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Mitigating the optical depth degeneracy in the cosmological measurement
of neutrino masses using 21-cm observations
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Massive neutrinos modify the expansion history of the universe and suppress the structure formation
below their free streaming scale. Cosmic microwave background (CMB) observations at small angular
scales can be used to constrain the total mass Xm,, of the three neutrino flavors. However, at these scales, the
CMB-measured Xm,, is degenerate with 7, the optical depth to reionization, which quantifies the damping
of CMB anisotropies due to the scattering of CMB photons with free electrons along the line of sight. Here
we revisit the idea to use 21-cm power spectrum observations to provide direct estimates for 7. A joint
analysis of CMB and 21-cm data can alleviate the 7 — £m, degeneracy, making it possible to measure Xm,,
with unprecedented precision. Forecasting for the upcoming Hydrogen Epoch of Reionization Array
(HERA), we find that a SO(10%) measurement of 7 is achievable, which would enable a >5¢
measurement of m, = 60 [meV], for any astrophysics model that we considered. Precise estimates of
7 also help reduce uncertainties in other cosmological parameters, such as A, the amplitude of the

primordial scalar fluctuations power spectrum.
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I. INTRODUCTION

Since its discovery, the cosmic microwave background
(CMB) [1] has played a dominant role in our understanding
of the Universe. Observing the CMB allows us to learn
more about the origins and evolution of the universe, and
test our current understanding of fundamental physics
[2-10]. One such example is the measurement of the
sum of neutrino masses Y m,. Neutrinos come in three
flavors. Neutrino oscillation experiments have revealed that
neutrinos have mass and obey three possible hierarchies:
normal, inverted, and degenerate [11-18]. Due to their
nonzero mass, neutrinos contribute to the total energy
density of the Universe and affect the cosmic expansion
rate and evolution of cosmic structures [19-22]. This
renders the CMB and large-scale structure sensitive probes
of the sum of neutrino masses [23-38].

However, processes in the late time universe, like the
epoch of reionization (EoR) [39,40], limit the precision
with which we can measure neutrino masses. Free electrons
along the light of sight to the surface of last scattering
influence the CMB anisotropies, an effect characterized by
the parameter z——known as the optical depth to reionization
[41]—which is one of the six parameters of the ACDM. It
has two main effects on the CMB power spectra [42,43].
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First, it damps the scalar perturbations as generated at
recombination by a factor exp(—27). This makes it highly
degenerate with A, the amplitude of the primordial scalar
perturbations, and at high multipoles, or smaller scales, also
highly degenerate with the sum of neutrino masses > m,
[44]. Second, the rescattering of the CMB photons off free
electrons at the reionization epoch generates a bump in the
CMB polarization power spectra at large angular scales
[45,46]. Observation of the large-scale CMB polarization
thus provides a measurement of z, which allows breaking
the degeneracy with A; and > m, to some extent.
Improving the measurement of 7 will be crucial for
differentiating between the mass hierarchies of neutrinos
and enabling a robust detection of the total mass.

A number of current probes, including the Lyman-a forest
[47—-49], Lyman-a emitting galaxies [50-53], the kinematic
Sunyaev-Zeldovich effect [54-58], etc., allow to place direct
constraints on 7. Similarly, > | m,, can also be determined by
measuring the expansion rate using distance ladders [59,60],
from large-scale structure surveys [33,61-63], Lyman-a
forest surveys [64,65], line-intensity mapping [66—68], the
post-reionization 21-cm signal [69-75], etc. All these inde-
pendent observations can be combined together for a
precision measurement of ) m,. In this paper, we assess
the feasibility of using the 21-cm signal from EoR as a direct
probe of 7.

The redshifted 21-cm observations are a very sensitive
probe of EoR. A number of telescopes such as LOFAR
[76], HERA [77], GMRT [78] and SKA [79] are seeking
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the signal from high redshifts. Fluctuations in the 21-cm
signal probe the density-weighted electron fraction in the
EoR, which is the primary ingredient required to compute
7. Therefore, 21-cm observations provide an independent
measurement of 7z [80-82]. Small-scale damping in the
21-cm power spectrum, caused by the neutrinos, also
provides an independent estimate of > m, [83]. A joint
analysis of the 21-cm fluctuations and the CMB data thus
helps to precisely estimate z, break the z — > m,, degeneracy,
and significantly reduce A > m,. This idea was first coined
by Ref. [81] where it was shown that A m, can be
measured with +12 [meV] accuracy if 21-cm observations
from HERA are combined with the CMB observations. Here
we revisit the analysis presented in Ref. [81] with an updated
treatment and provide forecasts for the combination of
HERA and the planned CMB-S4 experiment [84,85].

In order to generate the mock observations of HERA,
Ref. [81] used the publicly available code 2lemFAST!
which assumes an inside-out model of reionization based
on the excursion set formalism as described in Ref. [86].
However, since their analysis, the 21cmFAST code has been
augmented with improved modeling (involving new para-
metrization) of the cosmic dawn and reionization astro-
physics [87-89]. Furthermore, for simplicity, they
assumed throughout the calculation that the spin temper-
ature, T'g, is much higher than the CMB temperature,
Tevs (T > Teomp), which is true only at the very
advanced stages of reionization. In addition, they assumed
an observation from HERA spanning a limited redshift
range of 6.1 <z <9.1.

In the analysis presented below, we use the latest
version of the 21cmFAST code, relax the assumption
Ts > Tcwmp, accounting for the exact evolution of T,
Tcmp and the kinetic temperature Tx as computed by the
21emFAST code, and consider 21-cm observations from
HERA across the redshift range 5 < z < 27, which spans
the cosmic-dawn (CD) era down to the end of reioniza-
tion. We have further considered additional effects like the
Lyman-a heating of the inter-galactic medium? [90-94],
Population III stars® [88,89,95-97], the relative velocity
between dark matter and baryon fluid* [100-106], and

'https://github.com/21cmfast/21cmFAST.

This mechanism is due to the resonant scattering between
Lyman-a photons and the IGM atoms, and is important when the
x-ray heating efficiency is not very high.

These first generations of stars are assumed to have formed
inside mini halos, in the mass range 10°-10°M, where the
molecular cooling process makes star formation possible in those
halos.

“This supersonic relative velocity between dark matter and
baryons after recombination is generated due to the interaction
between baryons and photons before recombination. The same
interaction gives rise to the baryon acoustic oscillations. This
supersonic velocity applies negative feedback and hinders struc-
ture formation inside the minihalos, modulating star-formation on
large scales. [88,98,99].

in-homogeneous Lyman-Werner (LW) radiation feed-
back’ [108—113]. Note that, in the current public version
of the 21ecmFAST code, the Lyman-a heating is not
included. We have made necessary changes in the code
to accommodate the Lyman-a heating in our calculations
[114]. Further, we have interfaced 21cmFAST with the
public Boltzmann code cLAss® [115-118] so that the
cosmological and astrophysical parameter degeneracies
can be studied consistently in a joint analysis of the CMB
and 21-cm signals. For more details on our implementa-
tion, the reader is referred to Refs. [114,119].

Using Fisher-based forecasts, we demonstrate that the
combination of 21-cm and CMB data from HERA and
CMB-S4 can yield a measurement of ) m, beyond the
precision required for a robust determination of the
neutrino mass hierarchy and a greater than 5¢ detection
of the minimal sum of neutrino masses.

This paper is structured as follows. In Sec. II, we
describe the fiducial experiments and observables used
in our analysis, and present in detail the methodology used
in this work. In Secs. III and IV we present our results, and
in Sec. V we summarize our main findings.

II. FORMALISM

In this section, we discuss the fiducial experiments we
chose to consider, along with the various observables as
well as the assumptions made throughout the analysis.

A. CMB

For the CMB experiments, we mainly used the publicly
available data products from Planck-2018 data release
[120,121]. We focus on the “TT, TE, EE + LowE+
Lensing + BAO” dataset since it provides the tightest errors
on parameters. We use the best-fit values from this dataset as
our fiducial cosmological parameters, and use the covariance
matrices provided by the Planck collaboration.” For sim-
plicity, we assume Gaussian parameter uncertainties so that
the inverse of the covariance matrix gives us the Fisher matrix
which we require later in the analysis. More details are given
in Appendix A.

The UV photons in the Lyman-Werner band (11.2-13.6 eV)
photo-dissociate the molecular hydrogen and imposes negative
feedback on star formation. In an earlier work, Ref. [107] have
implemented the LW radiation feedback for the 21-cm calcu-
lations in the 21cmFAST code. This work, however, assumed that
the intensity of LW radiation does not vary spatially, which is
physically less plausible. In a recent work, Ref. [89] has updated
the calculations to include the spatial variation of the LW
radiation intensity in the latest version of the 21cmFAST code.

6https://github.com/lesgourg/class_public.

7https://wiki.cosmos.esa.int/planck—legacy—archive/index.php/
Cosmological_Parameters.
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B. 21-cm observations

Next, we consider radio-interferometer observations of
the redshifted 21-cm signal from the neutral hydrogen (HI).
These measure the Fourier transform of the two-point
correlation function of the intensity fluctuations, also
known as the power spectrum

BPy (k, z
83k z) = P2l m

where Py, (k,z) = (To; (k. 2)T3, (k. 2)) and T, (k, z) is the
Fourier transform of T, (X, z) — (T»;(z)). Here T (%, z)
represents the 21-cm intensity fluctuations from various
positions and directions in the sky, and (T, (z)) is the sky
average of the intensity fluctuations at a single redshift.
T, (X, z) can be approximately written as [122-124],

- Tevmp H
T )~ T, 1+6 1— , (2
21(X,2) & Toxp (1 + b)( T, ><H~|—0vr/ar> (2)

where xy; is the hydrogen neutral fraction, J,, is the baryon
density contrast, Tcymp is the temperature of the CMB, T'; is
the spin temperature of the hydrogen atoms, dv,/or is the
derivative of the comoving radial peculiar velocity with
respect to the comoving radial distance and T, being,

9hC2A109hH0

Y%BN
Ty = - 3
’ 12871Gk3y§,/4m,,£2,1n/2< 4 ) e

where 7 is Planck’s constant, A,y = 2.86 x 10715 s7! is the
Einstein coefficient for the hyperfine (21-cm) transition, G
is the gravitational constant, kz is Boltmann’s constant,
V1 ~ 1420 MHz is the frequency of the 21-cm line, m ), is
the proton mass, H, is the Hubble parameter, Q, is the
normalized baryon energy density, Q,, is the normalized
matter density, Y5BN is the helium abundance and y is the
mean molecular weight. On large scales, §, can be
approximately assumed to be the same as the dark matter
overdensity J,, which is a crucial assumption in the
seminumerical simulations. In the inside-out model of
reionization, sources form at the high density (or high
0,,) regions and the ionizing photons propagate out of those
regions to ionize H I. Therefore, the regions around the high
densities are highly ionized with xy; & 0. On the other
hand, the low density regions keep the hydrogen neutral
(xgr = 1) until the end of reionization. These low density
regions contribute to the 21-cm signal budget at high
redshift. Further, baryons in these low-density regions
directly follow the dark matter distribution, so that
assumption §;, = §,, holds.

In order to simulate the observed 21-cm power spectrum
and global signal for an input set of astrophysical and
cosmological parameters, we use a modified version of the

public semi-numerical code 21cmFAST [891.% used by
Refs. [114,119], that includes the effects of Lyman-a.
This code is also interfaced with the CLASS code so that
the degeneracies of the cosmological parameters can be
robustly studied. Once again, for more information about
the various features used in our code, the reader is referred
to Refs. [114,119]. The astrophysical parameters and
modeling we used are elaborated on in Refs. [88,89].

We have considered three different configurations of the
21emFAST code in calculating our results:

(1) Scenario A: Here we assume that both the Population

II stars (formed inside the halos that contain atomic-
cooling galaxies or ACGs’) and Population III stars
(formed inside mini-halos containing molecular-
cooling galaxies MCGs'") are present in the simu-
lations. The presence of Population III prepones the
onset of cosmic dawn, which otherwise would occur
at a later time [88,89]. Population III stars affect the
evolution of the 21-cm signal significantly, as can be
seen in various recent works [100—-107]. In Table I, we
mention some of the main astrophysical parameters
used in this work.

(ii) Scenario B: Here we do not consider the contribution

from MCGs, retaining only ACGs in the simulations.

(iii) Scenario C: In this case, we adopt the old para-

metrization of the 21ecmFAST code as was done in
Ref. [81]. Following Ref. [81], we use three param-
eters to parametrize the reionization process: T,
the minimum virial temperature of the first ionizing
galaxies; ¢, the ionizing efficiency of those galaxies;
and Ry, the mean free path of ionizing photons in
ionized regions in the Universe. This lets us compare
our estimates directly with the findings of Ref. [81].
This old parametrization, like in Scenario B, in-
cludes only ACGs. However, note that we can only
compare our results qualitatively with Ref. [81] as
we are using the latest version of the 21emFAST code
where some calculations have been updated.

It is important to note that, Scenario A is believed to
represent the most updated prescription of astrophysics at
high redshifts, and we shall mainly focus on Scenario A
when presenting our results. Meanwhile, Scenario B and
Scenario C will be considered as two alternative simple
prescriptions to be used for comparison.

For all three scenarios, we run the 21cmFAST code with a
box size of 600 Mpc and 1 Mpc resolution to compute
the 21-cm global signal and fluctuations. We drop the

8https:// github.com/debanjan-cosmo/21cmFAST/tree/21cmFAST-
heating.

?ACGs mainly obtained their gas through HI (and He) line
transitions that are efficient at virial temperatures T.; = 10* K.

"Inside MCGs, the gas cools mainly through the H, rota-
tional—vibrational transitions efficient at T; ~ 103-10* K. Note
that, most ACGs at high redshifts are ‘“‘second-generation”
galaxies, forming out of MCGs.
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TABLE I. The main astrophysics parameters and their definitions used in Scenario A and Scenario B (refer to
Sec. 11 B).

Parameters Description

Foe10eeennns Stellar to halo mass ratio at M. = 10'°M, for ACGs

Sagennn Stellar to halo mass ratio at M;, = 10’M, for MCGs

Fosc10weeee Escape fraction of ionizing photons at M. = 10'°M for ACGs
Sescgeeeenes Escape fraction of ionizing photons at M.;, = 10’M for MCGs
Ly......... Soft-band x-ray luminosity per SFR in units of ergs™' Mg' yr for ACGs
Ly mini---- Soft-band x-ray luminosity per SFR in units of ergs™' Mg' yr for MCGs

assumption T's > Tcyp used in Ref. [81] and consider the
exact evolution of the temperatures as given by 21cmFAST.
We also consider the Lyman-« heating, the relative velocity
between dark matter and baryon, and regular LW radiation
feedback strength (as defined in Ref. [89]) for all the
simulations. Note that, the relative velocity and the LW
feedback mostly affect the MCGs. We, therefore, expect to
see the signatures of these effects only in Scenario A.

We make forecasts for the HERA 21-cm intensity
mapping experiment [77]. HERA will measure the 21-
cm fluctuations from Cosmic Dawn (50 MHz or z ~ 27) to
the reionization era (225 MHz or z ~ 5). The ultimate setup
of HERA is expected to contain 350 antenna dishes, each
with a diameter of 14 m. Out of the 350 dishes, 320 will be
placed in a close-packed hexagonal configuration and the
remaining 30 will be placed at longer baselines. We
calculate the sensitivity of the HERA observations using
the publicly available package 21 cMSENSE'' [125,126].
This code accounts for the u — v sensitivities of each
antenna in the array and calculates the possible errors in
the 21-cm power spectrum measurement, including cosmic
variance. The total redshift coverage of HERA is divided
into 30 bins, and we assume that all the redshift bins are
observed simultaneously for a total of 180 days with
6 hours of observation per day. For the receiver temperature
we take T\, = 100 K.

In the 21-cm observations, the foreground is many orders
of magnitude brighter than the signal and is anticipated to
contaminate a significant amount of Fourier space [127-
130]. In the k, —k space, where k| and k, are the
components of the wave vector respectively parallel and
perpendicular to the line-of-sight direction, the contami-
nated part of the Fourier space appears like a “wedge”
[126,131]. The extent of this foreground wedge can be
parametrized [125,126] by assuming that all wave numbers
with k| below

K™ = a + b(2)k

are contaminated, where b(z) accounts for the chromaticity
of the antennae, and a is a constant superhorizon buffer.

"github.com/steven-murray/21cmSense.

In this paper, we consider “moderate” foreground contami-
nation (as defined in Refs. [125,126]) in 21CMSENSE for
the 21-cm observations with HERA. Here we assume
b(z) is determined by the horizon limit, and consider
a = 0.05 hMpc‘l. Further, the baselines are added coher-
ently. For a comprehensive reading about the details of the
different setups and foreground scenarios, the reader is
referred to Refs. [125,126].

C. Optical depth calculation

The optical depth to reionization, 7, is one of the six
parameters of the concordance ACDM model of cosmol-
ogy, and is given by the line-of-sight integration of the
mean electron density 7,

dl

T=or / n.(z) —-dz, (4)
dz

where o7 is the Thompson cross-section, and j—é is the

proper line-of-sight distance per unit redshift. The mean
electron density 72,(z) can be explicitly calculated using,

_ 1
ne = Ny [XHH(I + ) +ZXHHI(1 +6,)Y,BBN1, (5)

where n;, = ny + ny, is the baryon number density, which in
turn is the sum of the hydrogen ny and helium ny, number
densities. The ionization fractions (defined to be between
0 and 1) are given by xyy, and xyeq, referring to singly
ionized hydrogen and doubly ionized helium, respectively.
The helium fraction YBBN is defined as 4ny./n, and &,
denotes the baryon overdensity. Assuming the uncertainties
in the helium reionization to be negligible, as in Ref. [81], and
that helium is instantaneously reionized at z = 3, the
expression for the optical depth sourced by free electrons
from HI/Hel reionization (neglecting the contribution from
Hell reionization), can be simplified as,

N YEBN Myge 1 -1
4 my
ZomB dz(1 +2)? _—
Ut o T%5) (6
0 VQ+Q,(1+72)

. 3HOQbGTC 1
8zGm,,
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Note that, except for the xyy.(1 + &,) term, which is the
density-weighted ionization fraction [and is not equal to

Xam-(1 + 8,)], all the other terms are either fundamental
constants or cosmological parameters constrained by Planck
and other observations. These measurements of the cosmo-
logical parameters come with their own uncertainties, which
introduces errors in the calculation of 7.

So, for the time being, let us focus on this xyy.(1 + &)
term. Due to the presence of (1 + &), it is not straightfor-

ward to calculate xy(1 + &,). However, we can guess its
values at certain redshifts. For example, at z < 5, where the
universe is almost completely ionized, we can approxi-

mately take xyy(1 + ;) & 1, which makes the integration
utterly simple in this z range. Meanwhile, at high redshifts
(preceding reionization) we do not have sufficient free

electrons, and so xy(1 + &,) ~ 0. Guided by these argu-
ments, it is sufficient to take the upper limit of the
integration in Eq. (6) to be z = 35. Note that this calcu-
lation of 7 is subject to uncertainties in the cosmological
and astrophysical parameters, where the latter are more
dominant [82]. Therefore we need to understand and model
the astrophysical processes more precisely in order to have
more reliable predictions of 7.

In Fig. 1, we show the density-weighted mean xyy, i.e.,
xgn-(1 4 68;,) along with Xgy, calculated from 21cmFAST.
Both quantities increase rapidly below z ~ 10 and tend to
approach ~1 at low redshifts. Although at high redshifts
(z > 14), xy-(1 + 8,) and X seem to overlap, we see
that they are very different at z < 14. In fact, Xy remains
below xyy.(1 4 8) in the range z < 14. This suggests that
if we calculate 7 based on Xp alone, we will underpredict
the 7 value.

0.8 1 THIT
- {EHH(l + (51;)
.2 0.6
-+
Q
=
o=
= 0.4+
D
N
g
3
= 0.2
0.0 - : ; ; . T
6 8 10 12 14
Redshift z
FIG. 1. The density-weighted ionized fraction xyy(1+ 8,),

together with the mean ionized fraction Xy, calculated using the
corresponding density and ionized fields generated by the
21cmrAsT simulations considering Scenario A-I for the astro-
physics model, mentioned in Sec. IIB. Note here that,

xui(1 + 8,) and Xy are very different at low redshifts.

D. Computing 7 from 21-cm observations

The 21-cm power spectrum is very sensitive to this
combination xyy(1 + 8,), as can be seen from Eq. (2).
However, xyy(1 4 8;,) cannot be inferred directly from the
21-cm observations. The 21-cm power spectrum probes a
complicated combination of xyy(1 + &,) and astrophysics
(through T',) and this introduces degeneracy. Therefore, we
not only need a very precise measurement of the 21-cm
signal, we also need to have very accurate modeling of the
astrophysics in order to use the power spectrum to probe z.
In order to extract xyy(l + &) from the 21-cm power
spectrum, we use the 21ecmFAST seminumerical code. We

use the code to compute the quantity xy (1 + 8, ) in a light-
cone box, and integrate it in redshift to get the desired z.
Note that, the choice of reionization process is important
here as it decides the sign of the correlation between Xy
and J,, and here we assume an inside-out model of
reionization.

We now briefly outline the process to determine 7 in an
actual scenario where the 21-cm power spectrum is
measured with high confidence from any 21-cm observa-
tions. Given a measured 21-cm power spectrum, one can
use the 21emFAST code in a Bayesian inference pipeline to
simultaneously fit for the astrophysical and cosmological
parameters. Priors on the cosmological parameters can be
drawn from CMB or any other observations that measure
these parameters more precisely. Once the parameters are
determined with confidence, the 21ecmFAST code can be run

to determine xyy(1 + &8,) and calculate z. Since we are
using mock data, in order to simplify the analysis we use an
equivalent Fisher formalism that basically mimics the
above steps. We discuss the Fisher formalism below.

E. Degeneracy between 7 and model
parameters from 21-cm observations

In this section, we discuss the degeneracy between 7 and
other parameters, both astrophysical and cosmological. It is
important to study the degeneracy in order to understand
the improvements on A > m, due to 21-cm observations.
The fact that CMB or any other probe of cosmological
parameters will have different 7 — ) m, degeneracy in
comparison to the 21-cm observations, helps reduce
A> m,. We follow Ref. [81] and explain the process
briefly below. Unless otherwise indicated, the results
presented here are primarily based on Scenario A.

We define 7(p),, as a function of 11 parameters p =
[h7 Qbhz’ Qchzv ln(loloAs)’ g, 10g LX? logf*,lov logfesc,IO,
108 L mini> 10 f« 7,108 fesc.7], and given a set of parameter
values, 7(p)g, yields the value 7 from simulation. Note
that, the 21cmFAST simulation allows many more parame-
ters that one can vary in order to calculate z. However, the
inclusion of all the parameters makes the analysis lengthy.
Furthermore, some parameters do not change the 7 values
significantly even when varied over a significantly large

083531-5
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range. Based on these considerations, we have chosen the
above parameters to study the degeneracies. For more
details about the astrophysical parameters, the reader is
referred to Refs. [88,89].

Ah AQ, h?
o 0. .1 .01 1
Teim ~ 0.056 40 8(0.6766>+00 9(0.02242)—%0 63<

Alog L Al
+0.0065 <°gx) —0.043 <0gf*‘°> _ 0.047(

39.0 —1.45
A log f*,7 A IOg fesc.7
0.033< 30 ) 0.016< 1 )

Note that, Ap does not denote the uncertainties in the
parameters. Rather, it can be treated as a small perturbation
around the fiducial values in order to obtain the linearized
relation. We have chosen fiducial values such that those
produce the best-fit 7 value measured by the Planck dataset
as discussed in Sec. II A. As mentioned in Ref. [81], this is
needed for the self-consistency of the 21-cm predicted 7
and the CMB optical depth, which we shall discuss next.
From Eq. (7), it can be seen that the coefficients of the
linearized equation for the astrophysical parameters are
pretty small, and almost an order of magnitude smaller
compared to the coefficients of some of the cosmological
parameters. The cosmological parameters, on the other
hand, have large degeneracies with z. Note that the
coefficients of the linearized relation change to some extent
with a change in the fiducial values of the parameters.
However, this effect is not huge and the conclusions remain
qualitatively the same. The above statements also hold true
for Scenarios B and C.

F. Elimination of 7 using 21-cm observations

We again emphasize the goal of this work, which is to
constrain 7 using 21-cm observations and obtain tighter
constraints on cosmological parameters like A" m,. In
order to do so, we may perform the following likelihood
analysis where we incorporate 7 as estimated from the
21-cm observations into the constraints on the parameter
set p by performing a constrained marginalization over 7 to
obtain a likelihood function £(p). The likelihood function
for such an analysis can be written as

L(p) = / dtLou(p. 7)P(x(p)). (8)

where L. is the likelihood function from different
experiments, which may include CMB, galaxy surveys,
21-cm intensity mapping etc. The probability distribution,
P(z(p)), acounts for the modeling/simulations uncertain-
ties on 7. For simplicity, following Ref. [81], we assume
P(z(p)) is a Dirac delta function 62 (zgy,(p) — 7). This

Like in Ref. [81], we now seek a linearized relation
between 7 and the other parameters for a set of fiducial
values. Considering a small change A p around the fiducial
values, we find the linearized fit to the simulations

AQ h? Aln(10°4,) An
¢ 12(=——"2) 401 s
0.11933)+0 < >+O 9( )

Alog fesc,10> 4 0.00043 <A log LX,mini>

3.047 0.9665

—-1.42 39.0

(7)

|
choice ensures that the inferred value for 7 is consistent
with the one predicted by inputting all the other cosmo-
logical parameters into the simulations.

Note that the usual analysis would start with a prediction of
7 from 21-cm observations, and then use it in the CMB
analysis to reduce the uncertainties on the cosmological
parameters. But since 7z depends on the cosmological
parameters [as can be seen from Eq. (7)], the uncertainties
can be reduced further using this fact. To include all the
information in our Fisher analysis, following Refs. [81,132],
we assume that 7 values measured from CMB and predicted
by 21-cm observations match.

We can thus simplify the likelihood Ly,

1
L:expt(p’ T) X eXp |:_§ <F11(AT)2 + ZF,'TA[),-AT
i#t

+ Y F Ap;Ar+ ZF,»jAp,»Apj)} .9

#e ij#c

by assuming that it is a multivariate Gaussian distribution
with the correlations given by the components of the Fisher
matrices calculated for the various observations. Here Ap;
and Ar are the deviations of ith parameter and z around
their fiducial values [as stated in Eq. (7)], and F;;, Fy;, Fo,
are elements of the Fisher matrix F. For CMB observations
with Planck, F is just the inverse Planck covariance matrix.
We sum this with the calculated Fisher matrix for the 21-cm
power spectrum using 21cmFAST, assuming the noise and
foregrounds expected for observations with HERA. Now
we can evaluate the integral in Eq. (8), which is equivalent
to substituting = with 7, (p) in Eq. (9). Using the linear
approximation to 7y, (p), we then get

At =) alp;. (10)

where a; are the coefficients that match our linearized
relation. Substituting this into Eq. (9) gives us another
Gaussian likelihood for £(p) with modified Fisher matrix
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Fj; = Fij+aFj+a;F;+aa;F... (11)

This Fisher matrix forms the basis of our analysis, where
the information on 7z from the 21-cm power spectrum enters
as the coefficients a;. We can now use this modified Fisher
matrix to forecast constraints on the parameters.

III. RESULTS

A. Parameter uncertainties with 21-cm estimated t

Based on the likelihood function, Eq. (9), and the Fisher
matrix in Eq. (11), derived in the previous section, we now
proceed to make some quantitative predictions.

As mentioned previously, the 21ecmFAST code has a
number of astrophysical model parameters. When we
include MCGs in our calculations (Scenario A), the number
of astrophysical parameters almost doubles in comparison
to simulations where only ACGs exist. However, we find
that parameters for MCGs do not change the 7 value
considerably even when varied over a large range. Also, the
fiducial values for these parameters are largely unknown at
high redshifts. Based on these, we consider three cases
under Scenario A. Scenario A-I: In this case, we vary the
ACG parameters Ly, f4 10, fesc.10 along with the cosmo-
logical parameters, keeping the MCG parameters
L mini> f+.75 fesc7 fixed. Scenario A-II: This is quite the
opposite of Scenario A-I. We vary the MCG parameters
along with the cosmological parameters, keeping the ACG
parameters fixed. Scenario A-III: In this case, we vary both
the ACG and MCG parameters. Since Scenario A-III has
more astrophysical parameters, at the outset, we expect that
any forecast with Scenario A-III is likely going to be worse
as compared to Scenario A-I and Scenario A-II.

The top (bottom) portion of Table II contains the 1-o
constraint on the astrophysical parameters (with fiducial
values quoted in the second column) for Scenario A-I
(Scenario A-II) based on the mock measurement of the
21-cm power spectrum using HERA, as well as constraints
that arise from requiring that the parameters self-
consistently reproduce 7z in semi-analytic simulations,
which we shall refer to as the self-consistency requirement
from now on. In parentheses are the 1-o constraints
deduced from Scenario A-III for the entire set of astro-
physical parameters considered. Comparing the last two
columns, we see that the self-consistency requirement
barely improves the constraints on the astrophysical
parameters. This result is expected and congruous with
the findings of Ref. [81]. We also find that the MCG
parameters are almost an order of magnitude less con-
strained compared to ACG parameters. This indicates that
the variation in the MCG parameters does not change the
21-cm signal and 7 values as much as the ACG parameters.
Considering Scenario A-III, we found that the ACG
parameters are slightly less constrained compared to
Scenario A-I, and the MCG parameter constraints are very

TABLE II. The fiducial values and 1o errors for the astro-
physical parameters. The results are produced by simultaneously
constraining the astrophysics and cosmology parameters while
imposing Planck “TT, TE, EE + LowE + Lensing + BAO” prior
(Sec. II A) on the latter. The “Errors from P, (k)” column shows
the 1o forecast from the 21-cm power spectrum measured using
HERA (Sec. II B). The last column contains the errors following
the self-consistency requirement (see Sec. Il F), which demands
that the CMB-measured 7 matches the value of 7 that is predicted
from 21-cm observations. The first three rows correspond to the
astrophysical parameters for Scenario A-I, while the last three
rows correspond to the same for Scenario A-II. Inside the
parenthesis of all the rows, we show the results for Scenario
A-III. Note that the self-consistency requirement barely improves
the constraints on the astrophysics parameters.

Parameter Fiducial value Errors from P, (k)  +2l-cm

log Ly.... 39.0 +0.013 (0.013)  £0.012 (0.013)
10g fy10..  —145 40.022 (0.024)  £0.018 (0.019)
108 fercr0.  —1.42 +0.018 (0.032)  +0.018 (0.032)
108 L min 39.0 +£0.12 (0.13)  +0.12 (0.013)
108 fy 7... -3.0 +0.18 (0.23)  +0.18 (0.023)
108 fose7o.  —1.42 £0.17 (0.20)  +0.17 (0.020)

close to what we have for Scenario A-II. This is expected as
we have more parameters in Scenario A-III as compared to
the other two scenarios and this is possibly making the
errors larger. However, since the constraints in Scenario
A-III are not much different from the other two cases, we
shall only consider the results of Scenario A-I and Scenario
A-II from here onward.

Considering the same for cosmological parameters in
Table III, for Scenario A-I alone, we find that there is a
significant improvement in the constraints on some of the
parameters when adding the 21-cm power spectrum and

TABLE III. The fiducial values and 1o constraints on ACDM
cosmological parameters. The third column shows the errors from
the Planck “TT, TE, EE + LowE + Lensing + BAO” dataset
(Sec. IT A). The fourth column shows the 1o forecast from the
21-cm power spectrum measured using HERA gc (considering
Scenario A-I for the astrophysics model, mentioned in Section II B).
The final column contains the errors following the ‘self-consistency
requirement’ (see Sec. IIF). The boldfaced entries represent a
substantial reduction in error. In the last column, 7z is a derived
quantity and the corresponding error is written in italics. Note that
the self-consistency requirement significantly improves the con-
straint on Aj.

Parameter  Fiducial value  Planck  +P, (k) +2l-cm 7
Hy....... 67.66 +0.42 +0.15 +0.15

Qh2..... 0.02242 4+0.00014 +0.00012 £0.00012
Q.h%..... 0.11933 +0.00093 +0.00017 =£0.00017
In(10'°4,) 3.047 +0.014 +0.012  £0.0057
Mg 0.9665 +0.0037  +£0.0028  +0.0028
Tewevenins 0.056 +0.0072  £0.0060  +0.0012

083531-7



SHMUELI, SARKAR, and KOVETZ

PHYS. REV. D 108, 083531 (2023)

3084 —— Planck
—— + 2lem data

2 3.06
<
(e}
i
S 3041
SN——
=
—

3.02-

0.04 0.05 0.06 0.07

Treio

FIG. 2. The 95% and 68% confidence ellipses in the 7 —
In(10'°A,) plane. The green contours denote the constraints from
Planck “TT, TE, EE 4 LowE + Lensing + BAO” dataset, while
the orange contours are generated after including the 21-cm
power spectrum observations from HERA (considering Scenario
A-I for the astrophysics model, mentioned in Sec. I B) and the
self-consistency requirement on 7 (see Sec. IL F). We see that the
21-cm observations and the self-consistency requirement together
reduce the 7 — A, degeneracy and also improve the constraints
on Aj.

most importantly the self-consistency requirement. We can
see, for example, a noticeable reduction in the error bar for
In(10'°A;), as the 21-cm observations break the CMB
degeneracy (A e™>%) between A, and 7, allowing much
better constraints on both parameters. This is evident from
Fig. 2, where the 1 and 20 ellipses on the A; — 7 plane for
Planck shrink and become less tilted when we add
information from 21-cm observations. Notice that we
had to account for the covariant term between A, and r,
which was done by considering only the A part in Eq. (10)
and taking Ap as the 1o error on A;. This, of course, is the
term determining the tilt of the ellipse. Now considering
results for Scenario A-II in Table VI in Appendix B, we see
that the cosmological parameter constraints are almost
similar for these two scenarios. Based on this finding,
from now onward, we shall drop Scenario A-II and mainly
focus on Scenario A-I whenever we discuss results for
Scenario A.

As mentioned, in the formalism developed in Sec. II F, 7
is marginalized out of the set of parameters as a self-
consistency requirement. Due to this, in Table III, 7 is a
measured quantity in the third and fourth columns and
appears as a derived quantity in the last column. Now, to
estimate the error on the derived 7, we use the likelihood
L(p) given in Eq. (8). We draw random samples of the
parameters p from L(p), and feed the values into the
linearized relation given by Eq. (7) to calculate 7 for each
set of p. The uncertainty on 7 is then estimated from the
spread of the 7z values. Note that the random drawing
process needs to be continued until the standard deviation

of the 7 distribution converges. We find that for our
calculations, we needed O(1000) iterations of random
drawings before the standard deviation converged.
Considering the random drawing of both astrophysical
and cosmological parameters in this manner and focusing
on Scenario A-I, we find a 1o error on 7 of £0.0012. It is
interesting to check which set among the astrophysical and
cosmological parameters yield the maximum error on 7.
Suppose we first want to check the effect of the cosmo-
logical parameters. To do so, we marginalize Eq. (8) over
the astrophysical parameters and obtain £(p) which now
contains only the cosmological parameters. Given this
L(p) in hand, we perform the random drawing of the
cosmological parameters. We find that the cosmological
parameters yield £0.00052 error on 7. Repeating the same
process for the astrophysical parameters, where the cos-
mological parameters are marginalized before obtaining the
desired £(p), we find that astrophysical parameters intro-
duce +0.00060 error on 7. Note that, the error reduces
significantly once we drop any one set of parameters. This
suggests that there are degeneracies between astrophysical
and cosmological parameters, which enhances the error
when we consider both sets, and the error is reduced when
we fix either set.

B. Improvement on the sum of neutrino masses

In this section, we show how information on 7z from
21-cm observations can reduce the uncertainties on the sum
of neutrino masses )  m,. Cosmic neutrinos affect both the
cosmic expansion and the evolution of density perturba-
tions. In the early Universe, neutrinos are relativistic and
behave as radiation. As the Universe cools, they gradually
become nonrelativistic and behave like matter. If we
consider that the total matter density today has a contri-
bution from nonrelativistic neutrinos, then in the past when
neutrinos were relativistic, this contribution was missing.
This leads to a later matter-radiation equality when neu-
trinos were still relativistic. Further, the large thermal
velocities of neutrinos allow them to stream out of the
dark matter potential wells. As a result, they do not
contribute to matter clustering, and the growth of structure
is suppressed on scales smaller than their free-streaming
scale. This suppression can be mimicked by a lower value
of A,. Hence, the degeneracy between 7 and A, leads to a
7 — Xm, degeneracy.

In order to show how 21-cm observations break 7 — Xm,,
degeneracy, we repeat the same analysis used to produce
the results of Sec. III A, but this time including Xm, as an
additional cosmological parameter. The results are pre-
sented in Fig. 3 and Table IV. For the future CMB-S4
predictions (details provided in Appendix A), we use the
multipoles # = 50 and above. Measurement at these multi-
poles will be important to break the degeneracy.

Forecasts for the Euclid galaxy survey are generated
following Ref. [133]. Here we use the constraints coming
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FIG. 3. The 95% and 68% confidence ellipses in the 7 — Xm,,

plane. The green contours show the results when we combine the
Planck polarization measurement at low #, the CMB-S4 forecast
at £ > 50 and the Euclid galaxy power spectrum forecast. The
orange contours show results when, in addition to the data used
for the green contours, we combine the 21-cm power spectrum
forecast for HERA (considering Scenario A-I for the astrophysics
model, mentioned in Sec. II B) and the self-consistency require-
ment on 7 (see Sec. Il F). We see that the 21-cm observations and
the self-consistency requirement together diminish the 7 — Xm,
degeneracy and also improve the constraints on Zm,,.

only from the galaxy power spectrum. Note that, it is
possible to also include the constraints coming from the
galaxy bispectrum which will likely help to reduce the
parameter errors [133—-138]. However, for the current

TABLE IV. The fiducial values and 1o constraints for the usual
ACDM cosmological parameters plus the sum of neutrino masses
> m, as an additional parameter, as discussed in Sec. III B. The
third column shows the 1o errors combining the Planck polari-
zation measurement at low ¢, forecast from CMB S4 observations
at £ > 50 and forecast from galaxy power spectrum measured by
Euclid survey. The last column shows the 1o errors when we add
forecast for the 21-cm power spectrum measured using HERA
(considering Scenario A-I for the astrophysics model, mentioned
in Sec. II B) and for the self-consistency requirement, together
with the data used to produce results in column three. The
boldfaced entries represent a substantial reduction in error. We
see that the 21-cm observations together with the self-consistency
requirement improve the constraints on ) m,.

S4f>50 —+ Euclid

Parameter Fiducial value +Planck Pol +P, (k) +21 cm <
Hy..oue 67.66 +0.18 £0.09
Qh%......... 0.02242 +0.000031 +0.000030
Q... 0.11933 +0.00032 +0.00011
In(1004))..... 3.047 +0.0078 +0.0009
Hguereeneeannn 0.9665 +0.0015 +0.0013
Toverrneeeenns 0.056 +0.0043 +0.00035

S m, [meV]... 60 £16.2 +11.8

analysis, the forecasts from the galaxy power spectrum
are sufficient.

Here, we also include the predictions for the CMB-S4
observations. Note that for the same ¢ range, CMB-S4
observations dominate over Planck. We therefore use the
Planck Polarization dataset to avoid any overlap in the ¢
range with CMB-S4. We combine high £ CMB-S4 obser-
vations with low £ Planck Polarization data. This choice
automatically avoids any covariance present in the two
datasets. Note however that the Planck polarization dataset
alone provides a significantly larger error on Xm,,.

Planck measurement estimated AXm, to be £38 meV
using the dataset discussed in Sec. II A. With future CMB-
S4 observations at high ¢, combined with future results
from Euclid, it is possible to reduce the 1o uncertainty
down to £16.2 meV. Now considering Scenario A-I, when
we combine the results from future HERA observations
with the self-consistency requirement, we find that the
uncertainty on Xm, shrinks further down to +11.8 meV.
This uncertainty is even smaller, 6.8 meV, in the case of
Scenario A-IIL, as shown in Table VII in Appendix B. The
7 — Xm, degeneracy breaking due to 21-cm observations
can also be seen in Fig. 3 where the tilt of the ellipses
becomes vanishingly small as we add information from
reionization via the 21-cm observation. The ellipses also
shrink, indicating that the degeneracy breaking further
improves the constraints on the parameters. In summary,
the analysis in this section indicates that it is possible to
weigh the neutrinos with 256 accuracy if we combine 21-cm
and CMB data. Note, however, that the inclusion of CMB-S4
observations is crucial here as it also helps to break the
7 — Xm,, degeneracy and enables a better constraint on Xm,,.
Without CMB-S4 and retaining only the Planck polarization
data, the 21-cm observations, and the Euclid survey, the
uncertainty in Xm,, increases up to =50 meV.

In addition to the above, we repeat the whole analysis
using the observations with Simons Observatory (SO)
instead of CMB-S4, and found similar constraints on
~m,, as well as on the other parameters. In short, we need
to combine the next generation CMB observations along
with the 21-cm intensity mapping (and galaxy survey) data
in order to achieve better accuracy on Xm,,.

IV. COMPARING WITH OTHER SCENARIOS

In this section, we compare the results for Scenario A with
Scenario B and Scenario C. Note again, that both Scenario B
and Scenario C consider only ACGs in the calculations. The
only difference is in the parametrization. While Scenario B
uses the latest parametrization, Scenario C uses the old
parametrization of 21cmFAST [81].

Considering Table V, we find that the ACG parameters for
both Scenario A and Scenario B are similarly constrained
from the 21-cm observations and the self-consistency
requirement improves the constraints only slightly. In the
case of Scenario C, the astrophysical parameters are pretty
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TABLE V. Same as Table II, but for Scenario B (top rows) and
Scenario C (bottom rows).

Parameter ~ Fiducial value Errors from P, (k) +21-cm 7
Lx........ 39.0 £0.013 £0.012
Fae10eeeeeene —1.45 +0.025 +0.017
Foet0mnnnn —1.42 +0.013 +0.010
Covvvnenn 30.0 £1.02 £1.02
T, K] 8.5 x 10* +2.21 x 103 +2.13 x 103
Ry [Mpc] 35 +6.5 +6.4

well constrained and the self-consistency requirement makes
a small improvement.

Comparing the results with Ref. [81], we find that in our
case ¢ and T; are slightly better constrained, and R, is
slightly less constrained. Note that, we have used 30
redshift bins in the range z = 5 to 27. On the other hand,
Ref. [81] used a limited redshift range z ~ 6 to ~10, albeit
with many more redshift bins within this range. As we have
stated earlier, observations at different redshifts help to
break the degeneracy between the different astrophysics
parameters and ultimately reduce the uncertainty on the
parameters. This is possibly happening with { and T;, in
our analysis. Now, the parameter Ry, is only important
during the reionization. The analysis in Ref. [81] mainly
focuses on this z range and has many more z bins than ours
on this particular range. Therefore, they have more infor-
mation on Ry, which helps reduce the uncertainty in Ry,
in their analysis.

In Table VI, we compare the constraints on the
cosmological parameters for the three different scenarios
of the 21-cm signal modeling. We find that in all the
scenarios, the cosmological parameters have similar errors
when we add the 21-cm power spectrum observations. For
all the scenarios, the self-consistency requirement improves
the constraints on A, significantly, and the constraints on
other parameters are improved marginally. Despite this, for
each parameter, the constraints look similar in all the
scenarios. This is true even for the derived parameter z,
and we find the minimum 7 error for Scenario B and
maximum for Scenario A-I. Overall, the results in
Table VIII suggest that the constraints on the cosmological
parameters weakly depend on the detailed modeling of the
astrophysics. Note that the constraints can change for
different fiducial values of the parameters, although the
qualitative results will remain the same.

In Fig. 4 (top), we compare the 7 — A, degeneracy
breaking for the three scenarios mentioned above.
Comparing the tilts of the ellipses in the 7 — A, plane,
we see that the tilt is maximum for Scenario A-I, followed
by Scenario B, and we find almost no tilt for Scenario C.
The errors on 7 and A, are also largest for Scenario A-I.
This indicates that, in certain astrophysical scenarios, the
7 — A, degeneracy cannot be removed fully even with
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FIG. 4. Top panel is same as Fig. 2 and bottom panel is same as
Fig. 3 (bottom). In addition to Scenario A-I, these figures show
results for Scenario B and Scenario C. We see that the 7 — A;
degeneracy is minimum for Scenario C. We see that the 7 — Zm,,
degeneracy is vanishingly small for all scenarios.

information on 7 supplied from the 21-cm observations,
and the degree of this remaining degeneracy is model
dependent.

In Table IX, we compare our results for A > m,, under
the three astrophysical scenarios. In column two of this
table, we show predictions for A > m, when the Planck
polarization (low £) data is analyzed together with CMB-
S4 and Euclid data. Note that CMB-S4 is predicted to
measure the lower power spectrum multipoles very accu-
rately, which is crucial for the measurement of the
reionization bump and this provides an independent esti-
mate of . We find that A ) m,, is smallest for Scenario C,
followed by Scenario B, and finally we get maximum
A > m, (£11.8 [meV]) for Scenario A-I which is slightly
better than the result obtained by combining the estimates
of the Planck polarization map along with the CMB-S4 and
Euclid predictions (+16.2 [meV]). Although the derived
parameter ¢ has maximum error for Scenario C, the
constraints on 7 for other scenarios are not far from this
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value. These results indicate that the accuracy of the
neutrino mass measurement depends very much on the
modeling of astrophysics.

In Figure 4 (bottom), we show the 7 — Xm, degeneracies
for the three astrophysical scenarios. Comparing the tilt of
the ellipses, we can clearly see that the degeneracy is
vanishingly small for all three scenarios considered. This
suggests that the 21-cm observations can successfully break
the degeneracy between 7 and Xm,,, and this result is largely
independent of the modeling of astrophysics.

V. SUMMARY AND CONCLUSIONS

Neutrino oscillation experiments have established that
neutrinos have nonzero mass, and there is a mass hierarchy
for the three flavors of neutrinos. Massive neutrinos change
the kinematics of our Universe’s expansion. They also
dampen structure growth on scales below their free-
streaming length, leading to a deficit in power on small
scales. This effect is more pronounced if the sum Xm, of
their masses is large. Neutrinos signatures can be observed
in the CMB and galaxy power spectra, and Xm, can be
constrained using the CMB and large-scale structure
observations. This, however, is not straightforward.

The presence of free electrons in the IGM during and
after the reionization era limits the cosmological measure-
ment of Xm,. Specifically, the optical depth parameter r,
which is a measure of the column density of free electrons
in the IGM and one of the ACDM model parameters, is
degenerate with Xm, and the scalar amplitude A,. This
degeneracy hinders the precise measurement of Xm,, and
also of A,. We, therefore, need independent and precise
estimates of = from other observations, which can then be
used to reduce the uncertainty on Xm,. The other option is
to measure Xm, directly from some observations. This
paper focused on the former approach.

The 21-cm signal from reionization is a plausible probe
of the IGM electron density, and thus provides an inde-
pendent measurement of z. Using it to mitigate the 7 — Xm,,
degeneracy was first proposed and studied in Ref. [81],
which showed that combining 21-cm and CMB data can
significantly reduce the uncertainty in Xm, (see also
Ref. [82], which performs a similar analysis based on
cosmological perturbation theory with a symmetries-based
bias expansion). In this paper, we revisited this analysis,
relaxing sum of the assumptions (such as T's > Tcyp) and
using a modified version of the 21emFAST code that is
interfaced directly with the CMB code CLASS so that the
degeneracies between astrophysical and cosmological
parameters could be consistently accounted for. We have
further considered additional effects like the Lyman-a
heating of IGM, Population III stars, the relative velocity
between dark matter and baryon fluid, inhomogeneous
Lyman-Werner (LW) radiation feedback in our analysis.

We considered 21-cm observations with the HERA radio
telescope spanning the range 5 < z < 27, in a scenario with

moderate foreground contamination (see Ref. [125]).
Although the moderate foregrounds plague the 21-cm
power spectrum measurement at z > 20, we still have
significant sensitivity near the reionization redshifts. The
power spectrum is then used to constrain the astrophysical
model parameters. The current generation of 21-cm obser-
vations, like HERA, does not have much sensitivity to
constrain the cosmological parameters. Thus, initially, it
can be assumed that the cosmological parameters are
known from CMB and other observations, and the astro-
physical parameters will only be determined from the
21-cm power spectrum. Having the astrophysical param-
eters in hand, we can use them in a simulation, like
21emFAST, to generate the density and ionization fields. 7
can be estimated from the density-weighted ionization
fraction. Finally, this 7 value can be used in the CMB
analysis to break the 7 — Xm, degeneracy.

Realistically the CMB, 21-cm and other data should be
analyzed jointly in Bayesian analysis to predict the astro-
physical and cosmological parameters. In this way, the
information from the 21-cm observations propagates self-
consistently into predicting the 7 values in the analysis.
However, here we do not perform a joint analysis.
Therefore, to achieve this self-consistency, we assume that
the CMB predicted 7 matches with the 7 estimated from the
21-cm power spectrum. Based on this self-consistency
requirement, following Ref. [81], we devise a Fisher
analysis technique and summarize our main findings below.

We find that the astrophysical parameters can be well
constrained with 21-cm observations. Although, parame-
ters associated with the MCGs are less constrained com-
pared to the parameters related to ACGs. MCGs (or
Population III stars) do not play a dominant role in the
reionization process, so the parameters related to MCGs do
not change the 7 values noticeably even when changed over
a large range. Considering the forecast for the cosmological
parameters, we find that the 21-cm derived 7 information
reduces the uncertainties in all the parameters. This is most
significant for A, where this mitigates the degeneracy
A,e™” inherent to the CMB. However, this degeneracy
breaking depends on the astrophysics models and we found
that in certain astrophysical scenarios, this degeneracy is
not completely alleviated.

21-cm observations are key for a precise cosmological
measurement of the sum of neutrino masses. Future CMB
observations promise to measure the reionization bump at
low ¢ multipoles of the polarization power spectrum, which
can provide an independent measurement of 7 and break the
7 — Xm,, degeneracy. Meanwhile, future galaxy surveys will
provide independent measurements of Xm,. Combining
estimates for CMB-S4 and Euclid, along with Planck
polarization data, we find that Xm, can only be measured
witha £16.2 [meV] error, for a fiducial Zm,, of 60 [meV] (the
minimum value predicted by terrestrial experiments). This
uncertainty can be further reduced to +11.8 [meV] or lower,
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using the 21-cm derived 7 information from HERA obser-
vations. All this translates into a =50 detection of m,, for the
fiducial Xm,, value and astrophysical models considered.

Our result is marginally more optimistic than that
obtained in Ref. [81]. Considering the bounds from the
neutrino oscillation experiments [139], the minimum value
of Xm, is ~60 meV for the normal hierarchy and
~100 meV for inverted hierarchy. Therefore, our results
demonstrate that incorporating 21-cm data will enable a
robust determination of the neutrino mass hierarchy.

Our analysis is based on the assumption that the fore-
ground in the 21-cm observations with HERA will be
confined within specific parts of the k; — k| plane and we
can avoid those k-modes when computing the 21-cm power
spectrum (see Sec. Il B). We have considered a moderate
foreground contamination scenario where the parameters
that define the boundary of the foreground wedge in the
k, — ky plane are setas: a = 0.05 hMpc™!, b(z) is decided
by the horizon limit, and baselines are added coherently.
Although, in reality, foregrounds are not so well behaved
and in real observations, foregrounds contaminate the k| —
k| space even beyond the expected wedge limit [140,141].
Avoidance of the foreground in such cases results in loss of
some or many of the k-modes. A realistic scenario would be
to try to clean the contaminated k-modes and recover the
cosmological information; this however introduces addi-
tional challenges. Adding any realistic foreground scenario
is beyond the scope of this work. In order to check the
robustness of our results against the assumptions on the
foreground, we have considered another scenario where
the foreground wedge contaminates a significant amount of
the k; — k| space and we call it a “pessimistic” contami-
nation scenario. Here, the only two modifications over the
moderate scenario are that a = 0.1 2~ Mpc~' and the base-
lines are added incoherently. We find that there is a slight
increase in uncertainty of AXm,, +£13.2 [meV], when we
consider the pessimistic foregrounds. This is expected as
more of the k-modes are now contaminated as compared to
the moderate scenario. However, we have sufficient infor-
mation on 7 from the remaining k-modes that Zm,, can still
be measured with good accuracy. When considering a
scenario where a larger fraction of k-modes are compro-
mised due to diverse factors, a decline in measurement
accuracy can be anticipated. However, as long as we can
effectively address and recuperate the affected k-modes, the
prospects for accurately measuring both 7 and Xm, remain
promising.

There are a number of probes, like the Lyman-a forest
[47-49], Lyman-a emitting galaxies [50-53], the kSZ
effect [54-58], etc; that can directly measure 7.
Experiments like JWST also probe astrophysics during
the pre-reionization era, which again provides ample
information on 7 [142]. The galaxy surveys [33,61-63],
measurement of the expansion rate using distance ladders
[59,60], Lyman-a forest surveys [64,65], line-intensity

mapping [66—68], the post-reionization 21-cm signal
[69-75], etc., provide direct estimates of Xm,. The
velocity acoustic oscillations [107,119,143] (originating
from the fluctuations in the relative velocity field between
dark matter and baryons) are expected to be observed in
the 21-cm power spectrum during the cosmic dawn epoch.
The phase shift in the velocity acoustic oscillations caused
by the supersonic propagation of neutrinos (similar to
what is recently constrained from baryon acoustic oscil-
lations [144]) can also provide direct measurement of
Zm,. All these independent observations can be com-
bined, along with the CMB and 21-cm data, to pinpoint
Xm,,. We shall explore some of these possibilities in future
works.

We finally reiterate the essence of this paper, which is
that the high-precision measurement of the 21-cm signal
from experiments like HERA and SKA will not only lead to
a significant improvement in our comprehension of high
redshift astrophysics, but also supply invaluable informa-
tion about cosmology and fundamental physics, such as the
sum of neutrino masses.
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APPENDIX A: FISHER ANALYSIS
FORMALISM FOR CMB-S4

Here we outline the formalism used to calculate the
Fisher matrix for CMB-S4 based on Ref. [145]. The CMB
power spectra can be written as

cX¥ = (4n)2/k2T;‘(k)TlY(k)P(k)dk (A1)

where the indices X,Y = T, E stand for temperature and
E-mode polarization respectively, and T are their transfer
functions. We note we haven’t considered the lensing
potential C¢? in our analysis for simplicity.

For a set of parameters 6; for which we want to forecast
the errors, we define the Fisher matrix as

21+1

oC
Fij =%~ fuyTr [C;l !

00,

ac,
%]
o0,

where f is the covered fraction of sky and the matrix C,
is defined as
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o o
- . (A3)
Crt  CrE
We further define
CIT = CIT 4 NTT,
CEE — CEE 4 NEE (A4)
where N¥X are the noise power spectra, given by
N[TT — A% expl(”'l)"i,
NEE =2 x NIT| (A5)

where Ay is the temperature sensitivity and ¢, = Opwum/
8log(2), with the full-width-half-maximum 6%y
given in radians.
In our analysis we choose the CMB parameters
0; € {Hy, Q,h*, Q.h%, In(10'°A,), n,, 7}.

APPENDIX B: ADDITIONAL RESULTS

In this section, we present some additional tables that
allow a comparison of the results between the different
astrophysical scenarios. Tables VI and VII are same as
Tables III and IV respectively, but for Scenario A-II.
Moreover, Tables VIII and IX exhibit a comparison between
Scenario A-I, Scenario B and Scenario C.

TABLE VI. Same quantities as in Table III, here considering Scenario A-II for the astrophysics model (Sec. II B).
The boldfaced entries represent a substantial reduction in error.

Parameter Fiducial value Planck +Py; (k) +21l-cm 7
H....... 67.66 +0.42 +0.24 +0.24
Q,h%..... 0.02242 +0.00014 £0.00012 +0.00012
Q... 0.11933 £0.00093 £0.00036 £0.00036
In(10°4)) 3.047 +0.014 +0.011 +0.0065
/J 0.9665 +0.0037 +0.0030 +0.0030
Tereernnn 0.056 +0.0072 +0.0055 +0.0018
TABLE VII. Same quantities as in Table IV, here considering Scenario A-II for the astrophysics model

(Section II B). The boldfaced entries represent a substantial reduction in error.

Parameter Fiducial value S4,. 50 + Euclid + Planck Pol +Py (k) 421 cm 7

Hyooovven 67.66 +0.18 +0.09

QR 0.02242 +0.000031 +0.000030

Q.h%.......... 0.11933 £0.00032 £0.00014

In(10'04))..... 3.047 +0.0078 +0.0010

Pgueeeneeneens 0.9665 +0.0015 £0.0013

Tueeeenneees 0.056 +0.0043 +0.00041

> m, [meV] +16.2 +6.8
TABLE VIII. Same quantities as in Table III, including a comparison between Scenario A-I, Scenario B and Scenario C. The
boldfaced entries represent a substantial reduction in error.

Scenario A-I Scenario B Scenario C
Fiducial Planck +Py (k) +2lcemz +Py (k) +2lcm 7 +Py; (k) +2lem =

Parameters
Hy........ 67.66 +0.42 +0.15 +0.15 +0.13 +0.13 +0.16 +0.16
Qh2..... 0.02242 +0.00014 +0.00012 40.00012 +0.0.00012 +0.00012 +0.00012 £0.00012
Q... 0.11933 40.00093 +0.00017 +0.00017 £0.00012 +0.00012 +0.00025 £0.00025
In(10'°4,) 3.047 +0.014 +0.012 +0.0057 +0.012 +0.0053 +0.010 +0.0052
Hguveenene 0.9655 +0.0037 +0.0028 +0.0028 £0.0024 +0.0024 +0.0030 £0.0030
Tevereeenn 0.056 +0.0072 +0.0060 +0.0012 £0.0062 +0.0007 +0.0052 £0.001
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TABLE IX. Same quantities as in Table IV, including a comparison between Scenario A-I, Scenario B and
Scenario C.
Scenario A-I Scenario B Scenario C

Fiducia value  S4,.50 + Euclid + Planck Pol ~ +21-cm data +21-cm data  +21-cm data
Parameters
Hy......... 67.66 +0.18 +0.09 +0.07 £0.05
Qh%....... 0.02242 +0.000031 £0.000030 +0.000030 £0.000030
Q... 0.11933 £0.00032 £0.00011 £0.00007 £0.00015
In(10104;). 3.047 +0.0078 +0.0009 +0.0009 +0.0009
Hguveeenane 0.9655 +0.0015 +0.0013 +0.0012 +0.0011
Teeveenans 0.056 +0.0043 +0.00035 +0.00036 +0.00044
> m, [meV] 60 +16.2 +11.8 +7.9 +6.8
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