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The formation redshift and abundance of the first stars and galaxies is highly sensitive to the build up of low
mass dark matter halos as well as astrophysical feedback effects which modulate star formation in these low mass
halos. The 21-cm signal at cosmic dawn will depend strongly on the formation of these first luminous sources
and thus can be used to constrain unknown astrophysical and dark matter properties in the early universe. In
this paper, we explore how well we could measure properties of dark matter using the 21-cm power spectrum
at z > 10, given unconstrained astrophysical parameters. We create a generalizable form of the dark matter
halo mass function for models with damped and/or oscillatory linear power spectra, finding a single "smooth-k"
window function which describes a broad range of models including CDM. We use this to make forecasts
for structure formation using the Effective Theory of Structure Formation (ETHOS) framework to explore a
broad parameter space of dark matter models. We make predictions for the 21-cm power spectrum observed
by HERA varying both cosmological ETHOS parameters as well as astrophysical parameters. Using a Markov
Chain Monte Carlo forecast we find that the ETHOS dark matter parameters are degenerate with astrophysical
parameters linked to star formation in low mass dark matter halos but not with X-ray heating produced by the
first generation of stars. After marginalizing over uncertainties in astrophysical parameters we demonstrate that
with just 540 days of HERA observations it should be possible to distinguish between CDM and a broad range
of dark matter models with suppression at wavenumbers k < 200 A-Mpc~! assuming a moderate noise level.
These results demonstrate the potential of 21-cm observations to constrain the matter power spectrum on scales

smaller than current probes.

I. INTRODUCTION

Over the last century we have discovered that the majority
of matter in our universe is dark [1]. Despite numerous ob-
servational constraints on the behavior of dark matter (DM)
at a wide range of physical scales [e.g., 2—4] its nature is still
unknown.

Current observations find DM to be cold and collisionless
at large scales. However, an exciting possibility is that dark
matter deviates from this cold dark matter (CDM) paradigm
at small scales and leaves unique signatures in observations.
These have to be distinguished from baryonic effects, which
are also likely to affect structure formation on small scales
[e.g., for a review see 5, 6]. The existence or absence of such
unique signatures could help constrain the nature of dark mat-
ter. In particular, DM which produce some kind of damping:
either collisionless (free-streaming) as in Warm Dark Matter
[WDM, for a review see 7]; or collisional due to interactions
between DM and relativistic particles (e.g. dark radiation) in
the early universe, will induce a suppression in the primor-
dial linear matter power spectrum [8—10]. The latter case can
additionally produce dark acoustic oscillations (DAOs) due to
the interactions between DM and dark radiation, providing a
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unique signature of dark-sector physics. Similar to the stan-
dard baryon acoustic oscillations, the dark matter is unable
to form gravitationally bound structures until it kinematically
decouples from the relativistic particles, and thus an imprint
of the sound horizon of dark matter at the time of decoupling
will be left on the matter density field at small scales [11].
However simulations of nonlinear structure evolution includ-
ing this effects show that DAOs are gradually reduced at late
times as power is ‘“regenerated” at small scales [12]. Thus,
high redshift observations can open a new window to search
for the effect of DAOs on structure formation [13].

The 21-cm cosmic dawn signal can probe non-linear struc-
ture evolution in the early universe [e.g., 14]. This signal is a
net absorption (or emission) of 21-cm photons from the cos-
mic microwave background (CMB) by neutral hydrogen in the
intergalactic medium (IGM) due to the hyperfine “spin-flip"
transition. At z ~ 30, we expect that the neutral hydrogen is
in equilibrium with the CMB, and as such its spin temperature
Ts = Tcms (a measure of the relative populations in each spin
state), so there is no absorption or emission. After the first stars
are formed, they emit Lyman-a photons that couple the spin
temperature to that of the cooler gas [the Wouthuysen-Field
effect, 15-17], resulting in 21-cm absorption. The formation
redshift and abundance of the first stars strongly depend on the
build up of low mass dark matter halos (~ 1073M;). Thus
the evolution of the 21-cm signal (both global and fluctua-
tions) can be used to infer the presence of DM damping at
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small scales [e.g., 18-21].

The space of possible DM models that could produce a sup-
pression and/or oscillations of DM power on small scales is
large. To span this space, an “effective theory of structure
formation” (ETHOS) has been proposed to map between dif-
ferent physical DM models and structure formation [22, 23].
In particular, Bohr et al. [12] demonstrated that the linear
matter power spectrum of ETHOS models can be effectively
described by two empirical parameters, which in turn can be
related to physical properties of the dark matter model. Mufioz
et al. [24] demonstrated that this parameterization can be used
to model the effect of DM damping on the 21-cm global sig-
nal, and showed that DAOs leave a distinct signature, different
from a pure suppression of WDM, even when accounting for
star formation feedback which can also suppress star formation
in low mass halos.

However, the impact of other astrophysical parameters on
the ability to measure this signal has not yet been assessed.
On top of the formation of the underlying dark matter ha-
los, unknown astrophysics in the early universe determines the
formation of the first stars and galaxies and the heating and
ionization of the IGM which determines the strength of the
21-cm signal. For example: the strength of star formation
feedback in low mass halos, Lyman-Werner feedback, the im-
pact of streaming velocities between baryons and dark matter,
the typical X-ray emission of early galaxies, and the escape
fraction of hydrogen ionizing photons from galaxies all con-
tribute to the strength of the 21-cm signal at z ~ 6 — 30.
The degeneracies between these effects have been explored in
CDM cosmologies [e.g., 25-29] but due to computational in-
efficiencies there has not been a thorough investigation of the
degeneracies between effects that govern star formation and
dark matter models (see, however, Mufioz et al. 18 for a study
in the context of measuring the high-k power spectrum). It is
thus unclear how much the astrophysical effects will hamper
our efforts to understand the underlying DM physics. For ex-
ample, Sitwell et al. [19], Jones et al. [20], Giri and Schneider
[21] explored the impact of WDM, fuzzy dark matter and a
mixture of cold and non-cold dark matter respectively on the
21-cm signal, but did not explore the degeneracies between
astrophysical parameters and the dark matter models.

In this paper, we explore how well we can measure and dis-
tinguish DM-induced damping of small-scale structure using
21-cm signals, marginalizing degeneracies with astrophysical
parameters for the first time. We create a generalized form
of the dark matter halo mass function (HMF) for DM models
with damped and/or oscillatory linear power spectra (build-
ing upon the work of [12], which also works for CDM), and
use this to make forecasts for structure formation in a broad
DM parameter space. We use the effective model for the cos-
mic dawn 21-cm signal implemented in the public code Zeus
Muiioz [30]! to explore the impact of DM models from the
ETHOS framework on the 21-cm signal at z > 10. We find
that the 21 cm signal is shifted towards later times making
the redshift of absorption in the 21-cm global signal lower
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and the power spectrum both delayed and amplified with re-
spect to CDM. We perform a forecast for HERA observations
of the 21-cm power spectrum using an Markov Chain Monte
Carlo (MCMC) approach allowing us to see the degeneracies
between astrophysical and non-CDM dark matter properties
for the first time. After marginalizing over the astrophysical
parameters, we find that, with just 540 days of HERA obser-
vations assuming a moderate noise level, we should be able to
constrain the scale at which the power spectrum is suppressed
for a range of DAO models and distinguish between CDM and
non-cold dark matter.

The paper is structured as follows. Section II describes
the ETHOS framework and our method for modeling halo
mass functions for a broad range of DM models. Section III
describes our setup for computing the 21-cm signal and per-
forming observational forecasts. We present the impact of
ETHOS DM models on the 21-cm signal and forecast their de-
tectability in Section IV. We discuss our results in Section V
and present our conclusions in Section VI. Throughout we use
the Planck 2018 cosmology [4].

II. METHODS

We provide a summary of the ETHOS framework and its
generalized linear matter power spectrum in Section II A. Sec-
tion II B provides an overview of how we calculate the dark
matter halo mass function in the ETHOS framework, includ-
ing the smooth-k window function we use to obtain the matter
variance, o (M), in ETHOS cosmologies.

A. ETHOS

The ETHOS framework provides a mapping between DM
microphysics and structure formation. It encapsulates the ef-
fects of a variety of DM models (including WDM, DAOs, and
CDM) through two parameters: the amplitude Apeax and the
scale kpeax of the first DAO peak [12, see their Equation 3].
These parameters, showcased in Figure 1, are related to the
physical size of the sound horizon and the Silk damping scale
in the dark sector. ETHOS converges to CDM in the limit
kpeak — 0, and to WDM in the limit (fpeac — 0). For WDM
the scale kpeax results in a free-streaming cut off and kpeax can
be related to the WDM particle mass. ETHOS models with
low kpeax differ from CDM by suppressing lower-mass halos
(10°—108 M) which is exactly where the first galaxies formed,
allowing us to test them through the 21-cm signal [18]. Let us
see how in detail.

1. ETHOS power spectrum

Bohr et al. [12] demonstrated that the linear power spectrum
of ETHOS models (given a cutoff with or without DAOs) can
be approximated by the following transfer function (the ratio
of the power spectrum to that of CDM, shown in Figure 1):
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FIG. 1: Transfer function, defined as the ratio of the power
spectrum to that of CDM, for an ETHOS scenario with
parameters /ipeax = 0.6, which determines the height of the
first peak at a location kpeax = 100 £ Mpc‘l.
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withx = k/kpeak and xo = 1.805, where erfc(y) = 1—erf(y)
is the complementary error function.
Thus the ETHOS power spectrum is defined as:

Perros(k) = TE(k)Pcpm (k) 2

As described by Bohr et al. [12] the parameters in this
function describe the behavior of the power spectrum. « is a
measure of the first cut-off scale length and is related to kpeak;
B and y determine the shape of the cut-off; X is the width of
the first peak; 7 determines the damping of the DAOs and

a = d (2_1/2y—1)1/ﬁ
kpeak

3)

Bohr et al. [12] fit the parameters hy, 7, 2, B, d, y for range of
ETHOS model transfer functions computed using the cosmo-
logical code CLASS [31] for hpeax = 0 — 1 in steps of 0.2, and
kpeak = 35300 h Mpc_1 with equidistant steps in log(kpeak)
on the intervals [35, 100] #Mpc~! and [100, 300] ~» Mpc~!.

To enable interpolation to a wider range of hpeak,kpeak We
fit smooth functions of /peak and Kpeax to the parameters deter-
mined by Bohr ef al. [12]. We use the following parameteri-
zations:

n,d, T = AeBa 4 C 4)
X =02
hy = Ah(hpeak)eBh(hpeuk)kpeak+Ch(hpeak)

TABLE I: Parameters to describe the linear power spectrum
with DAOs (Equations 1 and 4).

Tr (k) parameter A B C

n 2.1 3.7 41
d 1.8 -6.7 2.5
T 0.03 2.6 027

TABLE II: Parameters to describe the function %,

(Equations 4 and 5).
hy parameter a b c f
Ap 0.17 0.7 0.2 -3.0
By 1.0 3.0 -0.32 -1.0

Cn 054 80 0.7 1.0

where Ay, By, and Cy, are functions of /ipeax With the following
parameterizations, defined such that /1 (fpeax = 0) = 0:
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Our best-fit values of A, B, C for the parameters n,d, T are
given in Table I and the values of a, b, ¢, f which describe the
functions in Equation (5) for h; are given in Table II.

B. Halo Mass Function

Before we delve into an analysis of the 21-cm signal, we have
to define the halo mass function (HMF). Here we describe
how to generate an analytic HMF using the ETHOS power
spectrum, using extended Press-Schechter (EPS) formalism
[e.g., 33] with the smooth-k window function [Section IIB 1
34], which we find provides an excellent fit to both CDM and
non-CDM halo mass functions.

Using EPS the halo mass function for halos of mass M can
be written as

dn I do

i~ o’ Van ©
where v = [6./0D(z)]?, with 6. = 1.686 as the critical
density, p = &, 00cric 1S the mean matter density at z = 0.
o%(M) is the variance of density perturbations and f (o) is
the distribution of first-crossings: i.e. the probability of a
density perturbation crossing a threshold for collapse.

The variance of density perturbations for halos of mass M,
(M), is given by:

3_) - ~
(M) = / %P(k)wmn2 (7)
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FIG. 2: Analytic HMFs at z = 5 — 12 as a function of /peax and kpeax created using the smooth-k window function, with
B =50,c = 2.8 for WDM (/ipeax = 0) and § = 3.6, ¢ = 3.6 for all other DM models, as described in Sections II B and 1IB 1.
Points with error bars show the HMFs and their Poisson uncertainties from the ETHOS simulations of Ref. [12]. Vertical grey
lines show the mass limit due to Poisson noise in N-body simulations with suppressed power at small scales [32], for each of the
plotted ETHOS models.

where P(k) is the linear matter power spectrum as described
above in Section IT A 1, and W(I;R) is the Fourier transform of
the window function. In the case of CDM, o-2(M) increases
with decreasing M and becomes infinite as M — 0, how-
ever, if free-streaming takes place and the power spectrum is
suppressed at high k, o-2(M) plateaus for low M.

The distribution of first-crossings based on an ellipsoidal
collapse barrier [33] is:

For = a2 s g

where A is defined so that fdvf(v) =1[35]. A,q and
p are free parameters usually fit to N-body simulations. We
describe our choice of these parameters in the next section.

1. Window Function

The window function, VT’(kR), is used to define a spatial
scale over which density fluctuations are smoothed (Equa-
tion 7). By comparing HMFs produced by N-body simulations

and estimated from analytic theory it is possible to test how
well a window function describes halo formation.

The commonly used top hat and sharp-k window functions
have been shown to overestimate and underestimate, respec-
tively, the number of low mass halos in DM models with
small-scale suppression of the power spectrum [34]. Thus, in
this work, following Schaeffer and Schneider [13], Leo et al.
[34], Bohr et al. [36], we use the smooth-k window function,
which we generalize to describe a broad range of DM models.
It is defined as:

1

W(kR) = ———
1+ k—R)ﬁ

9

c

here B controls the sharpness of the window function, with
B — oo converging to the sharp-k window function, and ¢
rescales the size of the collapsing region (replacing the g pa-
rameter in the usual Sheth-Tormen with a top hat window
function).

As discussed by Schaeffer and Schneider [13], there is a
lack of unique S and ¢ parameters because S controls simulta-
neously the smoothness of oscillations in the interacting dark
matter models and the low mass slope of the halo mass function
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FIG. 3: Analytic HMFs at z = 5 — 12 for CDM created using
the smooth-k window function with 8 = 3.6,¢ = 3.6 as
described in Sections II B and 11 B 1. Points with error bars
show the HMFs and their Poisson uncertainties from the
ETHOS simulations of Ref. [12]. In the lower panels we
show the relative residual between the simulated HMFs and
the analytic EPS HMFs (analytic model - simulated HMF,
normalised by the simulated HMF), demonstrating excellent
agreement over a broad mass range.

for models with a cut-off in the power spectrum (i.e. WDM).
For very low masses, using the smooth-k window function,
Equation (6) can be approximated as:

Anypm (8-3

WM m B 3)/3 10

dinM (10)
Thus B > 3 is required to produce a HMF with a suppression
of low mass halos as expected for e.g. WDM. Conversely, for
CDM, where P(k) o k", with n ~ =3 for high k, the low
mass-end of the halo mass function can be approximated as:

dncpm 1
——~M 11
dinM (b

Thus, as CDM has no turnover in the power spectrum at high &
the smooth-k window function recovers the appropriate CDM
low mass slope of the HMF, independently of S.

Here we aim to find a set of smooth-k window function
parameters, 8 and ¢ which accurately fit HMFs spanning a
broad range of DM models, aiming to produce a generalizable
form of the halo mass function. We fit for the window function
parameters §,c as a function of hpex and Kpeak, using the
ETHOS HMFs produced using N-body simulations by Bohr
et al. [36]. Following Leo ef al. [34], Schneider [37] we fix
the f (o) parameters g = 0.707, A = 0.3222, p = 0.3.

We obtain likelihoods for the simulated HMFs, 3—13[,
given HMFs calculated using Extended Press-Schechter the-
ory with different smooth-k window function parameters,

TABLE III: Smooth-k window function parameters

(Equation 9)
hpeak B ¢
WDM 0 50 28

All other DM models >0 3.6 3.6

¢eps(M, B, c), on a grid of hpeax and kpeak. We assume
and c are redshift independent and include the Poisson uncer-
tainty on the simulated number density in each redshift and
mass bin.

As described above, a range of 8 and ¢ parameters could
describe HMFs, but here we aim to find a unique pair which
describes HMFs spanning as broad a range of DM models
as possible. There are two known edge cases which we use
to guide our fitting: (1) as hpeak — 0, the models become
WDM-like, so should be well described by a sharp-k window
function (8 — ©0), and (2) as kpeak — oo the models become
CDM-like.

To achieve a sharp turnover in the WDM HMFs, as seen
using a sharp-k window function we set 8 = 50 for Apeax = 0,
and fit for ¢ to maximize the likelihood. We find ¢ = 2.8.

As described above the low-mass slope of the HMF in CDM
is independent of S, therefore, for all other non-WDM cos-
mologies we fit for one unique set of 8 and ¢ using the fol-
lowing procedure. As the most distinctive feature of DAO
cosmologies on the HMF are oscillations at mass scales corre-
sponding to where the power spectra start to decline (kpeax) we
optimize our fits for § and ¢ to most accurately describe these
oscillations. We thus fit 8 (which defines the smoothness of
these oscillations) by combining likelihoods for /peax < 0.6,
kpeak < 81.1 AMpc™", for hpeax < 0.6, kpeak < 1002 Mpc™!
which is where the oscillations in the simulated ETHOS HMFs
are most apparent [12]. We obtain the maximum likelihood
value of § = 3.6. We then fit for ¢ by fixing S = 3.6 and com-
bining the likelihoods for ¢ from all the non-WDM HMFs,
including CDM. We obtain ¢ = 3.6. The parameters are sum-
marized in Table III.

The analytic halo mass functions obtained using our max-
imum likelihood S and ¢ are shown in Figure 2 for ETHOS
models and Figure 3 for CDM, along with HMFs from N-
body simulations by Bohr ef al. [12]. We see that our one
set of B = 3.6, ¢ = 3.6 parameters accurately describes a very
broad range of models.

III. SIMULATING THE 21-CM SIGNAL

Here we describe our method for generating the 21-cm
signal using the Zeus21 code. Section III A describes our
Bayesian inference method for carrying out parameter fore-
casts and Section III B describes our setup for observational
forecasts with 21cmsense.

The 21-cm signal at cosmic dawn is characterized by the
spin temperature, i.e., by the relative populations of neutral
hydrogen atoms in each spin states. The timing of the signal
is determined by when the spin temperature decouples from



the CMB and recouples to the temperature of the gas via the
Wouthuysen effect of the Lyman-@ flux produced by the first
stars [15], which drives the signal into absorption. X-rays heat
up the gas driving the signal into emission until the gas is
fully ionized at the time of reionization, z < 6. Therefore the
timing of the onset of the absorption signal depends on how
quickly halos big enough to host galaxies form, how efficient
star formation is in the first galaxies as well as the strength of
the Lyman-«a background.

The 21-cm signal is therefore intimately linked to the star
formation rate density (SFRD), which itself depends on the
halo mass function (HMF) dn/dM}, and the mean star forma-
tion rate (SFR) M, (M) [38],

SFRD(z) = / thdd—AZhM*(Mh), (12)

The HMF is defined in Equation (6), and depends on the DM
model, which modulates the abundance of halos.

We implement the ETHOS dark matter models described
in Section II into the Python package Zeus21 to calculate the
21-cm signal for WDM and dark matter with DAOs. Zeus21
is an analytical model for the 21-cm signal that predicts the
global 21-cm signal and power spectra for CDM in a matter
of seconds from the cosmic dawn (z ~ 30) until the start of
reionization (z ~ 10, where we will stop). Here we briefly
describe the astrophysical model focusing on the changes to
include alternative dark matter models in Zeus21, and refer
the reader to Mufioz [30] for further details.

We implement ETHOS such that kpeax and hpeak are free
parameters in Zeus21. By default, Zeus21 uses the cosmo-
logical code CLASS [31] to calculate (M, z) and do/dM
which is used to generate the halo mass function for CDM.
Here, instead, we replace the CLASS-calculated o(M, z) and
do/dM for non-CDM models with our calculations (see Equa-
tion (7)) including the ETHOS transfer function (Equation (1))
and the smooth-k window function (Equation (9), otherwise
assumed top-hat in CLASS by default). A further change is
required for robustness in the case of strong suppression in the
power spectrum (/peak ~ 0 and kpeak < 50 Mpc ™), as this can
produce significantly smaller values for oy, where the EPS
approach that Zeus21 employs is expected to break down (as
oRr =~ o). We note, however, that this strongly suppressed
region of parameter space is likely already disfavored [12].
Nevertheless, we set a minimum R, for non-linear calcula-
tions in Zeus21, such that og < omax (M, z)/3.8. This make
it possible to model all the ETHOS parameter range that we
are interested in, while keeping the non-linear calculation in
Zeus21 for observable scales k ~ 0.1 — 1 Mpc™'. We ver-
ify that our implementation in Zeus21 reproduces the HMFs
shown in Sec. I B.

As the star-formation rate at z > 10 is not well constrained,
Zeus21 uses a parametric model to describe the fraction of
gas that is accreted by a galaxy and converted into stars. In
particular, we assume that the SFR is

My = f foMp, (13)

where Mj, is the mass accretion rate and f;, the baryon fraction
of the baryon and matter densities: f, = Qp/Qn. Here fy is
the star-formation efficiency, assumed to be a double-power
law in halo mass [see e.g., 25, 30, 39-41]:

2€,

Su(My) = (Mh/MinOI)_Q* + (Mh/Mpivot)

—Ba fduty, (14)

where @, By, €x, and Mo are free parameters, and fyuy =
exp (—Mum/Mp) parameterizes a duty fraction assumed to be
unity above some turn-over mass My,,. This captures the
effects of stellar feedback that result in a less efficient star
formation. We note that since Mpjyor 2 10" M [determined
by fitting to UV luminosity functions, e.g., 25, 42] the low
mass end slope parameter, a,, is most important, as halos
with mass My > Miye are extremely rare at z > 10.

This would be enough to find how the ETHOS parameters
affect the SFRD. The 21-cm signal, however, depends on the X-
ray and UV emission from the first galaxies, which are related
to the SFRD via an SED. Thus, an essential component of the
21-cm signal is the X-ray flux produced by the first galaxies.
The X-ray heating rate depends on the X-ray SED:

10% erg/s Ix(v)
Mo /yr v

ex(v) = Lao X 15)

where I'x (v) is the X-ray spectrum integrated over a band from
vy t0 vmax = 2 keV with vg as a free parameter. Lyg is the
X-ray luminosity in 10*° erg/s/Mo/yr and a free parameter in
Zeus21. We assume the standard Zeus21 SED for UV light,
from Ref. [43].

A. Bayesian Inference

To forecast the expected uncertainties that would be obtained
from 21-cm observations, we use Bayesian inference to obtain
a posterior distribution for our parameters of interest (6) from
our data (21-cm observables):

p(f|data) o« £(data|d) x T1(6) (16)

where L(data|§) is the likelihood and H(é) is the prior.

Here we will focus on the 21-cm power spectrum, A%l (k, 7).
We assume the likelihood in each k and z bin can be described
as a Gaussian function of parameters 6 and it is thus defined
as:

2 2 2
- 1 (Azu - AZ] ()
Li(A%I,iW’ 0'2%“-) = ———¢Xp T oo
27r0'A§1’i 2,i
(17

where A%l is the 21-cm power spectrum with & bin i} and z bin
iz and N2 i is the measurement error in each power spectrum
bin. We assume each k and z bin is independent and that
the errors between k and z bins are uncorrelated, following



TABLE IV: Priors for Bayesian Inference

Parameter Description Minimum value Maximum value Fiducial
hpeak Amplitude of DAO first peak 0.0 1.0

log g kpeak Position of DAO first peak [ & Mpc_1 ] 1.6 2.5

A SFR power law slope for My, < Mpiyot 0.0 3.0 0.5
log( €x SFR normalization -5.0 0.0 -1.0
Bx SFR power law slope for > Mp;yor -0.5
Mpiyot Halo mass at the pivot point [Mg ] 3x 10!
log o L4o/Ms X-ray luminosity per SFR [10%0 erg 51 Mal yr] -3.0 3.0 0.477
logi vo Minimum X-ray energy which escapes galaxies [eV] 2.0 3.0 2.70

previous work, [e.g., 25, 44]. Thus the total likelihood is the
product of these individual likelihoods: £ =[];, ; Li.

We estimate N2 i for HERA observations using 21-
cmSense? [45] which we describe in Section 111 B.

For our forecasts we vary the two cosmological ETHOS
parameters fipeax and Kpeak as well as four astrophysical pa-
rameters: ax, €x, L4g, and vg that determine the SFR and
X-ray SED. We choose a fiducial model (a set of parameters)
to create mock observations, and then fit the mock observa-
tions as described above to see how well we can recover the
input model. The fiducial values are listed in Table IV. We
fix the following parameters in our inference: the slope [,
of the bright end of the star-formation efficiency (fx (M),
Equation (14) at —0.5 and the pivot mass of the star formation
efficiency Mpjpor = 3 X 10" My, since halos M;, > Miipor are
rare at z > 10 these parameters do not affect the SFRD and
thus our 21-cm signal forecasts significantly; and the UV SED
amplitude N, at 9690 Lyman-a photons per baryon, as it is
exactly degenerate with fi.

For our Bayesian inference forecast we use uniform priors on
the varied parameters 6: hpeak € (0, 1),10g;0 kpeak/ hMpc’] €
(1.6,2.5), ax € (0,3), log;yex € (=5,0), log, L40/1040erg
sT! Mgl yre (=3,3), log;ovo € (2,3).

We use the public package emcee[46] to run an Markov
Chain Monte Carlo (MCMC) estimate of the posterior for the
six parameters in 9000 steps of 80 walkers. In some cases
some of the walkers get stuck in lower posteriors peaks. We
examined the posterior chains and selected the chains with the
highest posteriors based on visual inspection of the walkers.
For future analysis, a nested sampler would be suggested to
deal with the multimodality of the likelihood.

We perform forecasts for four ETHOS models: Weak DAO,
moderate DAO, strong DAO and WDM, to test how well these
models can be constrained and distinguished each other and
from CDM, after marginalizing over astrophysics. The Apeak
and kpeax parameters for these models are given in Table V.
For our WDM run we set hpeax = 0.05, to avoid numerical
issues at the edge of the prior. The 21-cm power spectrum at
hpeax = 0.05 is very close to WDM, thus we do not expect our
conclusions to change.

2https://github.com/jpober/21-cmSense

TABLE V: Fiducial sets of ETHOS parameters /peax and
kpeak for forecasts in Section IV C

hpcak 1OgIOkpeak [ A Mpc™ 1]
Weak DAO 0.3 2.2
Moderate DAO 0.5 2.0
Strong DAO 0.8 1.7
WDM 0.05 2.0

We carry out forecasts using two noise models for HERA
observations from 21cm-Sense, described in Section IIIB
below.

B. Observational Forecasts

To make forecasts for upcoming observations with the Hy-
drogen Epoch of Reionization Array (HERA) [47-49] we use
the python package 21-cmSense [45]. We assume two differ-
ent observing times; one case of 180 days of observations and
one case of 540 days of observations, each in equal bandwidths
of 8 MHz across the redshift range z ~ 5 —28 (50 — 250 MHz),
using 331 antennae.

While zeus21 produces continuous power spectra as a func-
tion of wavenumber and redshift (see Figure 6), HERA will
observe the 21-cm background in specific wave number and
redshift bins. To reflect in the mock data how HERA will
observe the 21-cm background, we bin the power spectra by
taking the central value in the wave number and redshift bins
described above. The wavenumber bins are determined by
the bandwidth and the separation between the antennas [47].
21-cmsense is used to calculate the wavenumber bins for the
MCMC analysis using this information.

We assume a ‘moderate’ noise level for these observations,
following Mason et al. [44]. For this we use the ‘moder-
ate’ foregrounds model in 21-cmsense, with a wedge super-
horizon buffera = 0.1 h Mpc‘1 [50, 51] and a HERA system
temperature Ty (v) = 100K+ 120K (v/150MHz) > [47].

Additionally, we follow Park er al. [25], Mason et al. [44] and
add Poisson noise (from the finite-size simulations) and a 20%
modeling error on the power spectrum. These terms are added
in quadrature to the 21-cmSense noise. We calculate the
likelihood in the window k = 0.1 — 1 A Mpc~!, corresponding
roughly to limits on the foreground noise and the Poisson noise,
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respectively.

Thus we produce two final observing times — one case
assuming 540 days of observations, and one caseassuming
180 days of observations, both assuming moderate foreground
noise.

IV. RESULTS

Here we describe the impact of ETHOS dark matter models
on the 21-cm global signal (Section IV A) and power spec-
trum (Section IV B). We then describe our forecasts for the
prospects of distinguishing ETHOS dark matter models from
astrophysics in Section IV C.

A. 21-cm Global Signal

While our forecasts will not include the redshift evolution of
the sky-averaged 21-cm temperature (i.e., the global signal),
its behavior is enlightening so we begin by describing it. Dif-
ferent ETHOS models result in different structure formation
histories, affecting the timing of the global 21-cm signal as a
function of kpeak and Apeak.

Figure 4 shows the redshift evolution of the global signal
for a range of ETHOS models. We compare models at two
different kpeac = [70, 100] hMpc~! for a range of hpeak. We
find that models with lower kpc.x have a delayed global signal
compared to CDM, due to the suppression in the abundance of
low mass halos, thus reducing the Lyman-« and X-ray flux at
early times. In Figure 5 we plot the star formation rate density
(SFRD) for these models where the impact of this suppression
is clear in the later build up of the SFRD.

Models with lower hpeax at fixed kpeax have more delayed
global signals due to the enhanced suppression in those models.
WDM (hpeax = 0) at fixed kpeai has the most delayed global
signal caused by the strong suppression of low mass halos.

The signal also happens more rapidly as a function of red-
shift compared to CDM as low mass halos are suppressed
meaning there isless of an early ‘tail’ to the Lyman-a back-
ground. As seen in Figure 5 once high mass halos are formed
the SFRD builds up quickly, resulting in a more rapid period
of Lyman-« and X-ray heating compared to CDM.

B. 21-cm Power Spectrum

Our main analysis will be of the 21-cm fluctuations, pa-
rameterized through their Fourier-space two-point function:
the 21-cm power spectrum. Figure 6 shows the 21-cm power
spectrum A%l (technically “reduced”, with units of mK?) for
a range of ETHOS models as a function of redshift at fixed
wavenumber k = 0.2 Mpc~!. We see a similar trend to the
global signal above where models with low kpeax and Apeak
have a more delayed 21-cm signal. The amplitude of the fluc-
tuations is also stronger for the ETHOS models compared to
CDM. At fixed kpeax the amplitude of the fluctuations becomes
stronger as Apeak decreases with WDM (fipeak = 0) resulting

Brightness Temperature T»1 [mK]
|
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o
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Kpeak =70 hMpc™t

= =Kpeak = 100 hMpc~1
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FIG. 4: 21-cm global signal for CDM (black thin line) and
ETHOS models, with kpeax = 70 and 200 £ Mp(:_1 (solid and
dashed lines respectively) for a range of Apeax € {0~ 1}
(different colors). Models with most suppression in the power
spectrum at small scales (Iow kpeax and low Aipeax) have
significantly delayed global signals relative to CDM.
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FIG. 5: Average star formation rate density (SFRD) for CDM
(black thin line) and ETHOS models with kpes =70 and 200
hMpc~! (solid and dashed lines respectively) for a range of
hpeax (colored lines). ETHOS models result in a delayed
onset of the SFRD relative to CDM.

in the highest amplitude. The increased amplitude is because
the suppression of small-scale structure means that low den-
sity regions of the matter field have a weaker 21-cm signal
compared to CDM. This thus increases the contrast in the 21-
cm signal between low and high density regions and therefore
boosts the amplitude of the power spectrum. Such a boost, at
lower z makes WDM models potentially easier to detect than
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FIG. 6: 21-cm power spectrum for CDM (black line) and
ETHOS models at £k = 0.2 Mpc_l, with kpeax = 70 and 200
hMpc~! (solid and dashed lines respectively) for a range of

hpeax (colored lines). ETHOS models result in a delayed

power spectrum with stronger amplitude and stronger
separation between the two peaks (corresponding to periods
of Lyman-a and X-ray heating). This is due to the delayed
onset, but faster build-up, of the SFRD, relative to CDM.

their CDM counterparts (akin to the fuzzy DM case in [52]).

Models with strongest power spectrum suppression (Apeax <
0.5, kpeak < 100 = Mpc™ 1) also have a more defined separation
in the two peaks in the power spectrum compared to CDM.
This is a result of a later, but more rapid build-up of the SFRD
(see Figure 5). The two peaks come from when the signal
is dominated by Lyman-a and X-ray fluxes respectively, i.e.
as the global signal goes into absorption and again when the
global signal starts to increase (note that we assume the gas is
neutral all the way to z ~ 10, so there is no impact of reion-
ization). The delayed structure formation in ETHOS results in
a delayed onset but more rapid build-up of Lyman-a and X-
ray backgrounds, which increases the contrast between the two
peaks. This in contrast to CDM where halos are formed earlier,
such that X-ray heating happens at early times and resulting in
the Lyman-a and X-ray heating epochs overlapping.

C. HERA forecasts

To forecast how well upcoming 21-cm experiments will be
able to constrain astrophysics and dark matter properties we
perform an MCMC forecast using the 21-cm power spectrum,
as described in Section IIT A. We make forecasts with HERA
[47] assuming moderate foreground contamination (see Sec-
tion I1I B).

We examine the four cases of ETHOS dark matter as listed
in Table V, corresponding to WDM, weak, moderate and
strong DAOs. We show the 21-cm power spectra as a func-

tion of wavenumber for these models in three redshift bins in
Figure 7. The figure shows that amongst the DAO models
(weak, moderate, and strong, with Apex 2 0.3), the value of
kpeak is most important. The DAO models with the lowest
kpeax Tesult in the most suppression in the power spectrum
at early times: the strong DAO case is most suppressed with
logo kpeax = 1.7 hMpc_l. The WDM case with hpeax ~ 0
shows much lower power at early times.

Figure 8 shows the resulting parameter constraint forecasts
for the moderate DAO case assuming 5% noise. This figure
shows, for the first time, the degeneracies between astrophysi-
cal parameters and dark matter properties. Excitingly, the dark
matter parameters can be recovered well, especially kpeax. All
astrophysical parameters can be recovered well.

We see a degeneracy between lpeax and kpeax, as the power
spectrum could be explained by high Apcax and low kpear (i.€.
strong DAO but suppression at large scales) or low Ape;x and
high kpeax (i.e. weak DAO but suppression at smaller scales).
There is little degeneracy between the X-ray parameters Ey and
L4 and the star formation parameters €, and a,. There is no
degeneracy between Kpeak and hpeax and the X-ray parameters.
The star formation efficiency normalization, €,, and low-mass
slope, a4, are strongly degenerate with each other as they both
describe how efliciently the first low-mass galaxies formed
stars. As €, is defined as the normalization of the star formation
efficiency at the pivot mass Mpivor = 3 X 10" Mg, producing a
given star formation efficiency at ~ 1078 M, requires either
high values of both €, and @, or low values of both parameters.

The cosmological ETHOS parameters Apeak and kpeax affect
the formation time of the first galaxies, so they are also degen-
erate with the star-formation parameters €, and a,. Delayed
galaxy formation (from a lower halo abundance) will resultin a
lower Lyman-« flux at a fixed redshift, degenerate with a lower
star-formation efficiency. The strongest degeneracy between
the ETHOS and astrophysical parameters is thus between & peak
and €,.

Figure 9 shows the resulting marginalized parameter con-
straint forecasts on kpeax and hpeqx for the four different ETHOS
dark matter models listed in Table V. Excitingly, kpcak can be
well-constrained (within 10% inlog; kpeax) in all cases for 540
days of observations. Thus, HERA will be able to place strong
constraints on a cut-off in the DM power spectrum if there is a
significant deviation from CDM (i.e. kpeak > 100 hMpc1).
In the moderate noise case, the peak of the posterior is still at
the input kpeak value, but the posteriors are broader, making it
unlikely to rule out CDM at > 1o significance.

As mentioned in Section III A, we wanted to see how
well we can distinguish between dark matter with DAOs and
WDM. Both our WDM model and moderate DAO model have
log; kpeak = 2.0 but different h,e.c. While we can constrain
kpeax in both cases, unfortunately, even in the case of 540 days
of observations, we cannot constrain /.. This can be under-
stood by examining the power spectra (Figures 6 and 7): hpeax
produces a smaller difference in the power spectra compared
to kpeak making it more difficult to constrain.
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FIG. 7: 21-cm power spectrum for CDM (black line) and the fiducial ETHOS model with kpeax = 70 and 200 hMpc‘1 at
different redshifts z = 10, 14, 19. The plot shows both the signal for 180 days of observations (dashed line) and for 540 days of
observations (shaded region).

V. DISCUSSION

Here we have presented the first MCMC-based forecast on
the ETHOS parameter space using the 21-cm signal at cosmic
dawn. We have explored how different values of kpeax and
hpeak, Which parameterize the DM power spectrum at small
scales, can be distinguished from astrophysical effects, and
from each other. We find only small degeneracies between
the X-ray parameters vy and L4o and the Lyman-« parameters
€x and @y, recovering the results of Mason et al. [53] who
used a Fisher-matrix approach, and Park ef al. [25] who used
a MCMC to explore degeneracies of astrophysical parameters
with HERA (assuming CDM).

The key advances of our approach have been, first, to use
Zeus21 to efficiently model the 21-cm signal relative to e.g.
21cmFAST [25, 54-56]. By introducing the ETHOS frame-
work into Zeus21, changing the various cosmological param-
eters does not incur a large computational cost. Our MCMC
ran 10° — 10* times faster than if using 21cmfast, allowing us
to expand the parameter space to include non-CDM cosmolo-
gies. Secondly, by using MCMCs instead of Fisher matrices
we are able to unveil more complex degeneracies, such as the
banana shaped degeneracy between kpeak and fpeak (see Fig-
ure 8) which would not have been caught with a Fisher matrix
approach.

We investigated two scenarios with HERA of 180 and 540
days of observations respectively. Excitingly, we find that
in the case of 540 days of observations kpe,;x can be well-
measured and CDM can be ruled out with high significance
cases where kpeax < 100 A Mpc_l. We found Apeqx is difficult
to constrain even in the case of 540 days of observations, as
the strength of the DAOs is less important than their location
(kpeak) in changing the 21-cm signal. Nevertheless, our fore-
casts indicate that ke, can be constrained even with moderate
noise, showing that non-cold dark matter models are within the
reach of current HERA observations.

Our results are qualitatively similar to those of Giri and
Schneider [21] who performed MCMC parameter space fore-
casts for mixed (cold + non-cold) dark matter scenarios with

SKA, finding that 21-cm signal observations should place
strong constraints on the nature of dark matter.

We have not included molecular cooling mini-halos
M, <108 Mg, which would increase early star formation and
push the onset of the 21-cm signal to higher redshifts and re-
duce its amplitude (at least for CDM, [27, 57]). The inclusion
of molecular cooling halos would thus make the difference be-
tween CDM and non-CDM structure formation even stronger
as the suppression of low mass halos will be more appar-
ent. In this sense, our forecasts are conservative, as more
subtle departures from CDM can be found when including
molecular-cooling galaxies.

We have also only considered a one-to-one mapping be-
tween halo mass and star formation rate (Equation 14). Recent
JWST observations hint that star formation may be highly
stochastic in high redshift, low mass dark matter halos [e.g.,
58]. Asthe 21-cm signal depends on the total integrated SFRD
in the universe we expect the effects of stochasticity should be
averaged out, but this may add some additional uncertainty to
the inferred star formation parameters which could be explored
in future work. Furthermore, we have focused on z > 10 and
not modeled hydrogen reionization, as it is currently not imple-
mented in Zeus21 beyond a global neutral fraction. However,
the sensitivity of 21-cm experiments is best at high frequencies
(= 150 MHz, 7z < 8) where the radio background is lowest, thus
the improved signal-to-noise at lower redshifts would likely
improve our parameter constraints.

VI. CONCLUSIONS

In this work, we have explored the impact of non-CDM
dark matter on the 21-cm signal at cosmic dawn. We have im-
plemented the ETHOS dark matter framework in the Zeus21
21-cm signal code and performed MCMC parameter space
forecasts to, for the first time, test the prospects for con-
straining ETHOS dark matter with the 21-cm power spectrum,
marginalizing over unknown astrophysics. Our main results
are as follows:
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1. We find a generalized form of the smooth-k window
function in Extended Press-Schechter theory which pro-
vides a good description of halo mass functions span-
ning a broad range of dark matter models, including
CDM.

2. We create a generalizable form of the ETHOS power

spectrum as a function of the parameters /fpeax and
kpeax Which set the amplitude and wavenumber scale of

dark acoustic oscillations. This enables broad param-
eter space exploration interpolating between previous
results.

3. We have added ETHOS to the 21-cm signal code

Zeus21, making it possible to investigate how different
dark matter models affect the global 21-cm signal and
the power spectrum. As Zeus21 currently only includes
atomic cooling halos, the effect we find of ETHOS on
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the global signal and the power spectrum is conservative.
Star formation in molecular-cooling halos can make it
easier to detect deviations from CDM at small scales.

. Non-CDM dark matter models, like ETHOS, produce a
delayed, but more rapid redshift evolution of the 21-cm
global signal. This is because the suppression of small-
scale power results in a delayed formation, but a more
rapid build-up of halos and thus galaxies, compared to
CDM. The slower build up of the SFRD delays the onset
of Lyman-a heating, shifting the absorption in the 21-
cm global signal to lower redshifts than in CDM.

. ETHOS models produce 21-cm power spectra which are
also delayed relative to CDM (due to the later onset of

Lyman-a heating), and show a higher amplitude of fluc-
tuations and two strong peaks in redshift corresponding
to the epoch of Lyman-«a and X-ray heating respectively.
The higher amplitude of the power spectrum is due to
the increased contrast in the 21-cm signal between high
and low density regions relative to CDM

. We present the first MCMC forecast of the 21-cm power

spectrum varying ETHOS cosmology and astrophysi-
cal parameters. We find the ETHOS parameters kpeak
and hpeax to be degenerate with astrophysical param-
eters that determine the star formation efficiency (the
normalization, €,, and low-mass end slope, @y, of the
star formation efficiency) as they both affect when stars
are formed. Low kpeak and /Apeqr describe a HMF with



fewer low-mass halos, and as a consequence the forma-
tion of the first stars will be delayed.

7. We forecast it will be possible measure the ETHOS pa-
rameter kpeax, the scale at which power is suppressed,
for a broad range of DAO models with HERA with
just 540 days of observations, assuming a moderate-
foreground noise model. Our results imply we can rule
out CDM with high significance in the case of mod-
els with Apeax 2 0.5 (i.e. moderate and strong DAOs),
by constraining suppression at wavenumbers several
times larger than probed by other observations (e.g.,
the Lyman-alpha forest).

8. The amplitude of DAOs, hpeax, is more difficult to con-
strain in all models as it has a smaller impact on the
21-cm power spectrum compared to kpeax. We find it
is not possible to distinguish between a moderate DAO
and a WDM case with the same kpeax = 100 hMpc’],
but different hpeax, in the case of 180 or 540 days of
observations. It is possible that future work includ-
ing reionization (z < 10), molecular-cooling galaxies
(M, < 10® My) or combining with information from
the high redshift UV luminosity functions [25], will
demonstrate it is possible to measure /peak.

In summary, upcoming HERA 21-cm observations will be
able to measure the ETHOS parameter kpe,x, though likely not
hpeax- This will open the window to detecting non-CDM in
the 21-cm signal. Our results demonstrate that 21-cm observa-
tions have the potential to constrain the matter power spectrum
on scales smaller than current probes (k <200 2 Mpc~!). We
expect that future observations with lower noise may be able

13

to detect and distinguish both ETHOS parameters. Our results
suggest that this is possible regardless of the degeneracies be-
tween the ETHOS parameters and astrophysics, showing that
we can separate dark acoustic oscillations from astrophysics at
cosmic dawn.
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