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Abstract: The 21-cm signal from cosmic dawn is a potentially sensitive probe of interactions
between dark matter (DM) and baryons. We investigate the implications of the SARAS3
non-detection in the 55.5 MHz to 84.4 MHz band for Coulomb-like interacting DM (IDM). In
contrast to earlier constraint analyses that focused primarily on baryon cooling, we model the
interaction self-consistently by including both excess cooling of the gas and the suppression of
structure formation, which delays the onset of star formation and hence suppresses the Lyα,
X-ray, and ionizing backgrounds at early times. We perform a joint Bayesian fit of a global
21-cm signal model and a flexible foreground model to the SARAS3 antenna temperature,
and find that the signal parameters remain weakly constrained after marginalizing over the
foregrounds. The null result is nonetheless informative: the data disfavour deep absorption
features within the observed band, with the strongest bound at z = 23.6 (ν ≈ 57.7 MHz),
where T21 ≳ −277.6 mK at 3σ. Comparing the IDM and standard cold dark matter scenarios,
we find no statistically significant preference for IDM (Bayes factor B ≈ 1.7). While we do
not constrain the strength of baryon-DM interactions, the SARAS3 non-detection places a
meaningful upper bound on the amplitude of the global 21-cm signal in this class of models.
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1 Introduction

We understand only ≲ 5% content of our Universe, which is in the form of baryonic matter
that we see around us. The bulk of the matter content of the universe is invisible to us, and
is known as dark matter (DM). DM is about five times more abundant than the baryonic
matter, and evidence for its existence has been shown by several observations in the past
decades [e.g., 1–4]. The currently accepted model assumes that DM is cold (consequently
abbreviated as ‘CDM’) and collisionless. While CDM model has been quite successful in
explaining a number of cosmological observations such as the large-scale structure [5–7], there
are some observations which hint towards non-gravitational DM and baryon interactions. For
example, the universal relations between dynamical mass and baryonic mass of galaxies or
galaxy clusters [8], tension between ΛCDM-based cosmological simulations and observations
of dwarf galaxies [9–11], anomalous positron abundance in the cosmic radiation [12], and
surplus of gamma radiation coming from the centre of the Milky Way [13].

A major goal of particle physics is to discover any possible non-gravitational interactions
of DM, and cosmological observations are but one avenue to probe such interactions [see e.g.,
14–17]. See [18–20] for a detailed list of evidence for DM, a discussion of DM candidates
and possible detection strategies.

One proposed subclass of interacting DM particles is millicharged DM. As the name
suggests, these hypothetical particles carry a tiny fractional electric charge and interact with
charged particles. The strength of these interactions depends on the relative velocity between
the DM particle and the baryonic particle [21–24]. In the present work, we focus on a broader
class of DM models featuring a Coulomb-like interaction for which the interaction cross-section
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scales inversely with the fourth power of the relative velocity due to elastic scattering [25].
Unlike millicharged particles, Coulomb-like DM particles would interact with all baryons
including neutral baryons. When required, in order to explicitly distinguish between the
scenarios with a gravitational-interaction-only DM and the Coulomb-like interacting DM,
we will use the term standard cold DM (or simply CDM for short), and IDM, respectively
to refer to these specific scenarios.

Observations of large scale cosmic structure tell us that DM must have been much
colder than the baryonic matter through most of the cosmic history of the Universe [26].
For standard CDM models, DM decouples with ordinary matter very early and henceforth
the DM temperature is expected to follow adiabatic cooling, driven by the expansion of
the Universe so that T ∼ 1/a2. Baryons on the other hand, remain kinetically coupled
to the cosmic microwave background (CMB) due to the presence of a small number of
free electrons, till fairly late times z ∼ 150 [27, 28]. If, on the other hand, DM interacts
with baryons via Coulomb-like interactions, it has interesting consequences for both the
DM temperature, as well as the thermal history of intergalactic medium (IGM), i.e., the
baryons. The interactions provide a channel to exchange heat with the baryonic matter,
resulting in an excess cooling of baryonic matter, and a consequent heating of the DM,
relative to the standard scenario.

Cosmology using the 21-cm signal [29–31] has the potential to reveal insights into the
nature of DM from high redshifts in ways that no other current probes can [32]. Unfortunately,
observations of high-redshift 21-cm signal are hindered by several systematics such as galactic
foregrounds [33], extragalactic point sources [34], instrumental systematics [35], ionospheric
distortions [36], among others. Nevertheless, the first claimed detection by the EDGES
experiment has created a wider interest in this field [37]. The stronger-than-expected cosmic
dawn 21-cm absorption signal reported by the EDGES collaboration sparked debate on
its validity, e.g., challenging the foreground modelling [38, 39], unaccounted for ground
plane systematics [40] or calibration systematics [41]. Despite the conflicting views on the
cosmological origin of the signal reported by the EDGES collaboration, their result has
inspired interesting literature on various cosmological and astrophysical processes that affect
the physics of IGM (see, e.g., [42–46], and references therein). In particular, models in which
DM interacts with baryons received much attention [47–53] because such models can provide
the necessary excess cooling of baryonic matter beyond the adiabatic cooling limit in order
to explain strong EDGES 21-cm signal.

In 2022, the Shaped Antenna Measurement of the Background Radio Spectrum
(SARAS) [54] global 21-cm experiment published their independent findings. SARAS uses
an antenna deployed on water, unlike EDGES, which is ground-based. This setup provides a
homogeneous medium of high dielectric constant beneath the antenna, enhancing sensitivity
and reducing radio wave interference from the ground. The 2022 data release [55] (hereafter
referred to as SARAS3 data) rejected the presence of the EDGES absorption profile at 95%
confidence. Upcoming data from global 21-cm experiments such as the Radio Experiment for
the Analysis of Cosmic Hydrogen (REACH )1 [56] could potentially resolve the disagreement
between the two experiments.

1https://www.reachtelescope.org/
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Driskell et al. [57] showed that an interacting DM model leads to two distinct effects
on the 21-cm signal: cooling of ordinary baryons via energy exchange, and delayed star
formation due to suppression of halo formation through momentum exchange between DM
and baryons. Previous works deriving constraints on millicharged dark matter [48, 52, 53]
accounted only for the baryon-cooling effect and relied on the (now contested) EDGES
detection. Recent forecasts by Rahimieh et al. [58, 59] examine the sensitivity of future global
and interferometric 21-cm experiments as probes of baryon-DM interactions.

In this work, we derive the first constraints on a consistent IDM model — one that
incorporates both the baryon-cooling and the delayed-star-formation effects — using the
SARAS3 non-detection of the global 21-cm signal. We carry out a fully Bayesian statistical
analysis, in contrast to the more approximate treatments adopted in previous constraint
work. Given the noise level of the SARAS3 data, the resulting constraints on IDM and
astrophysical parameters are modest; nonetheless, the analysis places upper limits on the
amplitude of the global 21-cm signal for this class of models and demonstrates the framework
that future, more sensitive measurements can apply.

This paper is organised as follows. In section 2, we describe our interacting DM model
and discuss its impact on the 21-cm signal. In section 3 we give the description of the data
and outline the details of our inference procedure. In section 4 we present the results from our
Bayesian inference, discuss implications and any potential limitations. Finally, we conclude in
section 5. We use the following cosmological parameters: Ωm = 0.315, Ωb = 0.049, ΩΛ = 0.685,
h = 0.674, Yp = 0.245, T0 = 2.725 K, σ8 = 0.811 and ns = 0.965 [60, 61], where T0 and Yp are
the CMB temperature measured today and primordial helium fraction by mass, respectively.

2 Theory and methods

In this section, we discuss the modelling of the thermal and ionization history of the inter-
galactic medium (IGM) and the global 21-cm signal in brief. We also discuss the impact of
Coulomb-like interacting DM (IDM) on the IGM, and hence the 21-cm signal, in detail.

2.1 The global 21-cm signal

We briefly overview the modelling of the IGM and the global 21-cm signal. (Readers familiar
with the 21-cm signal calculations may jump to section 2.2, where we discuss the implications
of an interacting DM model for the 21-cm signal.) We use the analytical-prescription-based
Python package ECHO21 [62] to model the global 21-cm signal. We give below a brief overview
of the approach taken in ECHO21.

The 21-cm signal is a measure of the distortion in the background created by the hyperfine
transitions in the neutral hydrogen present in the intervening IGM. The global 21-cm signal
measured as a differential brightness temperature is given as [29],

T21 = 27x̄Hi

(1 − Yp
0.76

)(Ωbh2

0.023

)√
0.15

Ωmh2
1 + z

10

(
1 − Tγ

Ts

)
mK , (2.1)

where x̄Hi is the globally-averaged neutral hydrogen fraction, z is the redshift, Tγ = Tγ0(1 + z)
is the CMB temperature and Ts is the spin temperature. We account for the collisional
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coupling (xk) [63] and the Lyα coupling (xLy) [64], so that the spin temperature is given as

T −1
s =

T −1
γ + (xk + xLy)T −1

k
1 + xk + xLy

, (2.2)

where Tk is the gas kinetic temperature. Note that our background is just the CMB and does
not include any excess radio background which might enhance the 21-cm signal [65, 66].

We closely follow Mittal et al. [64] for modelling xLy, except for the modelling of the star
formation rate density (SFRD), which we discuss in the next section. We use Population-II
stars for modelling the spectral energy distribution (SED) of Lyman series photons giving us
our default model for xLy [67]. To capture the high-redshift uncertainty in the SED modelling
we use a dimensionless fudge factor fLy so that

JLy → fLyJLy , (2.3)

where JLy is the background specific intensity of cosmic Lyα photons. As both, Lyα
coupling and heating (qLy) are directly dependent on background specific intensity [64], fLy
accordingly impacts xLy and qLy, i.e.,

xLy, qLy ∝ fLyJLy . (2.4)

The parameter fLy becomes one of the free parameters of our model. A typical value of fLy = 1
corresponds to 10,000 Lyman series photons per baryon. This parameter is unknown, but we
will choose a range of 10−2 to 102, which covers a wide range of SED amplitudes, sampled
uniformly on a logarithmic scale, for our inference analysis described in section 3. Note that we
do not account for the multiple scattering of Lyα photons [68–71] for the computation of JLy
in this work. Multiple scattering refers to the repeated resonant scattering of Lyα photons by
neutral hydrogen atoms before the photons redshift out of the line. This process is neglected
in simplified treatments, where photons are assumed to propagate freely until they scatter
once at resonance. Previous work has shown that multiple scattering reduces the strength
of the global 21-cm signal [70]. The resulting suppression is approximately degenerate with
the effect of varying the Lyα efficiency parameter fLy. Consequently, the impact of multiple
scattering can be largely absorbed into an effective rescaling of fLy, and we do not expect its
omission to qualitatively affect the astrophysical or IDM constraints derived in this work.

For the two-zone model of IGM, the bulk IGM and H ii regions can be assumed to evolve
independently to a good approximation. The evolution of the bulk IGM free electron fraction
(xe) can be captured by the effective-three-level-atom recombination equation [27, 28],

(1 + z)H dxe
dz

= CP
[
x2

enHαB − β(1 − xe)e−Eα/(kBTγ)
]

− ΓX(1 − xe) , (2.5)

where H is the Hubble rate at redshift z, Eα = 10.2 eV, CP is the Peebles’ factor, nH is the
proper hydrogen number density, αB is the case-B recombination coefficient evaluated at
gas temperature, β is the photoionization rate evaluated at CMB temperature [72–74], and
ΓX is the ionization rate due to X-ray photons.

Coupled to the ionization equation is the equation governing the evolution of IGM gas
temperature (Tk) which can be written as

(1 + z)dTk
dz

= 2Tk − Tk(1 + z)
1 + xHe + xe

dxe
dz

− 2
3nbkBH

∑
q , (2.6)
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where nb is the baryon (including electrons) number density, xHe = Yp/[4(1 − Yp)] is the
helium number fraction and q is the volumetric heating rate.

Throughout the dark ages and cosmic dawn we consider adiabatic cooling due to cosmo-
logical expansion, change in internal energy due to changing electron number, and Compton
heating due to electron-photon interaction [75]. Once star formation commences, which
we set to be at z = 59 [76], we also include the ‘X-ray heating’ due to X-rays photons
and ‘Lyα heating’ due to Lyα photons. We assume that both, X-ray and Lyα emissivity
track the instantaneous SFRD. For X-rays, we adopt a simple parametric approach; we
calibrate X-ray emissivity to the X-ray luminosity per unit star formation rate (SFR) of
the local galaxy observations [77]. Adopting the value based on Chandra’s observation of
88 nearby galaxies we have [78]

LX
SFR = 2.45 × 1032 W

M⊙ yr−1 , (2.7)

where LX represents the integrated X-ray luminosity corresponding to energy range of 0.5 to
8 keV. To account for the contribution of low- and high-energy photons we extrapolate LX to
energies ranging from 0.2 to 30 keV. For this we assume that the specific (monochromatic)
luminosity lX goes as lX(E) ∝ E−w, for a free parameter w, typically taken to be 1.5 [79].

We introduce a fudge factor fX, which encapsulates any high-redshift uncertainties
embedded in LX/SFR. Additionally, fX also serves as a free parameter to scale the strength
of the X-ray background. We calibrate fX = 1 to eq. (2.7). We note that not all of the
X-ray luminosity is effective in IGM heating. Following ref. [80], we use an electron fraction-
dependent empirical fit for the fraction of X-ray luminosity responsible for the heating of
IGM. In addition to these standard contributions we add a non-standard heating rate in
this work resulting from the baryon-Coulomb-like DM (hereafter bχ) interaction. We discuss
the physics of bχ interaction in the next section.

For the H ii region, we assume that they remain at a fixed temperature of 104 K. We
track the volume fraction of these pockets of fully ionized regions, Q, by the analytical
reionization equation [81]

(1 + z)H dQ

dz
= − ṅion

n0
H

+ (1 + xHe)nHαB,104CQ , (2.8)

where ṅion is the galaxy-dominated comoving ionizing emissivity, n0
H is the comoving number

density of hydrogen, and C is the clumping factor of ionized hydrogen [82]. To determine the
emissivity, we assume that it tracks the instantaneous SFRD, ρ̇⋆. This gives us

ṅion = fescIionρ̇⋆ , (2.9)

where Iion is the ionizing photon yield and fesc is the fraction of ionizing photons that escape the
galaxies and leak into the IGM. For the Kroupa IMF and a metallicity of 0.01Z⊙ we have [83]

Iion = 1053.44 s−1
(
M⊙ yr−1

)−1
. (2.10)

Modelling of the SFRD is discussed in section 2.2.2.
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2.2 Dark matter model

As mentioned in the introduction ‘Coulomb-like’ (or any other interacting) DM can exchange
both heat and momentum with the baryons. Heat exchange leads to excess baryon cooling,
while momentum exchange suppresses the growth of small-scale structure and delays star
formation. These two-fold effects can alter the predictions for the 21-cm signal. We will
describe the effects of energy exchange and momentum exchange separately in this section.
We note that we consider all baryonic species, i.e., hydrogen (both, neutral and ionized),
helium, as well as electrons, as the scattering target in this work following the convention
adopted in several previous studies of baryon-DM interactions [21, 47, 49, 57, 84–86].

2.2.1 Excess baryon cooling

We first describe the relevant equations for the IDM that govern the heat exchange between
DM and baryons [21]. The cross-section for the bχ interactions is defined as

σ(vbχ) = σ0

(
vbχ

c

)−4
, (2.11)

where vbχ is the relative velocity between DM and baryons, c is the speed of light and σ0
is a free parameter which controls the interaction cross-section between DM and baryons.
For brevity of notation, we use σ45 defined as

σ45 = σ0
10−45 m2 . (2.12)

Baryon-DM interaction leads to heat exchange between the two species which leads to
cooling of baryons and simultaneously heating of DM. The heating rate of baryons and DM
are respectively given by (in dimensions of temperature per unit time) [21]

Q̇k = 2mbρχc4σ0e−r2
bχ/2

(mχ + mb)2
√

2πu3
th

(Tχ − Tk) + 1
kB

ρχ

ρχ + ρb

mχmb
mχ + mb

vbχD(vbχ) , (2.13)

and

Q̇χ = 2mχρbc4σ0e−r2
bχ/2

(mχ + mb)2
√

2πu3
th

(Tk − Tχ) + 1
kB

ρb
ρb + ρχ

mχmb
mχ + mb

vbχD(vbχ) . (2.14)

Here ρχ = fDMρd; fDM is the fraction of total DM which is Coulomb-like and ρd is the total
DM mass density (kgm−3). If ρcrit is the critical Universe density then ρd = (Ωm −Ωb)ρcrit. In
this work we assume that all DM particles are of the same kind so that fDM = 1. ρb = Ωbρcrit
is the total baryonic mass density and mχ is the DM particle mass. When we speak of
baryons we also include electrons as the heat transferred to gas is also shared by electrons.
Accordingly, a number-averaged baryon mass can be defined as

mb(xe) = mH
1 + (mH/mHe − 1)YP + (1 − YP)xe

. (2.15)

As an example, when the Universe is fully neutral (xe = 0) such as before cosmic dawn,
then we have mb = 1.22mH.
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The thermal sound speed of the bχ fluid is defined as

uth =
√

kBTk
mb

+ kBTχ

mχ
, (2.16)

where Tχ is the temperature of DM particles.
The relative velocity in addition to decaying with the Hubble expansion as 1/a, is affected

by ‘drag’ arising due to bχ interaction. This drag results in an extra contribution to internal
heating of both baryons and DM via friction (conversion of bulk flow energy to internal
thermal energy). This drag term is given by (in units of ms−2)

D(vbχ) = σ0c4 ρχ + ρb
mχ + mb

F (rbχ)
v2

bχ

, (2.17)

where the function F (x) is defined as

F (x) = erf
(

x√
2

)
−
√

2
π

xe−x2/2 , (2.18)

where ‘erf’ represents the standard error function. The ratio of bχ relative velocity to the
thermal velocity appearing in eqs. (2.13), (2.14), and (2.17) is

rbχ = vbχ

uth
. (2.19)

The evolution equations of the heating rates and drag term are to be used in conjunction
with the equations governing the evolution of temperature of IDM particles Tχ and the
relative velocity between DM and baryons, vbχ. These equations are given by

(1 + z)dTχ

dz
= 2Tχ − 2Q̇χ

3H
, (2.20)

and
(1 + z)dvbχ

dz
= vbχ + D(vbχ)

H
, (2.21)

respectively. The impact of heat exchange with the DM bath on the gas temperature Tk must
be taken into account by including a heating term qk = nbkBQ̇k on the r.h.s. of eq. (2.6).

We now have a system of four equations, (2.5), (2.6), (2.20), and (2.21) which need to
be solved simultaneously. We initialise the system at z = 1500, where we expect the Saha’s
equation (equilibrium version of eq. (2.5)) to be valid. Accordingly, the initial conditions we
obtain are xe = 0.949 and Tk = Tγ(z = 1500). Baryon and DM temperatures, and hence
the 21-cm signal, are insensitive to small changes in the initial DM temperature. Thus, one
may choose Tχ = 0 at z = 1500 which is similar to the expectation of perfectly cold DM.
This approximation should be valid before the effect of interactions with baryons kick in and
raise the temperature of the DM. Also, in ref. [21] the system was initialised at z = 1010
where vbχ = vRMS = 29 km s−1. Assuming a vbχ ∝ (1 + z) behaviour at high redshifts, we
set vbχ = 43.5 km s−1 at z = 1500.

Figure 1 shows a representative illustration of the evolution of the spin (Ts), baryon (Tk),
and DM (Tχ) temperature for a system of IDM (solid curves). We choose mχ = 0.32 GeV and
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Figure 1. Evolution of the CMB temperature (Tγ , black), gas temperature (Tk, blue), spin tem-
perature (Ts, green) and the IDM temperature (Tχ, red). Solid curves correspond to DM while
the dashed curves show the standard CDM case. The DM particle considered for the bχ system
has a mass mχ = 0.32 GeV and cross-section σ45 = 1. The astrophysical parameters used are
fLy = 0.1, fX = 1, w = 1.5, fesc = 0.01, min(Tvir) = 500 K. Note that we have considered only an
excess cooling of baryons and no SFR suppression in this figure.

σ45 = 1 for IDM. For comparison we also show the corresponding curves for the standard CDM
(dashed curves). As evident we see excess cooling of baryons (blue solid) compared to the case
of standard CDM (blue dashed) as a result of interaction with DM. For redshifts z > 15 we
note that the temperature of DM-cooled baryons is more than an order of magnitude lower
than the gas temperature in the standard adiabatically cooled IGM. In the bχ system, because
we have a lower gas temperature, we have a lower spin temperature — which in turn leads to
a deeper absorption trough in the global 21-cm signal. The rise in gas temperature (and hence
the spin temperature) in either case is predominantly due to X-ray heating [47, 49]. Note
that the delay in star formation due to bχ interaction reported in [57] is not yet accounted
for in the results shown in figure 1. We discuss this effect in the next subsection.

2.2.2 Delayed star formation

As described in section 2.1, Lyα, X-ray, and ionizing emissivity track the star formation
rate density (SFRD); these emissivities in turn decide the Lyα coupling, Lyα heating, X-ray
heating, and ionizing rate. In this section we will describe how IDM affects the SFRD
and hence the 21-cm signal.

Driskell et al. [57] pointed out that in addition to heat exchange there is also a momentum
transfer between DM and baryons. The momentum transfer between DM and baryons
alters the Boltzmann equations for the evolution of the DM and baryon overdensities and
suppresses the matter power spectrum, P (k), relative to the case of standard CDM, which in

– 8 –



J
C
A
P
0
8
(
2
0
2
6
)
0
8
5

turn suppresses the mass variance σ2(M). The mass variance is the variance of the linear
density field and is given by

σ2(M) = 1
2π2

∫ ∞

0
k2P (k)W (k|M) dk , (2.22)

where W (k|M) is a window function, conventionally a top-hat filter. In this work, we use
a different choice of a sharp-k filter identical to that described in [57]. This choice of the
window function is motivated by the inefficiency of the top-hat filter in modelling the power
spectrum in modified cosmologies. When required at a general redshift, we extrapolate the
above σ to redshift z using linear theory.

The mass variance gives the halo mass function (HMF) as follows

dn

dM
= f(σ) ρ̄0

m
M

d ln(σ−1)
dM

, (2.23)

where n is the comoving number density of haloes, M is the halo mass, ρ̄0
m is the mean

matter (DM and baryons) density today, and f(σ) is a fitting function tuned to match the
HMF predicted by N -body simulations. Throughout this work we use Tinker et al. [87]
form for f(σ).

Once we have obtained the HMF, we can compute the collapse fraction, Fcoll — fraction
of total matter that has collapsed into DM haloes more massive than Mmin as

Fcoll = 1
ρ̄0

m

∫ ∞

Mmin
M

dn

dM
dM , (2.24)

where Mmin is the minimum halo mass capable of hosting a star. The redshift dependence
of Fcoll enters through Mmin (see below) and σ.

The minimum halo mass Mmin capable of hosting stars can be parametrized by the
minimum virial temperature T min

vir as [88, 89],

Mmin = 108 1√
Ωmh2 M⊙

[
10

1 + z

0.6
mb/mH

T min
vir

1.98 × 104

]3/2

, (2.25)

where h is the Hubble’s constant measured today in units of 100 km s−1 Mpc−1. For the
cosmic dawn period it is sufficient to take mb ≈ 1.22mH, corresponding to the average
baryon mass in a neutral universe.

We can now define our SFRD. The comoving SFRD, represented by ρ̇⋆(z), measured in
units of mass per unit time per unit comoving volume, is set by the rate at which baryons
collapse into DM haloes [67]. Assuming that the collapse of baryons track the DM overdensities,
the SFRD will be proportional to the rate of collapse of DM haloes (dFcoll/dt) and the baryon
density (or density fraction), and hence the complete expression (in terms of z derivative) is

ρ̇⋆(z) = −f⋆ · ρ̄0
b · (1 + z) · H(z) · dFcoll(z)

dz
, (2.26)

where ρ̄0
b is the mean cosmic baryonic mass density measured today, f⋆ is the star formation

efficiency (SFE), defined as the fraction of baryons converted into stars in the star forming
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Figure 2. Left: The halo mass function (HMF), evaluated at the minimum halo mass for star
formation Mmin (corresponding to T min

vir = 500 K), as a function of redshift for standard CDM and
IDM. We use the Tinker et al. fitting form. Right: The corresponding star formation rate density
(SFRD) for the two scenarios. The IDM model is parametrised by a DM particle mass mχ = 1 MeV
and cross-section parameter σ45 = 10 (used in both panels). Both the HMF and the SFRD are
suppressed in IDM relative to CDM, reflecting the delayed halo formation that follows from the
momentum exchange between DM and baryons.

haloes. As far as the prediction of 21-cm signal is concerned, f⋆ is degenerate with fLy,
fX, and fesc. Accordingly, we do not consider f⋆ as a free parameter; we set f⋆ = 0.1
throughout this work.

In the case of IDM model, we generate the HMF using a modified version of CLASS [90–
93] and Galacticus [94], following the procedure described in [57]. We first compute the
modified linear matter power spectrum for IDM using the modified CLASS code. We then
provide this modified power spectrum as an input to Galacticus (which is a toolkit for
modelling the galaxy formation semi-analytically) which computes σ and in turn generates
the modified HMF.

The left panel of figure 2 compares the Tinker et al. HMF for standard CDM and IDM
(for a representative case of mχ = 0.001 GeV, σ45 = 10 and a halo mass corresponding
to minimum virial temperature of T min

vir = 500 K). As evident from the figure, the HMF
suffers a suppression — due to the momentum transfer between DM and baryons. This
suppression in HMF ultimately leads to a suppression in SFRD at all redshifts as shown
in the right panel of figure 2.

In figure 1 we noted how heat exchange leads to excess IGM cooling. However, IDM also
affects the star formation history. The primary effect of momentum transfer between DM
and baryons is to delay star formation (reflected in the evolution of ρ̇⋆ with redshift). Since
both, Lyα and X-ray photons, track the star formation, a delayed star formation also delays
the Lyα coupling, Lyα heating, and X-ray heating (see also discussion in section 2.1).

In figure 3, we demonstrate the impact of this delayed star formation on the global signal
for two representative cases that are shown by the set of solid and dashed curves. When only
heat exchange is accounted for we typically get a stronger signal (blue curves) compared to
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Figure 3. Comparison of the global 21-cm signal between baryon-DM heat transfer (blue) vs.
baryon-DM heat and momentum transfer (red) for two representative cases differing in Lyα emission
strength, star formation threshold, DM mass, and baryon-DM interaction cross-section. For the solid
curves the parameter values are fLy = 0.1, T min

vir = 500 K, mχ = 0.32 GeV and σ45 = 1 while for the
dashed curves the parameter values are fLy = 1, T min

vir = 104 K, mχ = 0.1 GeV and σ45 = 10. Other
astrophysical parameters that are common to both set of curves are fX = 1, w = 1.5, and fesc = 0.01.

the standard CDM model (green curves). When momentum exchange is also included — for
self-consistent model of the IGM — there is an additional shift along the time as well as
temperature axis (red curves). Due to momentum exchange the star formation is suppressed
which delays the activation of Lyα coupling and X-ray heating and correspondingly weakens
the 21-cm signal.

2.3 Charting the parameter space for IDM model

In figure 4, we demonstrate how the predicted theoretical signal varies with cross-section
(left-panel) and with the mass of IDM particle (right-panel) for a representative set of
astrophysical parameters. For both panels we fix the astrophysical parameters at fLy =
1, fX = 1, w = 1.5, fesc = 0.01 and Tvir = 104 K. As σ45 increases from 10−1 to around 10,
heat and momentum exchange increase. As mentioned previously, heat exchange produces
cooling, leading to a stronger absorption dip, whereas the effect of momentum exchange is to
delay and suppress the SFR which shifts the signal to lower redshift. This is evident from
the curves which show a stronger absorption dip as we go from cross-sections σ45 of 10−1 to
10. We note that for very low σ45 the behaviour is non-monotonic. This behaviour arises
because, for the chosen astrophysical parameters, σ45 ∼ 0.1 corresponds to a regime where
drag heating (the second term in eq. (2.13)) dominates over the cooling term (the first term
in eq. (2.13)) at z ≳ 15. For smaller cross-sections, both terms are suppressed, reducing the
overall impact of IDM interactions and causing the signal to approach the CDM prediction
(black dotted curve). For larger cross-sections, the cooling term increasingly dominates over
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Figure 4. Variation of the global 21-cm signal with the bχ interaction cross-section (left) and IDM
particle mass (right). For both the panels fLy = 1, fX = 1, w = 1.5, fesc = 0.01, and T min

vir = 104 K.
For the left panel mχ = 1 GeV and for the right panel σ45 = 1, where σ45 = σ0/(10−45 m2). The grey
shaded region shows the redshift range corresponding to the SARAS3 data. The black-dotted curve
shows the signal for a CDM model with the same astrophysical parameters.

drag heating during cosmic dawn and later epochs. Additionally, as we increase σ45 beyond
a value of 10, the SFR is strongly suppressed. This suppression leads to a corresponding
reduction in the Lyα coupling, which weakens the coupling between the spin temperature
and the gas temperature. As a result, the depth of the absorption feature decreases, even
though the signal continues to shift towards lower redshift values.

The right panel of figure 4 shows the variation of the signal with the DM mass mχ for
a fixed cross-section (σ45 = 1) and other parameters as in the case of left panel. When the
DM mass is significantly larger than the characteristic baryonic mass scale, mχ ≫ 1 GeV,
the drag heating (second term in eq. (2.13)) dominates over cooling (first term in eq. (2.13)).
This results in a gas temperature that is higher than in the CDM case and in turn weaker
signals (blue, purple, and magenta curves). However, for DM mass mχ ≪ 10 GeV, the
cooling term dominates leading to colder IGM and consequently a stronger 21-cm absorption
feature relative to CDM.

An important feature to note from the above figures is how the IDM signals compare
with the CDM prediction for identical astrophysical parameters. In the left panel, where
σ45 is varied, we observe that as σ45 decreases, the signals converge toward the CDM curve
(black dotted), as expected since the IDM model reduces to CDM in the limit σ45 → 0. In
the right panel, where mχ is varied, the IDM model can produce absorption dips either
deeper or shallower than in CDM. The latter occurs when 1 GeV < mχ < 100 GeV. In
this regime, the first term in eq. (2.13) becomes negligible while the second term remains
finite, leading to drag heating: baryons are heated rather than cooled, resulting in a reduced
absorption dip relative to CDM. On increasing the DM mass beyond 100 GeV, the interactions
become totally inefficient (even the second term drops to zero) and there is effectively no heat
exchange between baryons and DM. Thus, for such high masses we see that the absorption
dip is very similar to the CDM case.
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Note that the signal response to cross-section or DM mass we show in figure 4 is not the
general case. For some space of astrophysical parameters it is possible to get a monotonic
behaviour [57]. Driskell et al. [57], and as have we, show the signals for a representative
set of parameters. Our Bayesian analysis pipeline explores a wide range of parameter space
and hence consistently accounts for different scenarios.

The effect of astrophysical parameters on the global 21-cm signal is summarised below.

• fLy: controls the Lyα background. Lyα photons influence the 21-cm signal through two
primary roles — heating and coupling [64]. A higher value of fLy indicates a stronger
background, resulting in increased heating and enhanced coupling (see the discussion
preceding eq. (2.4)). While heating tends to diminish the absorption feature, stronger
coupling leads to a more pronounced absorption feature.

• fX: controls the X-ray background. As fX increases, the X-ray background becomes
more intense, leading to a greater X-ray heating. This subsequently raises Tk and,
consequently, Ts, resulting in a reduced absorption dip in T21.

• w: controls the SED of X-ray emission. For fixed LX/SFR, decreasing w increases the
effective X-ray emission in the energy range 0.2 to 30 keV and hence, reduces the signal
strength.

• fesc: controls the progress of reionization. In general, fesc has a small impact on the
absorption dip of the signal but a dramatic impact on the emission signal. A low value
of fesc means low ionizing emissivity which prolongs the reionization epoch. As a result
neutral hydrogen population continues to exist for a longer period of time which leads
to a late disappearance of the signal. Conversely, a high value of fesc leads to a small
emission signal and early disappearance of the signal.

• T min
vir : controls the threshold for star formation. The impact of minimum virial temper-

ature is much more complex than fLy or fX. However, as shown by Mittal et al. [63]
increasing T min

vir delays the star formation and causes the signal to shift to lower redshifts
with a negligible impact on the signal shape.

Thus, in total we have seven parameters that describe our global 21-cm signal for IDM
model. Table 1 lists these parameters with their brief description.

3 Dataset and inference procedure

The SARAS3 dataset that we use is described by Singh et al. [55]. To obtain the data, the
team observed the radio intensity spectrum across a range of frequencies between νmin = 55.5
and νmax = 84.4 MHz (corresponding to 24.5 ≳ z ≳ 15.8). From this, they obtained
the residual spectrum by subtracting their best-fitting sky model from the total radio
spectrum observed. They modelled the sky as a sixth-order log-log polynomial capturing the
galactic and extragalactic foregrounds, ionospheric distortions, systematic errors in calibration,
water thermal emission, and antenna efficiency. We will work with the calibrated antenna
temperature from the SARAS instrument which we will refer to as the SARAS3 data.
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Parameter Description Prior Range Scale
mχ Mass of the

DM particle (in GeV)
[
10−4, 103] Log

σ45 bχ interaction cross-section
(σ0 = σ45 · 10−45 m2)

[
10−4, 103] Log

fLy Controls the strength
of Lyα background

[
10−2, 102] Log

fX Controls the strength
of X-ray background

[
10−2, 102] Log

w Spectral index of X-ray SED [0, 3] Linear
fesc Escape fraction of

ionizing photons
[
10−3, 1

]
Log

T min
vir Minimum virial temperature

of the DM haloes
[
102, 106] Log

Table 1. Free parameters involved in our model of the global 21-cm signal. First column gives the
parameter, second column gives the description, third column gives the choice of prior ranges we use
for Bayesian inference, and the last column gives the scale of the parameter. For an explanation of
priors see text. Note that we do not consider the star formation efficiency (f⋆) to be a free parameter
and set its value to 0.1 throughout the inference process. Throughout this work we adopt only uniform
(i.e. ‘uninformative’ priors).

To model the foregrounds-and-systematics (for brevity we just write foregrounds), we
use the sixth-order (7 coefficients) log-log polynomial [55, 95]2

Tfg = 10
∑6

i=0aix
i

, (3.1)

where x is function of frequency normalized to be in range −1 to 1

x = 2 log10(ν/νmin)
log10(νmax/νmin) − 1 . (3.2)

Thus, we have a 14-dimensional antenna temperature model, Tant = Tfg + T21, where, as
described in the previous section, T21 is the 7-dimensional global 21-cm signal for an IDM
model, simulated with ECHO21.

Having discussed the data and our sky model, we move to the description of the inference
procedure. We use a Bayesian inference procedure to constrain the astrophysical and DM
parameters. The procedure, based on Bayes’ theorem, allows us to fit a model M parametrized
by θ to a given dataset D by updating our prior knowledge of the parameters. Thus, the
posterior distribution of parameters can be obtained as

P(θ|D,M) = P(D|θ,M)P(θ|M)
P(D|M) , (3.3)

2Following the analysis of Singh et al. [55], we repeated our joint Bayesian fitting using log-log polynomial
foreground models of order 2nd through 8th, each combined with an IDM global-signal component. Consistent
with their findings, we find that the 6th-order log-log polynomial yields the highest Bayesian evidence and
therefore we adopt it as our fiducial foreground model.
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where P(D|θ,M) is the likelihood, P(θ|M) is the prior and Z = P(D|M) is the Bayesian
evidence. We use the Python package Polychord [96, 97], that implements a nested sampling
algorithm [98], for parameter and evidence estimation. We use the default configuration of
Polychord; the number of live points is set to be 25 times the model dimensionality, i.e.,
25 × 14 = 350. To post process our posterior chains from Polychord, we use anesthetic [99]
for creating corner plots and fgivenx [100] for creating functional posterior distribution.

Bayesian evidence can be used to quantify the preference (model quality) amongst com-
peting models. Additional Bayesian statistics such as Kullback-Leibler (KL) divergence [101]
and Gaussian model dimensionality (GMD) are also useful in assessing the constraining power
of the data. The KL divergence (DKL) can be used to measure the information gain from
prior to posterior and thus it provides a natural metric for how strongly the data constrain
the model parameters. In particular, DKL can be interpreted as the logarithm of the effective
compression of the prior volume induced by the likelihood, with larger values corresponding
to posteriors that occupy a smaller fraction of the prior volume. On the other hand, the GMD
(dG), which is the posterior variance of the log likelihood, quantifies the effective number
of dimensions being constrained by the data [102].

To determine the constraining power of the data on the astrophysics of the first galaxies
and the properties of IDM, θ21 = (mχ, σ45, . . . , T min

vir ), we need to marginalize over the fore-
ground parameters θfg = {ai} before calculating the KL divergence and GMD. The foreground
parameters do not carry information about the astrophysical processes at high redshift and
are ‘nuisance’ parameters for us. Computing statistics for selected parameters involves a
high-dimensional integral of the posterior distribution over the nuisance parameters. We
use the Real NVP implementation from the publicly-available Python package margarine
to learn from the posterior samples the density P(θ21|θfg,M,D) and evaluate the marginal
KL divergence and GMD [103, 104]. Real-valued non-volume preserving (real NVP) trans-
formation is a type of normalizing flow method for density estimation and is appropriate
for structured high-dimensional distributions such as ours [105]. For the architecture of
our neural network, we choose 6 affine coupling transformations, 16 hidden layers in each
coupling layer, and 64 neurons for each hidden layer.

Due to the uncertainty in the astrophysical processes at high redshifts, we work with
uninformative, or equivalently uniform, prior distributions (either in log space or linear
space) to perform our Bayesian analysis. In order to consider a wide range of possible signal
models, we choose broad priors on all parameters around the conventionally accepted values
in literature that are either motivated by observations or state-of-the-art simulations (see
ref. [62], and references therein). Following the above discussion, we have chosen our priors
on the free parameters that are summarised in table 1. For the foregrounds (eq. (3.1)) we
adopt a range −10 to 10 in linear scale as the priors for all ai’s [55, 95].

We define our likelihood function as follows. Let TD
ant = TD

ant(z) and TM
ant = TM

ant(θ, z)
represent the data and the model-predicted values, respectively of the antenna temperature
at redshift z. We define a Gaussian likelihood as

L = P
(
TD

ant|θ
)

=
470∏
i=1

1√
2πε2

i

exp

−

(
TD

ant − TM
ant

)2

i

2ε2
i

 , (3.4)
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where i runs over the 470 frequency bins (equivalently redshift bins) in the SARAS3 data.
We adopt a diagonal covariance matrix with frequency-dependent variance: εi is the per-bin
measurement noise reported by Singh et al. (figure 1(c) of [55]), which we treat as the
dominant source of uncertainty in the data.

Bayesian inference over our parameter space requires a large number of likelihood evalua-
tions, each of which calls the global 21-cm signal model. Computing the signal on the fly for
every likelihood call is prohibitively expensive, so we instead pre-compute the signal on a
regular grid of parameters (see table 1) and obtain the signal for any desired parameter set
by linear interpolation. To validate this, we held out a subset of grid points and, for each,
computed the RMS of the difference of interpolated and true signal across a wide redshift
band. The distribution of per-point RMS errors has a mean of 2.5 mK and a 95th percentile
of 8.4 mK, which is well below the SARAS3 noise level (213 mK).

As a validation of our inference pipeline, we performed signal-recovery tests on mock
antenna-temperature data injected with a known IDM signal at two noise levels: 25 mK and
250 mK (the latter comparable to SARAS3 ). The injected signal is recovered cleanly at low
noise but not at high noise. The pipeline therefore behaves as expected, and the noise level
of SARAS3 is the limiting factor for parameter inference. Details are given in appendix A.

4 Results and discussion

We now present the constraints on our astrophysical and DM model parameters jointly
fit with a sixth-order log-log polynomial against the SARAS3 data following the inference
scheme described in the previous section.

Figure 5 shows our marginalized two-dimensional and one-dimensional posterior distri-
butions for the signal parameters only. Figure 9 in appendix B shows the posterior for the
foreground parameters and the 2D posteriors for foreground and signal parameters. Posteriors
of our signal parameters cover the entire range of priors, indicating that the SARAS3 data
is not good enough to constrain the values of the individual parameters. We can quantify
this with the marginal KL divergence, which for the 7D space of signal parameters comes
out to be DKL ≈ 0.007. A small KL divergence implies that prior and posterior volumes
are essentially the same, implying no information gain. Similarly, the marginal GMD is
dG ≈ 0.01, which again implies that effectively no signal parameters are being constrained.

While we do not obtain strong constraints on individual parameter (or even pair of param-
eters), it is possible to rule out strong signals. In figure 6 we show our functional distribution
of posterior and prior.3 The red regions show the prior samples that cover signals as deep
as ∼ − 2000 mK within the SARAS3 band (for visual clarity we clip the y axis at −500 mK).
The blue regions show the posterior samples, which are contracted to a somewhat smaller
space by the data. The bottom panel shows the KL divergence in the functional space at each
redshift bin. Within the SARAS3 band, the signal is most strongly constrained at z = 23.6
(ν ≈ 57.7 MHz) with a KL divergence of 0.52. The 21-cm signal stronger than −277.6 mK at
this redshift is ruled at 3σ level. Stated differently, SARAS3 data puts the following constraint:

T21(z = 23.6) ≳ −277.6 mK ,

3Note that because of the non-linear dependence of the signal on parameters, a uniform sampling in
parameter space does not translate to a uniform sampling in signal space.
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Figure 5. One- and two-dimensional marginalized posterior distributions for the signal parameters in
the IDM scenario, obtained by fitting a sixth-order log-log polynomial foreground model together with
the global 21-cm signal to the SARAS3 data; for the foreground parameter posteriors, see figure 9.
Neither individual parameters nor pairs of parameters are constrained by the data, although the
functional posterior does place constraints on signal amplitude (see figure 6). See table 1 for parameter
definitions and prior ranges.

at 3σ level on models of the 21-cm signal for IDM. This is expected given the RMS
value of our residuals.

Unlike the signal parameters, foreground parameters are much more strongly constrained.
Accordingly, we can subtract our best-fitting foregrounds model (corresponding to weighted-
median of the posterior samples) from the SARAS3 antenna data to obtain the residuals.
Accordingly, the weighted RMS (weighted by ε−2

i ) value of this residual is 215 mK. In
figure 7, we compare our residuals with that reported by SARAS3 (figure 1(b) of [55]), which
they obtained with MCMC analysis. The right-hand side panel shows the distribution of
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Figure 6. Functional prior (red) and posterior (blue) samples of the global 21-cm signal as a function
of redshift, for the IDM scenario. The grey shaded region indicates the redshift band covered by
SARAS3. Bottom: KL divergence between the functional prior and posterior at each redshift. The
signal is most strongly constrained at z = 23.6, where DKL peaks; at this redshift the data place a 3σ

lower bound of T21(z = 23.6) ≳ −277.6 mK on the signal amplitude.

residuals. The overlap seen in the figure and the small difference between the residuals
(∼ 2 mK) indicates that our foreground modelling is consistent with that reported by Singh
et al. [55] (see also [95]).4

Our results are in qualitative agreement with the galaxy-dominated radio models results
of Bevins et al. [95]. In their analysis, radio-background models give rise to a strong global
21-cm signal, while in our case IDM models play an analogous role. In both scenarios, strong
21-cm signals in the SARSA3 observation band are in tension with the data. Consequently,
our posteriors weakly disfavour high fLy, low fX, and low T min

vir (though only marginally
so, given that the marginalized posteriors remain close to the prior), consistent with the
conclusions of Bevins et al., albeit expressed in a different parametrization.

To assess if there is a preference of IDM model over the CDM model by SARAS3, we
compute the Bayesian evidence for the CDM scenario and compare it with that of IDM
scenario. In appendix C we present the Bayesian analysis results for a pure CDM model.
The log Bayesian evidences for IDM and CDM are −3342.40 and −3342.93, respectively.
Consequently, the log Bayes factor is

ln B = lnZIDM − lnZCDM = 0.53 ,

so that B ≈ 1.7, corresponding to betting odds in favour of the IDM model of 1.7 : 1.
According to the Jeffreys scale, this corresponds to an inconclusive evidence, indicating no
strong preference of one DM model over the other.

4As a consistency check, we have also done fitting without the 21-cm signal, i.e., only foregrounds and find
the weighted RMS of the residual to be ≈ 213 mK, in agreement with [55].
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of the ai coefficients, from the antenna data. The RMS values are 213 and 215 mK respectively,
consistent with the published SARAS3 result. Right: Distributions of the two residual sets.

Our wide astrophysical priors implied by the high uncertainty in the astrophysics of
high-redshift Universe, the nature of data and the flexibility of foreground model prevents us
from making any strong claims on astrophysical or cosmological parameters. Stronger bounds
on these parameters should be obtainable from wider band data of global 21-cm experiments
such as the REACH and by narrowing down the priors on astrophysical parameters with other
observational datasets. Datasets that could be utilized to reduce the high-redshift astrophysical
uncertainties include cosmic X-ray background [106], 21-cm power spectrum [107], UV
luminosity functions [108, 109]. Some recent works have also explored the possibility of
combining datasets to constrain the high-redshift astrophysics [110–113].

5 Conclusions

In this work, we addressed three connected questions. First, whether a Coulomb-like interact-
ing dark matter (IDM) model is consistent with the SARAS3 data; second, what constraints
the data place on the IDM parameters; and third, whether the data show any preference for
IDM over cold dark matter (CDM). The IDM model considered here has two key effects on
the 21-cm signal. The first is non-adiabatic cooling of baryons through heat transfer to the
DM. The second is a delay in cosmic star formation due to suppression of halo formation.
This delay shifts the absorption trough to lower redshifts and reduces its depth, since Lyα
coupling, Lyα heating, and X-ray heating are all postponed accordingly.

For inference, we simultaneously fit a global 21-cm signal with a foregrounds model
against the SARAS3 antenna data. We use the publicly-available Python code ECHO21 for
simulating the global signal, self-consistently accounting for both the cooling as well as
the star-formation effects on the intergalactic medium. Our model for the 21-cm signal is
described by seven parameters, namely DM particle mass mχ, the interaction cross-section
parameter σ0, scale factors for the Lyα intensity fLy, and the X-ray intensity fX, power-law
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index of X-ray emissivity w, escape fraction of ionizing photons fesc and the minimum virial
temperature of star-forming dark matter haloes T min

vir . For foregrounds, we adopted a sixth-
order log-log polynomial following the previous works. We did a nested-sampling-enabled
Bayesian analysis for the inference.

The main conclusions of this work are as follows:

1. Due to the large uncertainty in the data and the degeneracy between the foregrounds
and the cosmological signal, the data do not provide meaningful constraints on the
signal parameters. This is evident from the information gain and effective dimensionality
metrics: the KL divergence is very small (0.007), and the Gaussian model dimensionality
is also negligible (0.01). Together, these results indicate that the data add minimal
constraining power beyond the prior for the signal parameters.

2. However, the SARAS3 data are not entirely devoid of information. By translating the
parameter posteriors into functional space posteriors of the global 21-cm signal, we
find that the strongest constraint from the SARAS3 data occurs at redshift z = 23.6
(ν ≈ 57.7 MHz), where the KL divergence reaches 0.52. At this redshift, the data rule
out signals stronger than −277.6 mK at the 3σ level.

3. To assess if there is any preference of IDM over CDM, we compared the Bayesian
evidence for an IDM model with that for the CDM model. We obtained a Bayes factor
of ≈ 1.7 for IDM relative to CDM. Based on Jeffrey’s scale this is inconclusive evidence,
and hence we cannot claim a preference for IDM over CDM.

The 21-cm cosmic dawn absorption signal is subject to astrophysical uncertainties, which
make precise predictions of its depth and redshift range uncertain. Further improvements in
narrowing the range of uncertainty on the astrophysical priors by combining datasets from
complementary probes of cosmic dawn could help partially pin down the expected signal
range. Our work highlights the importance of a joint foregrounds and signal analysis and the
fact that null-like dataset are not devoid of information about astrophysics and cosmology.

With this work we release our updated Python package ECHO21 (https://github.com
/shikharmittal04/echo21.git), with a feature to model the global signal for Coulomb-like
interacting dark matter.
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to SARAS3 ). The injected signal is well recovered at low noise (left) but not for SARAS3 -level
noise (right).
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A Test of pipeline with mock data

In the main text we worked with SARAS3 data and performed inference for an interacting
dark matter model. In this appendix we test our inference pipeline on mock data. Assuming
a SARAS-like, minimally chromatic antenna (so chromatic distortions to the foreground are
neglected), we construct mock antenna data comprising a foreground, a 21-cm signal, and
a noise component. For the foreground we adopt the simple empirical form

Tfg = T0

(
ν

ν0

)α

, (A.1)

where T0 = 335.4 K, ν0 = 150 MHz, and α = −2.8. We add an IDM 21-cm signal generated
with parameters mχ = 1 GeV, σ45 = 1, fLy = 1, fX = 1, w = 1.5, fesc = 0.01, and T min

vir = 104 K.
This signal reaches an absorption minimum of −340 mK at ν = 70 MHz (z ≈ 19). Finally, we
add white Gaussian noise; we consider two cases with standard deviation: 25 and 250 mK.

Following the inference procedure developed in section 3, we perform a joint fit of the
foreground and signal to the mock data. Figure 8 shows the functional priors and posteriors,
with the true injected signal overlaid as a green curve. As expected, the signal recovered
from the low-noise mock data (25 mK, left) is in good agreement with the injected signal,
whereas the high-noise case (250 mK, comparable to SARAS3 ; right) shows no such recovery.
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Figure 9. Marginalized posteriors from the IDM fit to the SARAS3 data. Left: 1D and 2D posteriors
for the foreground polynomial coefficients ai (sixth-order log-log polynomial). Right: Joint posterior of
the signal and foreground parameters, showing both the tight constraints on the foreground coefficients
and the broad, near-prior distributions of the signal parameters. See table 1 for the signal parameter
definitions and prior ranges.

B Joint posterior distribution for IDM model

Figure 9 shows the posteriors from our IDM fit to the SARAS3 data: foreground parameters
alone (left) and the joint posterior of foreground and signal parameters (right). As detailed
in section 3, we adopt a sixth-order log-log polynomial for the foregrounds. The weighted-
median values of the polynomial coefficients are:

a0 = +3.54
a1 = −0.22
a2 = +1.14 × 10−3

a3 = −2.10 × 10−3

a4 = +1.70 × 10−3

a5 = −1.25 × 10−4

a6 = −8.24 × 10−4

The uncertainty on each ai is O(10−5) or smaller, so we do not list individual error bars. The
posteriors for the polynomial coefficients are tightly constrained, whereas the signal-parameter
posteriors occupy essentially their full prior range, consistent with the data constraining
the smooth foreground but not the signal.

C Implications of SARAS3 data for cold dark matter model

In this appendix, we present the constraints on astrophysical parameters for the standard
cold dark matter (CDM) scenario from SARAS3 data. The global 21-cm signal in CDM is
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Figure 10. One- and two-dimensional marginalized posterior distributions for the signal parameters
in the CDM scenario, obtained by fitting a sixth-order log-log polynomial foreground model together
with the global 21-cm signal to the SARAS3 data. The 1D posteriors are flat across their priors,
indicating that the data do not constrain the signal parameters in this case (marginal DKL ≈ 3 × 10−3

and marginal dG ≈ 5 × 10−3). See table 1 for parameter definitions and prior ranges.

governed by Lyα coupling and heating, X-ray heating, and reionization. The corresponding
emissions, i.e., Lyα, X-ray, and ionizing photons, all track the instantaneous star formation
rate density. Accordingly, the model is parametrized by fLy, fX, w, fesc, and T min

vir [62]. For
our Bayesian analysis, we use the same priors listed in table 1, with mχ and σ45 excluded
since the dark matter is non-interacting in this case.

In figure 10 we show the marginalized two-dimensional and one-dimensional posterior
distributions. As in the case of IDM, the 1D posteriors for the signal parameters are flat across
the prior range, indicating that the data do not constrain these parameters. Quantitatively,
the marginal KL divergence is DKL ≈ 3 × 10−3 and marginal GMD is dG ≈ 5 × 10−3, both
consistent with negligible contraction of the prior volume.
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Figure 11. Functional prior (red) and posterior (blue) samples of the global 21-cm signal as a
function of redshift, for the CDM scenario. The grey shaded region indicates the redshift band covered
by SARAS3. Bottom: KL divergence between the functional prior and posterior at each redshift. The
posterior nearly overlaps the entire prior, reflecting the fact that the data do not constrain the signal
in this case (compare with the IDM case in figure 6).

However, unlike the IDM case, SARAS3 does not place any constraint on the signal
magnitude. In the standard CDM scenario, the prior contains signals only as deep as
∼ − 180 mK — well below the RMS of the residuals (213 mK) — whereas the IDM prior
extended to depths of ∼ − 2000 mK, which the data could exclude. Accordingly, we expect
negligible contraction of the functional-space prior in the CDM case. Figure 11 shows the
functional posteriors (blue) overlaid on the functional priors (red); as the figure makes clear,
the posterior nearly covers the entire prior space.
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