parameters using different
realizations of 21cmFirstCLASS. Since the optical depth
τ does not influence either the shape or the amplitude
of the 21-cm power spectrum, we have d∆2

21/dτ = 0,
indicating that τ cannot be constrained through the
21-cm signal alone. However, as discussed in Sec. IV 2,
the value of τ at cosmic dawn directly depends on the
ionization fraction xHII; hence, we estimate it from the
output of our 21cmFirstCLASS simulations.
Using the σ∆2

21,(CD,DA)(k, z) sensitivities estimated by

21cmSense for cosmic dawn or from Eqs. (23) and (24)
for the dark ages, the Fisher matrices for HERA and
Lunar D are

F
(CD,DA)
21,αβ =

∑
z,k

1

σ2
∆2

21,(CD,DA)
(k, z)

d∆2
21(k, z)

dθα

d∆2
21(k, z)

dθβ
.

(27)
Finally, forecasts for LRA1 are obtained by summing two
Fisher matrices: one estimated from the same simulation
box as the other detectors and another from the small,
high-resolution box. To avoid double counting when sum-
ming over k, we use the larger box up to k = 1Mpc−1 and
the smaller box to account for larger k. The 1σ uncer-
tainty for each cosmological or astrophysical parameter
θi is obtained from the diagonal elements of the inverse
Fisher matrices:

σθi,(CD,DA) =

√(
F

(CD,DA)
21

)−1

ii
. (28)

We construct the CMB-S4 Fisher matrix for each
model of interest by running nuCLASS to get the covari-

ance and the derivatives of CTT,TE,EE
ℓ with respect to

the cosmological parameters. We choose the same step
sizes for the computation of the 21-cm and CMB numer-
ical derivatives. In this case, the Fisher matrix is

FCMB,αβ = fsky
∑
ℓ

2ℓ+ 1

2
Tr

[
C−1

ℓ

dCℓ

dθα
C−1

ℓ

dCℓ

dθβ

]
(29)

where the Cℓ matrix is defined by the signal and noise
contributions in the TT, TE, and EE channels:

Cℓ =

CTT
ℓ +NTT

ℓ CTE
ℓ

CTE
ℓ CEE

ℓ +NEE
ℓ

 . (30)

https://github.com/sriniraghunathan/DRAFT/tree/master
https://github.com/sriniraghunathan/DRAFT/tree/master/products/202310xx_PBDR_config/s4wide_202310xx_pbdr_config
https://github.com/sriniraghunathan/DRAFT/tree/master/products/202310xx_PBDR_config/s4wide_202310xx_pbdr_config
https://github.com/sriniraghunathan/DRAFT/tree/master/products/202310xx_PBDR_config/s4wide_202310xx_pbdr_config
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SIν MIν mIν

log10 Geff fiducial value -1.77 -4 -5

CMB-S4 14% 66% 534%

HERA (cosmic dawn) 32% 16% 112%

HERA + CMB-S4 8% 11% 12%

Lunar D (dark ages) 14% 42% 240%

LRA1 (dark ages) 1% 2% 5%

Lunar D + CMB-S4 5% 19% 123%

LRA1 + CMB-S4 1% 1% 4%

TABLE IV. Summary of the main results of our paper. We
provide forecasts for the 2σ uncertainties on the (log of the)
neutrino self-coupling strength log10(Geff/MeV−2), for strong
(SIν), moderate (MIν), and mild (mIν) self-interaction mod-
els; see Table I. The MIν and mIν models are at the cusp or
beyond the reach, respectively, of current CMB experiments.
The results for the cosmic dawn analyses use the popII astro-
physical model in Table II.

Again, we obtain the 1σ uncertainty from the diagonal
elements of the inverted Fisher matrix

σθi,CMB =

√
(FCMB)

−1
ii . (31)

Since we are using a single channel and a restricted range
ℓ ∈ [30, 3000], our forecasts are conservative.

Finally, we combine the 21-cm and CMB Fisher matri-
ces to help break parameter degeneracies. For the dark
ages, we use the matrix FDA

tot = FCMB + FDA
21 . For cos-

mic dawn, we must account for the propagation of un-
certainties in the modeling of τ in Sec. IV 2. Following
Refs. [45, 46], we first compute FCD

tot = FCMB +FCD
21 (in-

cluding all astrophysical and cosmological parameters)
and then define

F̃CD
tot,ij = FCD

tot,ij+aiF
CD
tot,jτ +ajF

CD
tot,iτ +aiajF

CD
tot,ττ . (32)

In F̃CD
tot there are no rows and columns related to τ , and

for each parameter θi, the factor ai = dτ/dθi is estimated
from the different realizations of the 21cmFirstCLASS
simulation. The uncertainty in the optical depth is
then computed by drawing random samples of all the
other parameters θi from Gaussian distributions centered
around their fiducial values with a standard deviation

σtot,θi =
√

(F̃CD
tot )

−1
ii . Thus, for each sample, we esti-

mate the optical depth as τ̃ =
∑

θi
aiθi, and we set the

uncertainty σtot,τ to be equal to the spread between the
different values of τ̃ .

V. RESULTS

Our goal in this work is to understand if and how well
upcoming 21-cm and CMB data can probe models of self-
interacting massive neutrinos. The main results of our

Fisher analyses are summarized in Table IV: we provide
forecasts for the 2σ uncertainty on the self-interaction
coupling strength log10(Geff/MeV−2) for the three self-
interacting neutrino models of interest, using the popII
astrophysical model in Table II as our baseline for the
cosmic dawn analysis. Figure 9 shows the forecasts for
Mν and log10Geff , marginalizing over all other cosmolog-
ical and astrophysical parameters, for CMB and 21-cm
cosmic dawn.
The full triangle plot for mIν with all cosmological and

astrophysical parameters for the analyses involving 21-cm
cosmic dawn is shown in Fig. 12 in Appendix C. The full
triangle plots for mIν with all cosmological parameters
for the Lunar D and LRA1 analyses are shown in Fig. 13
in Appendix C. All triangle plots in Appendix C also
include the joint analysis with CMB-S4.

1. CMB-S4 forecasts

We have validated our pipeline by running the Fisher
matrix analysis for the ΛCDM+Neff + Mν cosmology,
with no self-interacting neutrinos. Our results on the
neutrino parameters are broadly in agreement with fore-
casts in the CMB-S4 Science Book [150].

Regarding the constraints on log10Geff for self-
interacting neutrinos, Ref. [32] performed a similar for-
cast analysis. However, that work considered three
massless self-interacting neutrinos with a fiducial of
log10Geff = −1.92, matching the best fit obtained in
Ref. [31] using Planck 2018 TT+TE+EE+lowE data.
Compared to our work here, Ref. [31] adopts a slightly
different definition of log10Geff , which is in line with
Ref. [24]. The noise treatment is also slightly different
from ours. Their forecast uncertainty is 2σlog10 Geff

≃
10%, close to our value in Table I. We have verified that
assuming Mν = 0 and changing the log10Geff fiducial
value and noise accordingly, the difference between our
result and theirs reduces.

Reference [31] also found an upper limit on a moderate
interaction at log10Geff = −4.05, with 2σlog10 Geff

= 50%
from Planck+ACT data [151]. This result is consistent
with ours for MIν from CMB-S4 alone. For the smaller
interaction of the mIν model, our result indicates that
the bound from CMB-S4 would be very weak.

2. HERA forecasts

HERA provides better sensitivity over CMB-S4 to
log10Geff for the MIν model. The constraining power
arises from the indirect sensitivity to the matter power
spectrum at small scales: the enhancement bump in-
creases the abundance of the small- and intermediate-
mass halos that host the galaxies that dominate the evo-
lution of the 21-cm signal during cosmic dawn. This re-
sult opens the possibility of exploring a new region of the
parameter space, which so far has been inaccessible using
CMB primary anisotropies and galaxy surveys.
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FIG. 9. Summary plot of the main results of our paper. We show forecasts for the constraining power of ∆2
21(k, z) during

cosmic dawn on the sum of neutrino masses Mν and the neutrino self-interaction coupling strength log10 Geff [MeV−2] in the
case of strong (left), moderate (center) and mild interaction (right). The analysis has been run on the full set of parameters
listed in Tables I and II, and then marginalizing with uninformative priors over all but the two parameters shown. The 21-cm
measurement from HERA can provide stronger constraints over CMB-S4 for the MIν model, though our projections for CMB-S4
are conservative. For the mIν model, the individual experiments have poor constraining power, but the joint analysis of HERA
and CMB-S4 breaks the degeneracy between log10 Geff and Mν , providing a significant improvement. See also Table IV.

Although HERA also outperforms CMB-S4 in con-
straining log10Geff for the mIν model, the right panel of
Fig. 9 shows that HERA is limited by the anti-correlation
with Mν . Increasing log10Geff makes it easier to form
halos in the relevant Mh range, which speeds up the
evolution of T21(z) and leads to a smaller ∆2

21(k, z) for
k ∼ [0.1, 0.5]Mpc−1, where HERA is sensitive.9 The
same effect would still occur if Mν were smaller than our
fiducial choice, thus explaining the anti-correlation. In
other words, lighter neutrinos would compensate for the
effect of mIν on ∆2

21(k, z).
A very interesting possibility to further improve the

constraining power is to combine 21-cm and CMB
datasets. Table IV highlights the great potential that
joint CMB and 21-cm cosmic dawn analyses have for
self-interacting massive neutrinos. Under all three self-
interaction models, the joint analysis reduces the uncer-
tainty on log10Geff to ∼ 10%. As shown in Fig. 9, the
combination of CMB and 21-cm is crucial for breaking
the degeneracy between neutrino parameters, as well as
other degeneracies that may exist within the parameter
set, as highlighted in Fig. 12. Incorporating 21-cm data
from the cosmic dawn helps mitigate the degeneracy be-
tween Mν , τ , and As; in this context, we have verified
that our analysis returns a comparable result with the

9 It may seem counterintuitive that a larger HMF leads to a smaller
∆2

21(k, z). Recall that the amplitude of the 21-cm signal depends
not just on the abundance of the astrophysical sources, but also
on the interplay of their radiation fields, the way they heat and
ionize the gas, etc. In particular, having more galaxies at z = 13
implies producing more X-rays, so Tgas and Ts get closer to the
CMB temperature, thereby decreasing T21.

analysis in Ref. [46]. There is also a slight improvement
of the constraining power on the astrophysical parame-
ters.

Thus far, the discussion of our results has focused
on our baseline astrophysical scenario, where only popII
stars are included. We now consider what happens when
we include popIII stars in the analysis. Having been
formed in mini-halos, popIII stars indirectly probe the
small-scale regime, k ≳ 30Mpc−1 (compare with Fig. 5).
In the mIν and MIν models, these scales are boosted;
hence, the number of mini-halos is strongly enhanced,
anticipating the onset of cosmic dawn and increasing the
amplitude of the 21-cm power spectrum at high z. Mean-
while, the suppression of small scales in the SIν model
weakens the amplitude of the 21-cm power spectrum; this
suppression, in addition to the larger number of parame-
ters needed to analyze the popII+popIII scenario, wors-
ens the constraining power of ∆2

21(k, z).

To help visualize this point, we compare the only-popII
and popII+popIII scenarios in Fig. 10, where the HERA
results for only-popII are the same from Fig. 9. The
enhanced small-scale power in the mIν model helps to
relax the degeneracy betweenMν and log10Geff , improv-
ing the constraining power on the latter; the 2σlog10 Geff

constraints from Table IV, in fact, shift from 112% to
78%. In contrast, the constraints on the SIν model are
weaker when popIII stars are included in the analysis,
with 2σlog10 Geff

shifting from 32% to 72%.

Finally, we note that variations in the fiducial astro-
physical model may vary the evolution of the 21-cm sig-
nal (see, e.g., Refs. [94, 152, 153]). This may affect our
final results, since the 21-cm power spectrum would shift
in redshift, with cosmic dawn being either anticipated or
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FIG. 10. Forecasts for the constraining power of HERA for the SIν (left) and mIν (right) models, using the only-popII (red)
and popII+popIII (black) scenarios. The numbers above each panel indicate 2σ constraints.

delayed, hence changing the sensitivity of HERA to its
amplitude on the different scales. However, since none of
these parameters can introduce scale-dependent effects,
we expect the constraining power on Geff to remain in the
same ballpark. For example, a smaller value of f∗,7, the
popIII star formation efficiency, would lead to σlog10 Geff

in between the values we quoted for the two scenarios.

3. Lunar array forecasts

Lunar detectors can probe neutrino properties more di-
rectly: there are no astrophysical sources during the dark
ages and thus the 21-cm signal is shaped by only the
cosmological parameters. Their great advantage comes
from their capability of accessing very small scales, which
could be of particular interest for the MIν and mIν mod-
els. As shown in Fig. 2, these models feature a boost in
Pm(k, z) for k ∈ [0.1, 10]Mpc−1. While these scales are
outside the reach of Lunar D, they do fall within some of
the redshift bins of LRA1.

We show in Fig. 11 the confidence ellipses for the mIν
model on the neutrino parametersMν and log10Geff ; the
two panels correspond to the Lunar D and LRA1 experi-
mental configurations, respectively. These plots, together
with the results in Table IV, show that LRA1 could reach
a strong detection of neutrino self-interactions, even for
quite small values of the coupling strength. The ability of
LRA1 to reach very small scales is the key to constraining
not only log10Geff , but all the other cosmological param-
eters as well; this is evident by looking at the confidence
ellipses on the full set of parameters in Fig. 13.

Comparing the performances of the two experiments
in Figs. 11 and 13, in fact, we notice that the confi-
dence ellipses in the LRA1 case show fewer degeneracies

among parameters (e.g., between h and Ωc or between
Mν and As), which leads to better constraints on the full
parameter set. For the same reason, combining LRA1
with CMB-S4 does not improve the constraining power
on log10Geff by much. Using CMB-S4 is instead helpful
in breaking the internal degeneracies in the Lunar D case,
improving its capability of constraining the MIν scenario.

VI. FINAL REMARKS

Alongside traditional methods of studying cosmology,
such as CMB observations and galaxy surveys, the explo-
ration of the 21-cm signal from cosmic dawn and the dark
ages is expected to become increasingly important in the
coming years. This observable will provide a powerful
tool, offering insights into cosmological models beyond
ΛCDM and extensions to the Standard Model of particle
physics.
In this paper, we investigate self-interacting massive

neutrinos. We consider the scale-dependent changes in
the matter power spectrum that self-interacting neutri-
nos introduce and how those changes propagate to the 21-
cm power spectrum. Scales that enter the horizon before
neutrino self-decoupling are damped, while modes enter-
ing the horizon around the time of self-decoupling are
strongly boosted. The scales on which the boost occurs
depend on the coupling strength of the self-interaction,
Geff .
We study three fiducial models: massive neutrinos with

a strong (SIν), moderate (MIν), and mild (mIν) self-
interaction. We explore two astrophysical scenarios for
the 21-cm signal from cosmic dawn: one in which star
formation is driven solely by population II stars within
atomic cooling galaxies, and another that also includes
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FIG. 11. Confidence ellipses on the neutrino parameters for Lunar D (left) and LRA1 (right) for the mIν model. We consider
the experiments alone (red) or in combination with CMB-S4 (blue). The numbers above each panel indicate 2σ constraints.

the effect from population III stars within molecular cool-
ing galaxies, associated with high-redshift mini-halos. Fi-
nally, we perform Fisher forecasts to analyze various ex-
perimental setups involving separate and joint analyses
for CMB and 21-cm experiments. We consider CMB-S4,
HERA for the 21-cm cosmic dawn signal, and two Lunar
configurations for the 21-cm dark ages signal.

We find that the 21-cm signal during the cosmic dawn
provides an indirect way to investigate physics that im-
pacts small-scale structure, due to the interplay between
the halo mass function (whose shape depends on the
matter power spectrum) and the star formation rate
density. Galaxies that mainly drive cosmic dawn evo-
lution are hosted by halos in the 109 − 1011M⊙ mass
range, whose abundance is determined by Pm(k, z) on
k ∼ 1 − 100Mpc−1. This range of scales, that are just
beyond the reach of current CMB observations, is pre-
cisely where neutrino self-interactions could play a role.

A key finding in our work is that joint CMB and 21-
cm analyses can provide a substantial improvement in
constraining power over an individual analysis of either
alone. The CMB and 21-cm power spectra access dif-
ferent cosmic scales, so together they are a powerful
probe of correlated physics that span a wide range in
k. Their combination can break internal degeneracies
among parameters, allowing one probe to tightly con-
strain neutrino properties more directly, while the other
probe helps by constraining other parameters in the joint
analysis interchangeably. For example, as Refs. [45, 46]
have shown in the context of ΛCDM, the 21-cm signal
can be used to mitigate the Mν − τ − As degeneracy in
CMB studies; in our case, it also leads to improving the
constraints on the self-interaction.

During the dark ages, the 21-cm power spectrum car-
ries pristine information about cosmology. Even if chal-
lenging, we find that observing the 21-cm signal in this

epoch can provide very strong constraints on the cosmo-
logical parameters that affect the shape of the matter
power spectrum.

To conclude, our results highlight the unique poten-
tial of the 21-cm power spectrum in probing new physics
beyond ΛCDM and beyond the SM. By complementing
traditional observables such as the CMB, 21-cm measure-
ments can play a key role in constraining self-interacting
massive neutrinos, as well as other beyond-SM scenar-
ios, shedding light on fundamental physics on previously
inaccessible scales.
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Appendix A: Modified Boltzmann equations for
neutrino self-interaction

In this section, we describe the modifications of the
Boltzmann equations implemented in CLASS which we
have made publicly available in the code nuCLASS. We
sketch our modifications, which follow Ref. [28].

The low-energy neutrino interaction Lagrangian in the
presence of a scalar mediator φ of mass mφ is given by

L ⊃ gν,ijφν̄iνj , (A1)

where νi is the left-handed neutrino spinor of flavor i. In
this work, we consider flavor-universal interactions and
set the coupling

gν,ij = gνδij , (A2)

where δij is the Kronecker delta function and gν is the
universal coupling. The scattering matrix element for
4-neutrino scattering in the presence of the interaction is

|M|2 =
∑
spin

|M|2νi+νj→νk+νl
(A3)

= 2G2
eff(s

2 + t2 + u2) , (A4)

where s, t and u are the Mandelstam variables and Geff =
g2ν/m

2
φ as in Eq. (2).

The perturbed neutrino distribution function is

fν(x,p, τ) = f (0)ν (p, τ)[1 + Ψ(x,p, τ)] , (A5)

where x is a spatial coordinate, p is the proper momen-
tum with magnitude p = |p|, and τ is conformal time.
The background neutrino distribution function is taken
to be Fermi-Dirac:

f (0)ν (p, τ) =
1

ep/Tν + 1
, (A6)

where Tν is the neutrino temperature. The perturbation
Ψ(k,p, τ) encodes the inhomogeneities in the neutrino
distribution function in the conjugate-momentum space,
and it is expanded into multipole moments in the follow-
ing manner [83]:

Ψ(k,p, τ) =

∞∑
ℓ=0

(−i)ℓ(2ℓ+ 1)Ψℓ(k, p, τ)Pℓ(µ) , (A7)

where Pℓ(µ) is the Legendre polynomial with µ = k̂ · p̂.
The momentum-dependent Boltzmann equation in the
presence of the interaction is

Ψ̇ℓ + k
q

ϵ

(
ℓ+ 1

2ℓ+ 1
Ψℓ+1 −

ℓ

2ℓ+ 1
Ψℓ−1

)
+

(
ϕ̇δℓ0 +

kϵ

3q
ψδℓ1

)
d ln f

(0)
ν

d ln q

= −aG2
effT

5
ν

(
1

f
(0)
ν

Tν,0
q

)
×[

A

(
q

Tν,0

)
+Bℓ

(
q

Tν,0

)
− 2Dℓ

(
q

Tν,0

)]
Ψℓ , (A8)

where the overdot (˙) denotes a derivative with respect to

τ , q ≡ ap is the comoving momentum, ϵ =
√
q2 + a2m2

ν ,
mν is the neutrino mass, ϕ and ψ are Newtonian poten-
tials, a is the scale factor, and Tν,0 is the temperature of
neutrinos today (a = 1). Due to the conservation of num-
ber density (i.e., detailed balance) for elastic scattering,
we have

A(x) +B0(x)− 2D0(x) = 0 , (A9)

where x ≡ q/Tν,0. Since neutrinos self-scatter, there is a
conservation of total momentum in the neutrino sector,
which results in

A(x) +B1(x)− 2D1(x) = 0 . (A10)

We precompute the combination

Sl(x) =
1

xf
(0)
ν

[A(x) +Bℓ(x)− 2Dℓ(x)] , (A11)

for different x and ℓ values and store the results as an
interpolation file to be used for nuCLASS computations.

The functions A, Bℓ, and Cℓ associated with the colli-
sion term are as follows:

A(x1) =
1

8π3

∫ ∞

0

ex2dx2
ex2 + 1

∫ x1+x2

0

x3dx3
(ex3 + 1)(ex1+x2−x3 + 1)

∫ 1

Max[η−,1]

|M̄η(x1, x2, x3, η)|2√
x21 + x23 − 2x1x3η

dη , (A12)

Bℓ(x1) =
1

8π3x1

∫ ∞

0

x22e
x2dx2

ex2 + 1

∫ x1+x2

0

dx3
(ex3 + 1)(ex1+x2−x3 + 1)

∫ 1

Max[ρ−,1]

|M̄ρ(x1, x2, x3, ρ)|2Pℓ(ρ)√
x21 + x22 + 2x1x2ρ

dρ , (A13)

Dℓ(x1) =
e−x1

8π3x1

∫ ∞

0

dx2
ex2 + 1

∫ x1+x2

0

ex3x23dx3
(ex3 + 1)(e−(x1+x2−x3) + 1)

∫ 1

Max[η−,1]

|M̄η(x1, x2, x3, η)|2Pℓ(η)√
x21 + x23 − 2x1x3η

dη , (A14)
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where

|M̄η(x1, x2, x3, η)|2 = ∆2,η

3b2η − 4aηcη

8a2η
−∆1,η

bη
2aη

+∆0,η (A15)

aη = −x22(x21 + x23 − 2x1x3η) (A16)

bη = 2x2(x1 − x2η)[x1x2 + x3(x1 + x2) + x1x3η] (A17)

cη = −[x1x2 − x3(x1 + x2) + x1x3η]
2 + x22x

2
3(1− η2) (A18)

∆2,η = x21x
2
2, (A19)

∆1,η = x21x2(x3 − 2x2 − x3η), (A20)

∆0,η = x21(x
2
2 − x2x2 + x23) + x1x3η(x1x2 − 2x1x3 + x1x3η) (A21)

η− =
(x1 + 2x2)x3 − 2x2(x1 + x2)

x1x3
(A22)

|M̄ρ(x1, x2, x3, ρ)|2 = ∆2,ρ

3b2ρ − 4aρcρ

8a2ρ
−∆1,ρ

bρ
2aρ

+∆0,ρ (A23)

aρ = −x23(x21 + x22 + 2x1x2ρ) (A24)

bρ = 2x3(x1 + x2ρ)[x2x3 + x1(x3 − x2) + x1x2ρ] (A25)

cρ = −[x2x3 + x1(x3 − x2) + x1x2ρ]
2 + x21x

2
3(1− η2) (A26)

∆2,ρ = x21x
2
3, (A27)

∆1,ρ = x21x3(x2 − 2x3 − x2ρ), (A28)

∆0,ρ = x21(x
2
2 − x2x2 + x23) + x1x2ρ(x1x3 − 2x1x2 + x1x2ρ) (A29)

ρ− =
x1x2 − 2(x1 + x2)x3 + 2x23

x1x2
. (A30)

Appendix B: 21-cm signal modeling

The main observables for studying the 21-cm signal
at high z are the brightness temperature T21(z) and its
spatial fluctuations, used to estimate the 21-cm power
spectrum in Eq. (5). The former is defined in Eq. (4),
where TCMB(z) is the CMB temperature and Ts(z) the
spin temperature. While the CMB temperature de-
creases with redshift due to the expansion of the Uni-
verse, TCMB(z) ∝ (1 + z), the evolution of the spin tem-
perature is driven by the coexistence of different pro-
cesses that excite H in the intergalactic medium (IGM).
In thermal equilibrium, we can write

T−1
s (z) =

xCMBT
−1
γ (z) + xcollT

−1
k (z) + xαT

−1
α (z)

xCMB(z) + xcoll(z) + xα(z)
,

(B1)
where Tk(z) is the kinetic temperature of the H gas in the
IGM, and Tα(z) ≃ Tk(z) [154] is the color temperature
of Lyman-α photons (Lyα). The evolution of Tk(z) over
cosmic time is found by solving the following differential

equation:

dTk
dz

=
dt

dz

[
−2H(z)Tk +

2

3

Tk
1 + δb

dδb
dt

− Tk
1 + xe

dxe
dt

+
dTk
dt

∣∣∣∣
CMB

+
dTk
dt

∣∣∣∣
Xray

]
,

(B2)

where dt/dz = −[H(z)(1 + z)−1] and we introduced the
free-electron fraction xe(z) = ne/(nH+nHe), namely the
ratio between the electron number density and the total
number density of H and helium (He) nuclei. The evo-
lution of xe(z) in turn can be found solving the coupled
differential equation [155]

dxe
dz

=
dt

dz

[
dxe
dt

∣∣∣∣
reio

+C(βion(1− xe)− αrecnHx
2
e)

]
,

(B3)
where dxe/dt|reio is the reionization rate at late times, C
represents the Peebles coefficient,10 while αrec is the re-
combination rate and βion the early photoionization rate.

10 The interested reader can read e.g., App. B in Ref. [63] for dis-
cussion on the Peebles coefficients.
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In Eq. (B2), changes in Tk can be sourced by either
heating due to external sources (second line), or by adia-
batic cooling/heating (first line), due to the expansion of
the Universe (first term), the clustering of matter (second
term) and variations in the total baryon number density
sourced by reionization/recombination (third term).

Among the external sources, we consider the heating
due to absorptions of CMB photons [85, 156–159] and
X-rays from astrophysical sources during cosmic dawn.
The contribution of the X-ray heating can be estimated
based on the X-ray flux [92]

JX(x, ν) =

∫
dRρ̇∗(x, R)ϵX(ν′)e−τX (ν′, R), (B4)

where x is the point (at redshift z) at which the flux is
computed and ν the rest-frame frequency of the X-ray
radiation. The integral over shells of comoving radius
R accounts for radiation sourced from different redshifts
z′, so that the frequency at x is ν′ = ν(1 + z′(R))/R.
The emissivity ϵX(ν′) accounts for the spectral energy
distribution in the X-ray band; its value can be related
to the value of the LX,10/SFR parameter introduced in
Sect. IIIA 2. Finally, ρ̇∗ is the star formation rate density
discussed in Sect. III A, while τX(ν′, R) the opacity due
to the IGM.

Finally, in Eq. (B1), the coefficients xCMB(z), xcoll(z),
xα(z) represent, respectively, the coupling with CMB
(due to the absorption of CMB photons), the collisional
coupling (due to collisions between H atoms) and the
Lyα coupling (due to the absorption of Lyα photons un-
der the Wouthuysen-Field effect [88, 89, 160]). On one

side, xCMB(z) = (1 − eτ21(z))/τ21(z), which is ≃ 1 un-
til reionization begins; on the other, xcoll(z) and xα(z)
are described by more complicated expressions, which re-
quire knowledge of the particle number density (for xcoll)
or of the Lyα flux (for xα). The latter, in particular, can
be estimated as a function of the star formation rate den-
sity [161], as

Jα(x, z) =
(1 + z)2

4π

∫
dRρ̇∗ϵα(ν

′), (B5)

where ϵα(ν
′) indicates the spectral energy distribution in

the Lyα to continuum regime.
Extensive review on the 21-cm signal can be found in

Refs. [85–87].

Appendix C: Contour plots

We show in Figs. 12 and 13 the 1σ and 2σ confidence
contours obtained from our analysis in Sec. IV. We in-
clude these triangle plots to highlight any potential de-
generacy between cosmological and astrophysical param-
eters. To be concise, we only show the mIν model, since
this is the case that requires 21-cm to explore new regions
of parameter space beyond the capabilities of CMB ex-
periments.
Note that τ is not included in the figures. Its uncer-

tainty cannot be estimated from the 21-cm signal. In the
case of cosmic dawn, we derive forecast constraints on τ
as a function of the other parameters; see Eq. (32) and
the related discussion.
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FIG. 12. Confidence ellipses and 2σ forecast uncertainties for all cosmological and astrophysical parameters in the HERA (H,
red) and HERA+CMB-S4 (H+C, black) analysis, for the mIν model.
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FIG. 13. Confidence ellipses and 2σ forecast uncertainties for the cosmological parameters in the mIν model, using Lunar D
(top) and LRA1 (bottom), alone (red) or in combination with CMB-S4 (black).
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Olivier Doré, “Neutrino puzzle: Anomalies, interac-
tions, and cosmological tensions,” Phys. Rev. D 101,
123505 (2020), arXiv:1902.00534 [astro-ph.CO].

[29] Shouvik Roy Choudhury, Steen Hannestad, and
Thomas Tram, “Updated constraints on massive neu-
trino self-interactions from cosmology in light of the
H0 tension,” JCAP 03, 084 (2021), arXiv:2012.07519
[astro-ph.CO].

[30] Subhajit Ghosh, Rishi Khatri, and Tuhin S. Roy,
“Can dark neutrino interactions phase out the Hub-
ble tension?” Phys. Rev. D 102, 123544 (2020),
arXiv:1908.09843 [hep-ph].

[31] Anirban Das and Subhajit Ghosh, “Flavor-specific in-
teraction favors strong neutrino self-coupling in the
early universe,” JCAP 07, 038 (2021), arXiv:2011.12315
[astro-ph.CO].

[32] Anirban Das and Subhajit Ghosh, “The magnificent

http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://arxiv.org/abs/hep-ex/9807003
http://dx.doi.org/10.1103/PhysRevLett.86.5656
http://dx.doi.org/10.1103/PhysRevLett.86.5656
http://arxiv.org/abs/hep-ex/0103033
http://dx.doi.org/10.1016/S0370-2693(02)02090-7
http://dx.doi.org/10.1016/S0370-2693(02)02090-7
http://arxiv.org/abs/hep-ex/0205075
http://dx.doi.org/10.1103/PhysRevD.68.113004
http://arxiv.org/abs/hep-ex/0307069
http://arxiv.org/abs/hep-ex/0307069
http://dx.doi.org/10.1016/S0920-5632(03)01312-4
http://dx.doi.org/10.1016/S0920-5632(03)01312-4
http://dx.doi.org/10.1103/PhysRevLett.94.081801
http://arxiv.org/abs/hep-ex/0406035
http://arxiv.org/abs/hep-ex/0406035
http://dx.doi.org/10.1103/PhysRevD.71.112005
http://dx.doi.org/10.1103/PhysRevD.71.112005
http://arxiv.org/abs/hep-ex/0501064
http://arxiv.org/abs/hep-ex/0606013
http://arxiv.org/abs/hep-ex/0606013
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://arxiv.org/abs/1203.1669
http://dx.doi.org/10.1086/306640
http://dx.doi.org/10.1086/306640
http://arxiv.org/abs/astro-ph/9710252
http://dx.doi.org/10.1088/1475-7516/2010/09/014
http://arxiv.org/abs/1004.4105
http://dx.doi.org/10.1111/j.1365-2966.2011.19488.x
http://arxiv.org/abs/1103.0278
http://dx.doi.org/10.1088/1475-7516/2015/07/043
http://arxiv.org/abs/1505.07148
http://dx.doi.org/10.1016/S0370-1573(00)00025-9
http://dx.doi.org/10.1016/S0370-1573(00)00025-9
http://arxiv.org/abs/astro-ph/0002044
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/1807.06209
http://arxiv.org/abs/2404.03002
http://arxiv.org/abs/2404.03002
http://dx.doi.org/10.1088/1475-7516/2024/12/020
http://arxiv.org/abs/2406.14554
http://arxiv.org/abs/2503.14738
http://arxiv.org/abs/2503.14738
http://arxiv.org/abs/2503.14744
http://dx.doi.org/10.1088/1361-6471/ac834e
http://dx.doi.org/10.1088/1361-6471/ac834e
http://arxiv.org/abs/2203.08059
http://arxiv.org/abs/2203.07349
http://arxiv.org/abs/2412.03546
http://dx.doi.org/10.1103/PhysRevD.90.123533
http://arxiv.org/abs/1306.1536
http://arxiv.org/abs/1306.1536
http://dx.doi.org/10.1088/1475-7516/2014/07/046
http://arxiv.org/abs/1311.3873
http://arxiv.org/abs/1311.3873
http://dx.doi.org/10.1088/1475-7516/2017/07/038
http://arxiv.org/abs/1704.00626
http://dx.doi.org/10.1088/1475-7516/2017/11/027
http://dx.doi.org/10.1088/1475-7516/2017/11/027
http://arxiv.org/abs/1706.02123
http://dx.doi.org/10.1103/PhysRevD.101.123505
http://dx.doi.org/10.1103/PhysRevD.101.123505
http://arxiv.org/abs/1902.00534
http://dx.doi.org/10.1088/1475-7516/2021/03/084
http://arxiv.org/abs/2012.07519
http://arxiv.org/abs/2012.07519
http://dx.doi.org/10.1103/PhysRevD.102.123544
http://arxiv.org/abs/1908.09843
http://dx.doi.org/10.1088/1475-7516/2021/07/038
http://arxiv.org/abs/2011.12315
http://arxiv.org/abs/2011.12315


24

ACT of flavor-specific neutrino self-interaction,” JCAP
09, 042 (2023), arXiv:2303.08843 [astro-ph.CO].

[33] Lachlan Lancaster, Francis-Yan Cyr-Racine, Lloyd
Knox, and Zhen Pan, “A tale of two modes: Neu-
trino free-streaming in the early universe,” JCAP 07,
033 (2017), arXiv:1704.06657 [astro-ph.CO].

[34] Brent Follin, Lloyd Knox, Marius Millea, and Zhen
Pan, “First Detection of the Acoustic Oscillation Phase
Shift Expected from the Cosmic Neutrino Background,”
Phys. Rev. Lett. 115, 091301 (2015), arXiv:1503.07863
[astro-ph.CO].

[35] Daniel Baumann, Daniel Green, Joel Meyers, and Ben-
jamin Wallisch, “Phases of New Physics in the CMB,”
JCAP 01, 007 (2016), arXiv:1508.06342 [astro-ph.CO].

[36] Gabriele Montefalcone, Benjamin Wallisch, and
Katherine Freese, “Free-Streaming Neutrinos and Their
Phase Shift in Current and Future CMB Power Spec-
tra,” (2025), arXiv:2501.13788 [astro-ph.CO].

[37] Isabel M. Oldengott, Cornelius Rampf, and Yvonne
Y. Y. Wong, “Boltzmann hierarchy for interact-
ing neutrinos I: formalism,” JCAP 04, 016 (2015),
arXiv:1409.1577 [astro-ph.CO].

[38] David Camarena, Francis-Yan Cyr-Racine, and John
Houghteling, “Confronting self-interacting neutrinos
with the full shape of the galaxy power spectrum,” Phys.
Rev. D 108, 103535 (2023), arXiv:2309.03941 [astro-
ph.CO].
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David Prelogović, “The importance of stochasticity in
determining galaxy emissivities and UV LFs during cos-
mic dawn and reionization,” (2024), arXiv:2406.15237
[astro-ph.CO].

[106] James Davies, Andrei Mesinger, and et al., “In prepa-
ration,”.

[107] Max Tegmark, Joseph Silk, Martin J. Rees, Alain Blan-
chard, Tom Abel, and Francesco Palla, “How small
were the first cosmological objects?” Astrophys. J. 474,
1–12 (1997), arXiv:astro-ph/9603007.

[108] Tom Abel, Greg L. Bryan, and Michael L. Norman,
“The formation of the first star in the Universe,” Science
295, 93 (2002), arXiv:astro-ph/0112088.

[109] Volker Bromm and Richard B. Larson, “The First
stars,” Ann. Rev. Astron. Astrophys. 42, 79–118 (2004),
arXiv:astro-ph/0311019.

[110] Michele Trenti, “Population III Star Formation During
and After the Reionization Epoch,” AIP Conf. Proc.
1294, 134–137 (2010), arXiv:1006.4434 [astro-ph.CO].

[111] Sarah Libanore, Jordan Flitter, Ely D. Kovetz,
Zhaozhou Li, and Avishai Dekel, “Effects of feedback-
free starburst galaxies on the 21-cm signal and reioniza-
tion history,” Mon. Not. Roy. Astron. Soc. 532, 149–163
(2024), arXiv:2310.03021 [astro-ph.CO].
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