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Upcoming measurements of the 21-cm line of neutral hydrogen will open a new observational window
into the early stages of structure growth, providing a unique opportunity for probing large-scale
cosmological signatures using the small-scale signals from the first stars. In this paper, we evaluate
the detection significance of compensated isocurvature perturbations (CIPs) from observations of the
21-cm hydrogen line during the cosmic dawn era. CIPs are modulations of the relative baryon and dark-
matter density that leave the total matter density unchanged. We find that, under different assumptions for
feedback and foregrounds, the ongoing HERA and upcoming SKAl-low experiments will provide
constraints on uncorrelated CIPs at the level of ¢(Acp) = 1073 — 107*, comparable to the sensitivity of
upcoming cosmic microwave background experiments, and potentially exceeding the constraints from
cosmic-variance limited baryon acoustic oscillation surveys.
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I. INTRODUCTION

The standard cosmological paradigm in which the
universe contains three major components: a cosmological
constant, cold dark matter and ordinary matter (ACDM)
with single-field inflation [1-5] predicts adiabatic initial
conditions with inhomogeneities in dark matter (DM),
baryons, neutrinos, and photons all uniquely determined
by the primordial curvature perturbations (see, e.g.,
Refs. [6—13]). More general theories with multiple degrees
of freedom during inflation, however, can source non-
adiabatic (isocurvature) perturbations, where the relative
mixture of DM, baryons, neutrinos, and photons become
independent degrees of freedom(see, e.g., Refs. [14-21]).
While measurements of the cosmic microwave background
(CMB) and galaxy distributions put tight constraints on
most forms of isocurvature perturbations, a specific form of
isocurvature perturbation is difficult to constrain from
CMB and galaxy surveys alone: compensated isocurvature
perturbations (CIPs). CIPs are fluctuations of baryons and
DM that leave the total matter perturbations unchanged and
adiabatic. Since the CMB is only sensitive to the total
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matter fluctuations, at leading order in the perturbation
amplitude, CIPs avoid stringent constraints from measure-
ments of the CMB alone, allowing for CIPs to have an
amplitude orders of magnitude larger than the adiabatic
modes [22-30]. A detection of CIPs can provide insight
into both the number of primordial fields that contribute to
the observed density fluctuations and their decay channels
(see, e.g., Refs. [31,32]).

Regardless of whether adiabatic or isocurvature, primor-
dial fluctuations seed the rich large-scale structure of matter
we observe in our Universe. As matter clusters under
gravity, however, its components can behave very differ-
ently. While the majority of matter is collisionless, dark,
and cold, a fraction of it is baryons which couple to photons
before recombination (at redshift z ~ 1100), giving rise to
the baryon acoustic oscillations (BAOs) observed in the
CMB and galaxy surveys. The same physics also induces a
bulk relative velocity between DM and baryons [33], which
strongly affects the formation of the first stars during the
cosmic dawn era (z ~ 10-30) [34-44] that will be soon
accessed by measurements of the 21-cm hydrogen line.
During these early times, the typical mass of collapsed
baryonic objects falls near the critical mass below which
gas pressure prevents their collapse. The abundance of
Lyman-a photons that excite the hyperfine transition in
neutral hydrogen and allow it to absorb 21-cm photons
from the CMB will depend on the collapsed fraction of

© 2021 American Physical Society


https://orcid.org/0000-0003-0061-8188
https://orcid.org/0000-0001-7018-2055
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.063536&domain=pdf&date_stamp=2021-09-21
https://doi.org/10.1103/PhysRevD.104.063536
https://doi.org/10.1103/PhysRevD.104.063536
https://doi.org/10.1103/PhysRevD.104.063536
https://doi.org/10.1103/PhysRevD.104.063536

SELIM C. HOTINLI et al.

PHYS. REV. D 104, 063536 (2021)

baryons. Thus, it is directly impacted by effects that alter
early structure growth such as local modulations of the
relative velocity between DM and baryons, which imparts
the acoustic scale onto the signal.

It was shown in Ref. [45] that the acoustic signature from
the relative velocities takes the form of velocity acoustic
oscillations (VAOs), whose shape is unaffected by astro-
physics and can be used as a standard ruler. These VAOs can
be observed with upcoming 21-cm power-spectrum experi-
ments such as HERA [46] or SKA1-low [47,48]. The VAO
feature provides an effective probe of the early-Universe
physics that affect the relative behavior of DM and baryons.
In this study, we will use the VAOs to look for CIPs.

Unlike the usual BAOs in the matter power spectrum
(whose amplitude is small), the VAO feature is O(1) in the
21-cm power spectrum [44]. Furthermore, as is the case for
the BAO feature in the CMB and large-scale structure
(LSS) observables, some characteristics of the VAOs are
unaffected from the complicated local physics related to
various feedback mechanisms which play a role during the
epoch of reionization and can be utilized to constrain
effects that have a coherent impact on the observables on
large scales, such as CIPs. In this paper, we discuss the
detection significance of CIPs from measurement of the
21-cm hydrogen line.

This paper is organized as follows. In Sec. II, we
discuss CIPs and their effect on the relevant observables
and discuss the sensitivity of the 21-cm power spectra on
the effect of CIPs. In Sec. III, we review the 21-cm
hydrogen line and the effect of VAOs on its power
spectrum. In Sec. IV, we evaluate the detection signifi-
cance of CIPs using both the full shape of the power
spectra as well as the change in the VAO scale. For
isolating the change in the VAO scale, we introduce as a
robust measure by marginalizing over the parameters that
describe the smooth part of the 21-cm power spectra and
the VAO feature. We conclude with discussion in Sec. V.
We describe our noise calculations in Appendix A.

II. CIPS AND THEIR EFFECTS
ON OBSERVABLES

Theoretical models of the early Universe such as
inflation with multiple degrees of freedom can naturally
give rise to isocurvature perturbations. Isocurvature per-
turbations can be parameterized by the fractional number-
density difference between photons and other species as

where y is for photons, 7; is the unperturbed number
density, and Jn; is the number-density fluctuation, with
i = {b, c¢,v} for baryons, DM, and neutrinos, respectively.
We define CIPs with an amplitude A as having related
baryon- and CDM-isocurvature perturbations with

P
and S, =-"2A, (2)

c

Sb},:A

where p; is the energy density of species i.

CIPs can be parameterized with a scale-invariant
power spectrum, for example, as studied in Ref. [26].
Depending on the sourcing physical process, CIP fluctua-
tions can either be correlated or uncorrelated with the
adiabatic curvature fluctuations {. In the former case, cross-
correlating the reconstructed CIP field with the underlying
density fluctuations significantly improves the detection
prospects of CIPs and allows using sample-variance can-
cellation techniques upon cross-correlating different tracers
(such as the bulk velocity fluctuations reconstructed from
the measurements of the kinetic Sunyaev-Zel'dovich (kSZ)
effect, as studied in Ref. [30]).1 In the case of uncorrelated
CIPs which we consider in this paper, cross-correlations
cannot be utilized to improve the signal-to-noise ratio,
resulting in significantly more pessimistic detection pros-
pects. It is hence important to find independent ways of
measuring uncorrelated CIPs.

More generally, since the primordial CIPs could be sour-
ced by the gravitational potential in the early Universe, they
can constitute a significant source of density differences
between baryons and DM on large scales. These observa-
tional signatures of primordial CIPs are largely protected
from complicated nonlinear physics due to the equivalence
principle, which dictates that it is difficult for local inter-
actions to produce coherent effects on large scales.

For CIPs with small amplitudes and long wavelengths
that exceed the sound horizon, observable implications of
varying fractional baryon and DM number density can be
captured by the separate-universe approximation around a
patch at some location X, with perturbed cosmological
parameters,

5Qb = QbA<X) and 5QC = —QbA(X), (3)
where 6Q, (6€.) is the CIP-induced modulation to the
baryon (DM) fluctuations and the overbar represents their
unperturbed ACDM values. As a consequence, the sound
speed of the baryon-photon fluid around X changes as

¢ = (1439, (1 + AX)))/4p,) ' ? = a(X)c,. (4)

where a(X) =1+ A(X)/C and C=-2(1 +R)/R with
R =3p,/4p, and C ~ —5.23 for standard cosmology [29].
The change in the BAO scale due to CIPs is then

rdrag(X) - a(X)rdragv (5)

CIPs may be sourced, for example, in the curvaton inflation
scenario [49,50]—a spectator scalar field which is subdominant
in the early Universe (with respect to the inflaton field that is
driving the inflationary dynamics) and significantly contributes to
the curvature fluctuations after the end of inflation.
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leading to the modulation of the relative-velocity
power spectrum (which we introduce next) in the form
A3 (k. z:X) — A} (a(X)k,z). Note, however, that
the dominant effect of CIPs on the 21-cm power spectrum
is modulating its amplitude by locally altering the baryon
density, on which the brightness temperature depends
directly via the baryon fraction.

Note, however, that there can be a multitude of effects
that impact the BAO scale locally. For instance, regions
with long-wavelength (with k < 27/74.,,) under- or over-
densities of matter can mimic closed or open universes,
which could vary the BAO scale and the cosmological
parameters locally (see, e.g., Ref. [51]), which may
introduce a bias to our measurement of the power spectra.
Furthermore, short-wavelength fluctuations k 2 27/7 40
can also contribute to the noise on the VAO measurement
in each box by locally stretching or shrinking the BAO
scale; for a discussion on this matter, see, e.g., [52]. This
can potentially contribute to lowering the signal-to-noise
ratio (SNR) by boosting the local error on the CIP
measurement.

We show the effect of CIPs on the 21-cm power spectrum
in Fig. 2. Differently from CMB and LSS observables, the
direct dependence of the 21-cm amplitude to baryon
fraction also provides a unique and potentially powerful
probe of CIPs.

III. IMPACT OF RELATIVE VELOCITIES
ON THE 21-CM POWER SPECTRUM

A. 21-cm hydrogen line

The hyperfine splitting of the ground state of neutral
hydrogen possesses a triplet and singlet ground state. These
two states are spin-flip states, and the forward (backward)
transition from the triplet state to singlet state is accom-
panied by an emission (absorption) of a 21-cm wavelength
photon. Whether cosmological hydrogen emits or absorbs
21-cm photons can be understood by calculating its spin
temperature. The spin temperature 7', local to the hydrogen
can be described by the relation

M _ 9 -1 (6)
no 9o

where ny (n;) is the comoving number density of the
hydrogen atoms in the singlet (triplet) state, gy = 1
(g1 = 3) are their numbers of degrees of freedom, and 7', =
0.068 K is the temperature corresponding to the 21-cm
hyperfine transition. Observations are made in reference
to the CMB. When the local spin temperature is higher
(lower) than the CMB temperature, hydrogen emits
(absorbs) photons from the CMB. The distribution of these
photons at the different wavelengths can be studied to
understand the astrophysics and cosmology of our Universe
at different redshifts. The main observable of interest is the
21-cm brightness temperature [53],

T\ [1+2\/2 d,v,
T21 =138 mK(l—T—Z> (W) XHI(1+5b)H(Z>, (7)

where xy is the neutral-hydrogen fraction, 9,v, is the line-
of-sight gradient of the velocity, 7', is the CMB temper-
ature, 0;, is the baryon overdensity, and H is the Hubble
parameter. For a review of the 21-cm line, see, e.g.,
Refs. [42,43,53].

The epoch of interest to the study in the paper is the
cosmic-dawn era, defined by the formation of the first stars,
theorized to begin around z ~ 25-35 [54]. Initially, after
recombination, the gas kinetic temperature is dominated by
its adiabatic cooling. The high density couples the spin
temperature to that of the CMB background through
collisions [55]. As the Hubble flow progresses, collisional
coupling of hydrogen becomes ineffective, and the 21-cm
signal vanishes at the end of the dark ages. During the
cosmic dawn, the first stars will produce a UV background,
which will redshift into the Lyman-a line and couple the
spin and kinetic temperatures of hydrogen in the interga-
lactic medium (IGM) via the Wouthuysen-Field effect
[56-58]. Remnants of these first stars are likely to produce
a diffuse background of approximately 0.1-2 keV x rays
[59,60], heating the IGM before reionization progresses
largely after z ~ 10 [61-63]. As the tail end of reionization
is approached (z < 10), the effects of streaming velocities
in the IGM on the 21-cm signal are reduced by Lyman-
Werner feedback [54,64].

CIPs can affect the 21-cm signal in a multitude of ways,
some of which are degenerate with as of yet unknown
astrophysics [65], and therefore observations benefit from
utilizing the VAO signature. For our observation, we adopt
a redshift range of 10 < z < 25 so that the bulk of the
cosmic dawn is occurring but the IGM streaming velocities
are yet to become small.

We calculate the observable signal using the seminu-
merical simulations provided by 21cmvFAST,” which is built
upon 21emFAST.” Initial conditions for density and peculiar
velocity fields are set at z = 300 with a Gaussian random
field in Lagrangian space, before being evolved with the
Zel’dovich approximation [66] to match the mean collapse
fraction for the conditional Sheth-Tormen halo mass
function [67]. The sources embedded in each halo are
assumed to emit photons at a rate proportional to the
increase of the total collapsed halo mass (for a different
parametrization, see Refs. [68,69]). In each cell, the
excursion set formalism is used to estimate the mean
number of sources contributing to the gas temperature
from the surroundings. The kinetic temperature is calcu-
lated including adiabatic expansion, Compton scattering
with the CMB [70], and the inhomogeneous heating history
of the IGM (through a combination of x rays and collisional

2github.com/] ulianBMunoz/21cmvFAST
*github.com/andreimesinger/21cmFAST
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coupling). Details on this calculation can be found in
Refs. [71,72].

We produce realizations of the 21-cm signal in 2000 Mpc
boxes on 20003 grids of coeval cubes for each observed
frequency. We simulate one coeval cube at the respective
redshift from an initial density field given by appropriate
transfer functions for matter and relative velocities. The
quantity we are interested in is the power spectrum of the
21-cm signal, which can be written as

(8T (k. 2)8T3, (K .2)) = (21)’8(k = K )Py (k.2).  (8)

where 6T21(12, z) is the Fourier transform of
[T5,(X) = T51]/T5,, the zero-mean fluctuations of the
21-cm brightness temperature at redshift z. We define
the spherically averaged power spectrum as

3

2 _
A3 *le(k»z)z—”z,

9)
which we will often refer to as the 21-cm power spectrum
for convenience.

B. Impact of relative velocities

The modulation of the 21-cm power spectrum due to
DM-baryon relative velocities can be captured to a good
approximation from the statistics of the collapsed baryonic
density. In short, the effect of bulk relative velocities is akin
to that of the gas pressure, suppressing the accretion of
baryons. As the gas falls into the DM halo, its bulk kinetic
energy is converted into thermal energy, resulting in a
change in the effective sound speed c, = (2 + v%)"?,
hence in the critical mass scale and in the baryon collapsed
fraction [34,35,35-44]. The effect of the relative velocities
on the amplitude of the 21-cm brightness temperature
power spectrum can then be parametrized as [45]

A%l,veﬂ(k’ Z) = Avel(Z)A32(k’ Z)|W(k’ Z)

. (10)

where A, is some redshift-dependent amplitude of fluc-
tuations. The window function, W (k, z), can be utilized to
isolate the different contributors to the 21-cm power
spectrum such as Lyman-a coupling and x-ray heating.
We defined Aiz(k) as the power spectrum of the quantity

3 2
5y = E(U;b - 1>, (11)

Urms

which accurately captures the shape of the effect of relative
velocities on the observables for the scales of interest
where the “streaming” bulk relative velocity can be
approximated with a root-mean-squared value v~
30 kms~! at recombination. Note that the coefficient
A, 1s a model-dependent amplitude that is not directly

102 ]

%1(@ [mKQ]

k [1/Mpc]

FIG. 1. The 21-cm hydrogen line brightness-temperature power
spectra at z = 14 (in solid blue), shown with the fitted smooth
contribution to the power spectra (in dashed green) in the absence
of relative velocity fluctuations and the velocity contribution
(dashed orange) as discussed in Sec. III B. We have considered
medium feedback and used 21cmvFAST [45]. Error bars shown in
the figure for the signal are Poisson errors from our simulations.
Dashed green lines are fourth-order polynomial fits to the
brightness temperature spectra, as discussed in Sec. III B.

observable, similar to the BAO amplitude. As the VAOs are
statistically independent from the density fluctuations at
first order, the amplitude of the 21-cm power spectrum can
be written as

A%l (k’ Z) = A%],vel(k’ Z) + A%l,nw(k’ Z>’ (12)

where A3, . (k.z) is the component excluding VAOs.
Throughout this paper, we parametrize the smooth con-
tribution to the spectra as a fourth-order polynomial
following Ref. [44],

4
In[A3; (k. 2)] = Y ei(2)Ink]', (13)
i=0
where c;(z) are coefficients we fit for, using simulations we
discuss in Sec. IV A. The fitted smooth spectra serve as our
phenomenological model whose parameters we marginal-
ize in our forecasts. We model the velocity power spectrum
as in Ref. [45] using the form we defined in Eq. (10). We
calculate the window function and the amplitude A,;(z) for
a given feedback model using 21emvFAST and calculate Aiz
for a given cosmology. Later in our forecasts, we will take
A,qi(2) as a free parameter to capture the model dependence
of the VAO amplitude to the complicated baryonic physics.
We display the effect of VAOs on the 21-cm hydrogen line
in Fig. 1.

IV. CIP RECONSTRUCTION

A. Simulations

We use the 21cmvFAST software to simulate the brightness
temperature from coeval boxes of size 2000 Mpc on 2000°
grids in the redshift range, z € [4, 30]. We produce 20 x 3
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simulations with different initial conditions and for three
considerations of baryonic-feedback levels, defined as
low, medium, and high in 2icmvFAST settings, to observe
how the astrophysics of cosmic dawn alters the effect of
VAOs on the 21-cm brightness temperature power spectra.
All simulations have the same cosmological volume, grid
space and redshift range. For each baryonic feedback level,
we produce the brightness temperature power spectra from
each coeval box and average over the 20 realizations with
different initial conditions to acquire a theory prediction
for the spectra. The spectra from simulations is subject to
(Poisson) simulation shot noise and sample variance.
We use these averaged spectra as the signal, throughout.
Using the separate-universe approximation, we repeat
the calculation for three different levels of CIPs, taking
A € {-0.05,0.0,0.05}. This amounts to producing simu-
lations with different baryon and DM densities, appropriate
to the CIP amplitude, and the same total matter density. In
total, we produce 3 x 3 power spectra for each coeval box
at a given redshift, for three CIP amplitudes and three
feedback levels. For a given feedback level and redshift, the
three different power spectra represent separate universes
with different levels of CIPs."

B. Measurement errors

We calculate the anticipated experimental noise for
HERA and SKAl-low using the software 21Cmsense’
[73-75], which we describe in Appendix A 2. To forecast
noise (and the cosmic variance) in subvolumes (boxes)
centered at X, we modify the mode integral in this
code to introduce a cutoff on Fourier modes larger than
the size of our boxes, i.e., we force kH, k| > 27/ rpex, and
rescale the volume seen by each mode at a given redshift
(and a given bandwidth) to the appropriate volume of a
given box. We choose varying box sizes in the range
Tvox € [150 Mpc, 1500 Mpc], all of which are significantly
smaller than the total survey sizes of the HERA and SKA1-
low experiments we consider. We take these boxes as a
proxy for separate universes with varying CIP amplitude.
Note that for most of the box sizes the SNR for detecting
fluctuations is much lower than that is for the total volume.
Next, we measure the CIP amplitude in each subvolume
and reconstruct the survey-wide large-scale CIPs by com-
bining all boxes that fit into our survey volume for a given
redshift range.

C. Reconstruction

Here, we describe our VAO reconstruction procedure,
similar to that of Ref. [29]. We evaluate the detection

*Note that we omit the effect of CIPs on the collapsed fraction
in our simulations (i.e., the FCOLL tables in 21cmvFAST), which
may further enhance the sensitivity of the 21-cm hydrogen line to
the CIPs.

3 github.com/jpober/21cmSense

significance of CIPs for a fixed cosmology, assuming that a
21-cm hydrogen-line survey can locally test the observed
spectra against the effect of CIPs inside different boxes
centered at X and of size smaller than our simulation box
and the survey (and larger than the mean free path of x-ray
and UV photons during cosmic dawn). The local CIP
measurements from the 21-cm data can be biased due to our
poor understanding of the underlying astrophysics. For
example, feedback processes can change the amplitude of
the signal [parametrized through c; in our Eq. (13)] and will
be degenerate with CIPs, contributing a large theoretical
uncertainty. Such degeneracies can potentially be sur-
mounted by external measurements of the same astrophys-
ics (e.g., through galaxy UV luminosity functions [76-78])
or by careful modeling, in which case the model parameters
need to be marginalized, weakening the constraining power
of the 21-cm data.

We model the smooth part of the 21-cm brightness
temperature power spectra as given in Eq. (13), taking the
five coefficients of the polynomial as free parameters at
each redshift. We calculate the fiducial values for W(k, z),
A2, and A, (z) [as defined in Eq. (10)]. We take the former
(VAO amplitude) as model parameter and set the first two
quantities fixed. Together with the CIP amplitude, our
phenomenological model involves seven parameters,

{co(2), c1(2), €2(2), €3(2), €4(2), Avec(2), A}, (14)

for each box centered at some redshift z.
For each given box, we define the Fisher information
matrix as

Da3, (k,2)0503, (k, z
Faﬂ( ) = Z (ZA(%lji)f(k,zz() Z>’ (15)

where {a, f} vary over the parameters in Eq. (14), > ;_in
is the sum over the binned wave numbers, and A3, . (k) is
the total variance (including the thermal and the cosmic-
variance noise) for a given k bin, which we calculate with
21Cmsense (see more details in Appendix A 2). The error on
the local CIP amplitude for an individual box can then
simply be written as

k—bins

[F7'(2)]aa- (16)

Next, we use the separate-universe approximation in
each box to reconstruct the large-scale CIP fluctuations in
Fourier space. The latter can be estimated from the Fourier
transform of the locally measured CIP amplitude A(X). We
assume sufficiently many boxes can be utilized for con-
straining CIPs; hence, the effect of dividing the survey
volume to smaller parts can be approximated by writing the
reconstructed CIP field as a convolution of the true field,
A(k, z), with a radial top hat window function in real space,
which takes the form

oa(z) =
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W (kr) = 3[sin(kr) — krcos(kr)]/(kr)®,  (17)

in Fourier space. The sensitivity on the local CIP ampli-
tudes can be related to to those of CIP fluctuations in
Fourier space in the full survey volume as

NR& (k. 2) = A2)[W(kr)] 2, (18)

where A(z) = 63 (2)Viox is approximately independent of
the box volume for boxes whose size is sufficiently smaller
than the total survey and r = ry,, is the size of the boxes
where the local CIP amplitudes are measured. Finally, we
define the scale-invariant CIP power spectra as

Ppa(k) = Acpk™. (19)

The error on Acpp can then be calculated as

1 dkk? [ P (k) \?
-2y, =D [ _ZAA\VY 2
TAc A%IP me/ 27? (NXCAU@ Z)) ’ (20)

where V;, is the total survey volume inside the redshift bin
and the integral over the Fourier wave number is bounded
by the size of the box (redshift bin) on small (large) scales.

D. Other effects and priors

Parameters that define the smooth spectra and the VAO
amplitude depend on cosmology and the astrophysics of the
cosmic-dawn era. Much about their dependence on the
latter is yet unknown. Furthermore, processes such as local
baryonic feedback could vary spatially depending on the
characteristics of the involved mechanisms and the influ-
ence of bulk fluctuations, which can potentially be con-
fused with the effect of CIPs (as shown in Fig. 2). To isolate
the effect of CIPs on the 21-cm power spectra, we must
then marginalize over the non-CIP parameters locally
(inside each box).

We assume that, in the limit of large boxes and random,
uncorrelated, distribution of parameters [c;(z) and A,..(z)]
the error on the parameters is dominated by the measure-
ments (including both cosmic variance and thermal noise).
If the mapping between the parameters and the power
spectra is unchanged between boxes (in the absence of
CIPs), then those can be considered nuisance parameters
which can be measured from the full survey volume. In
such a case, one could use the Fisher matrix from the full
survey volume as a prior on the non-CIP parameters, in the
form F53*(z) — Fo9X(2) + Ff’f/;’bal(z), where a, 8 vary over
the non-CIP parameters.

In practice, however, the spatial variations of this
mapping may depend on many factors, which need to be
modeled and studied with simulations. As it is technically
challenging to predict how the 21-cm spectra vary locally
over the survey volume, we instead vary the 21-cm power-
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k [1/Mpc]

10!
k [1/Mpc]

FIG. 2. The effect of locally varying the baryon-DM ratio and
the speed of sound c, of the baryon-photon plasma due to CIPs on
the VAO signature and brightness temperature power spectrum, at
redshift z = 14. The effect of velocities was calculated with the
medium-feedback assumption using 21cmvFAST software. The
blue solid line shows the 21-cm power spectrum (fitted from
simulations) with zero CIP amplitude, A = 0. The red and violet
dotted/dashed lines show the power spectrum in a universe where
A = £0.05. Similar to Fig. 1, the green dashed line is the fitted
temperature power spectrum excluding the effect of VAOs. The
gray solid line shows the contribution of the relative-velocity
effect discussed in this paper, in the absence of CIPs. The orange
(purple) dot-dashed (dotted) lines show the effect of CIPs on the
relative velocity power spectrum, which shift the VAO peaks by
locally modulating the acoustic scale rq,, by Eq. (5). Both this
shift and the overall amplitude change are included in our
forecasts.

spectrum amplitude locally, with fluctuations in a range of
1% to 10% of the globally measured spectra, P, Cm.6 For
each choice of variation, we have generated 10* random
realizations of the power spectra and fitted the six non-CIP
parameters to calculate their covariance matrix, C};’gal, in the

presence of local spatial variations. We then use this as a
limit on how well the non-CIP part of the power spectra can
be measured at each box, by transforming the non-CIP part
of the Fisher matrix in the form

Fhx — Fog + [(Fg™) ™ +Cas ™ (21)

®The local variation of the 21-cm power spectrum has been
discussed in the recent literature (see, e.g., Ref. [79], where the
authors find a percent-level fractional change in the local 21-cm
power spectra on scales k € [0.1,3]/Mpc, inside boxes of size
approximately 700 Mpc? and redshifts z € [6, 12]). Note that the
influence of bulk effects can be collectively parametrized with a a
squeezed bispectrum, as discussed in Ref. [79], and can poten-
tially be measured to improve the detection significance of CIPs
and other effects.
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Detection significance for the CIP fluctuations from the HERA (left) and SKA1-low (right) surveys, shown as a function of the

box size in comoving Mpc, using the Fisher matrix formalism defined in Eq. (15). Results are from simulations with medium baryonic-
feedback levels and using 21Cmsense. We find similar constraints for low and high feedback models [constraints improve (worsen) by a
less than a factor of approximately 2 for low (high) feedback] as we marginalized over the smooth spectra. The Planck and CVL
constraints from the CMB were calculated in ref. [26], and the BAO constraints (from galaxy surveys) were calculated in Ref. [29] (Note
that the constraints in Ref. [29] are for correlated CIP fluctuations). We find SKA1-low may improve upon HERA at the optimistic
foreground limit while also being more adversely affected by the baryonic feedback for pessimistic feedback scenarios. For display
purposes, we omitted plotting constraints from the pessimistic-foreground scenario, which we find less than or approximately equal to

O(10) worse than the moderate case.

where the Fisher matrix with the global superscript on the
right-hand side includes the information from the full survey
volume as described above. This effectively includes a global
prior on the non-CIP parameters (F {gllﬂobal), subject to the
constraint that these vary from box to box (following Cio5™).

Our results are sensitive to this intrinsic fluctuation
amplitude (as shown in Fig. 3 for the upcoming HERA
and SKA1l-low experiments and for moderate and opti-
mistic foreground considerations). Next, we discuss the
details of our forecast.

E. Forecasts

We take four redshift bins of size Az = 2, centered at
redshifts z € {12,14,16, 18}, and one redshift of size
Az = 3, centered at z = 24. We describe the experimental
survey specifications we consider in Appendix A. For
reference, we find the total (over all z) detection SNR of
the 21-cm signal to be {130, 190,498} and the SNR of the
VAO signature to be {21,40,190} for our {pessimistic,
moderate, optimistic} foreground considerations, respec-
tively, and for regular baryonic feedback, using the speci-
fications for the HERA survey.7 For the same feedback and

"We calculate the total SNR as equal to 3., A} (k,z)/
A3 (k.z) and the VAO SNR as equal to 3, A3, . (k.2)/
A%’l‘)bs(k, z), summed (in quadrature) over the redshift bins we
consider. ), is the sum over binned wave numbers as described
in the text.

foreground choices, we find SKAl-low SNR equal to
{80, 133,800} for the total signal, and {14,29,311} for
the VAOs.

We define three levels of foreground contamination:
optimistic, moderate, and pessimistic, as described in
Appendix A2. We show forecasts in Fig. 3 for HERA
and SKAl-low surveys. The upper lines in each plot
correspond to pessimistic assumptions for foreground con-
tamination, while the middle blue and lower orange lines
correspond to moderate and optimistic foreground contami-
nation assumption, respectively. Figure 3 suggest that even
the first-generation 21-cm surveys, such as HERA and
SKAT-low, can provide constraining power comparable to
stage-3 and -4 large-scale structure surveys and potentially
reach levels comparable to cosmic variance limited (CVL)
CMB experiments, depending on the foreground and the
modeling uncertainties of the VAOs and the smooth compo-
nent of the power spectra. For our standard case of medium
feedback and moderate foregrounds, we find that CIPs can be
detected at the 95% confidence level in HERA if Aqp >
2.3 x 1073 and in SKAl-low if Acp > 6.3 x 1073, sensi-
tivities comparable to those from large-scale structure
surveys alone. The upper-limit forecasts (95% confidence
level) for the CIP amplitude ACIP are shown in Table I
for ry,, = 460 Mpc.

F. Summary of this section

Our reconstruction and forecasts procedure can be
summarized as follows:

063536-7



SELIM C. HOTINLI et al.

PHYS. REV. D 104, 063536 (2021)

\
\
\
\
= 107!
2
—
=
wn
£
£ 1072
<
&)
[aN]
1073 4+— . : -
250 500 750 1000 1250 1500
Thox [MpC]

FIG. 4. Constraints on CIPs, shown for different assumptions
on parameters describing the smooth spectra and the VAO
amplitude. The solid line corresponds to the prior choice made
in Fig. 3 and described in Sec. IV E. The dashed line corresponds
to no prior assumption on the parameters in the forecast. The dot-
dashed line corresponds to the same prior choice as the solid line
for the smooth part of the 21-cm spectra, but with 1% prior on the
VAO amplitude A, (z) (an order or magnitude better than for the
solid line).

(i) We produce separate-Universe 21ecmvFAST simulation
boxes with varying A(X) in order to calculate the
sensitivity of the 21-cm power spectrum to the local
CIP amplitude: A3, _./OA(X).
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(i) We calculate the error on the CIP amplitude in each
box, o, using a Fisher-matrix formalism, defined in
Eq. (15), marginalizing over the non-CIP part of the
21-cm power spectrum with priors we describe in
Sec. IV D.

(iii) To infer the detection significance of the large-scale
CIPs over the full survey volume, we combine
measurements of local CIP amplitudes in a patch-
work formalism and calculate the reconstruction
noise on the large-scale CIPs in Fourier space in
Eq. (18). We model the large-scale CIPs as scale
invariant in Eq. (19).

(iv) We repeat this procedure for varying box sizes,
redshifts, and foreground and feedback scenarios.
For a given box size and a fixed foreground and
feedback scenario, we forecast the total detection
significance on the global CIP amplitude, Acp,
using five redshift bins in the range z € [10, 27].
We show the dependence of our final results on the
box sizes as well as feedback and foreground
scenarios in Figs. 3-5.

V. CONCLUSIONS

In this paper, we have utilized the constraining
power of the 21-cm brightness temperature measurements
from the cosmic dawn to evaluate the detection pros-
pects of CIPs. We evaluated the detection significance of
CIPs from measurements of both the total change in the

204y (full survey)

750 1000 1250 1500

Thox [Mpc]

The detection significance for the CIP fluctuations from the ongoing HERA (SKA1-low) survey, shown as a function of the

box size in comoving Mpc in the left (right) subfigure. Results are from simulations with medium baryonic-feedback levels using
21cmsense. The violet, blue, and red shaded regions correspond to three different considerations of priors on our phenomenological
model described in Sec. IV C. The violet shaded region corresponds taking 10% priors on the parameters describing the smooth
component of the spectra, ¢;(z), which we assume can be achieved by better and theoretically motivated modeling. The blue shaded
region assumes 1% prior on the same parameters. Both blue and violet regions do not assume any prior knowledge on the VAO
amplitude, A,;. The red shaded region corresponds to 1% prior on all parameters except the CIP amplitude. The upper dot-dashed lines
in each region correspond to the pessimistic scenario for foreground contamination. The middle solid and lower dashed lines correspond

to moderate and optimistic scenarios of foreground contamination.
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power spectra as well as the shift in the VAO scale, in
local boxes of varying size. We have shown that the
ongoing HERA and upcoming SKAI-low experiments
may be able to measure the uncorrelated CIP amplitude
up to a precision comparable to the CMB and LSS
experiments.

If CIPs are correlated with the adiabatic perturbations,
they can contribute to the scale dependence of the galaxy
bias on large scales. This particular scale dependence is
shown to be degenerate with the effect of local non-
Gaussianity (parametrized by the amplitude fy;) on the
galaxy bias in, e.g., Refs. [30,80,81]. Constraining fyy, is
one of the main goals of many upcoming large-scale
cosmology experiments, and forecasts suggest the strong-
est constraints will be provided from the scale depend-
ence of the bias. Hence, all current and upcoming
constraints on fy can be strongly influenced by the
CIPs, which are usually assumed zero. Hence, it is
important to use a multitude of tracers that may be
affected differently when constraining CIPs and fyq.
Measurements of the 21-cm hydrogen line discussed in
this paper can serve to set external priors on both
correlated and uncorrelated CIPs, improving constraining
power of the galaxy and CMB surveys both on CIPs and
the primordial non-Gaussianity.

Finally, we have ignored variation in the six cosmo-
logical ACDM parameters, as we anticipate the priors
from the CMB and LSS will dominate the constraints,
allowing our assumption of fixed cosmology to be
sufficiently robust for our purposes in this paper.

Upcoming novel observational opportunities will allow
significant advances in our understanding of the funda-
mental properties of the Universe. Among others, char-
acteristics of relative baryon and DM fluctuations prove
valuable for probing deviations from adiabaticity that
may be sourced by fundamental physics during the early
Universe. Constraining CIPs may rule out models of
multifield inflation or allow less ambiguous measure-
ments of early-Universe signatures such as primordial
non-Gaussianity.

The uncorrelated CIPs considered in this paper are
difficult to constrain on large scales since the sample-
variance cancellation techniques (as done in Ref. [30], for
example) cannot be utilized in this case to increase the
detection significance. Hence, adding to the number of
independent measurements is generally valuable. While
the higher-order contributions to the bias may potentially
allow the measurement of the uncorrelated CIPs [80,82],
the current constraints on these fluctuations afforded by
Planck and galaxy surveys still allow for the CIP
amplitude to be significantly larger than the adiabatic
fluctuations we measure in the Universe. As discussed in
the text, constraints provided by the upcoming 21-cm
experiments have the potential to improve current con-
straints by orders of magnitude in the next decade.
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APPENDIX A: INTERFEROMETER NOISE
CALCULATIONS

1. Preliminary SKA1-low noise calculation

The detection of the 21-cm signal (through its power
spectrum) with the interferometric optical instruments like
SKA [47,48] depends mainly on two types of noise (after
foreground removal): system noise and sample variance.
These are the main two uncertainties to the foreground
subtracted 21-cm power spectrum. The system noise is
completely instrumental (i.e., it does not depend on the
21 cm signal); however, the sample variance is related to the
21-cm power spectrum. The sample variance dominates on
the large scales, whereas the system noise dominates on
relatively smaller scales. The expression for the (aniso-
tropic) system noise (denoted by 8Py) is given by [83-86]

2\2 2772

5Py (.0,0) = ——— (*—) SRPE NG
N,,(k,0) \A./) Btyii(k,0,v)

where v(z) = v5;/(1 4 z) is the observed wavelength of
the 21 cm signal emitted at redshift z. The value of
the emitted (or the comoving) frequency is given by
vy; = 1420 MHz, which is the corresponding frequency
of the so-called 21 cm (4,; = 21 cm) wavelength (emitted
or comoving value). Similarly, the observed wavelength
is given by A(z) =4y (1+2z). r,(z) is the comoving
distance to the emitted redshift. L(z) is the comoving
length of the observation corresponding to the bandwidth,
B. For the computation of the value of L(z), it can be well
approximated as L(z) ~ ‘D(ZIIJ;IZ();;;
of light in vacuum. In this way, the system noise is (almost
approximately) independent of B. A, is the effective
collecting area of an antenna given by A, = €A, where A
is the physical collecting area of an antenna and € is
the efficiency factor. #, is the total observation time.
N,,(k, 0) is the total number of independent modes in an

[84], where c is the speed
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annulus of constant (k, #) in the range k to k + Ak and 6
to 0+ Af. It is given by N,,(k,0) = N;(k)sin0AO =
27k*AksinOAG/ V|, where V| = (27)3A,/(r2L1?) is the
resolution in the Fourier space, i.e., volume occupied
by one independent mode in Fourier space. Ty is the
system temperature. 7i(k,0,v) = n,(U = 3= ksin6,v),
where n,(U,v) is the baseline distribution. U = d/J is
the baseline vector or the separation vector (;1) (between a
pair of antennas) in units of wavelength 4 and U = |U|.
Circular symmetry has been assumed in n,(U,v). In
general, baseline distribution can have angular depen-
dency, i.e., n, = nh(l}, v). nh(ﬁ, v) can be rewritten as
ny(U,v) :wph(f],u), where p,(U,v) is the two-
dimensional baseline distribution related to the antenna
distribution and N, is the total number of antenna stations
in a specific observation. p,(U,v) can be computed as
pp(U.0) = B) [ @lpa(Dpan(l = AU), where poy(T) is
the antenna distributions of the observation. [ is the distance
from the center of all the antenna stations. B(v) is the
redshift dependent integral constant, and it is determined by
the normalization condition given by [ le_]pb(l_] ,v)=1.
Equation (A1) is the anisotropic system noise.

The isotropic system noise (denoted by 6P) can be
computed by the spherical averaging of Eq. (A1) given by

[83-86]
1 <12)2 riLT
Nk(k) Ae BIOR(k’ I/) ’

where R is given by R(k,v) = [>_,sin 0A07>(k, 0, v)]'/>.
Typically, it can be considered that > ,sinfAO~

5Py (k,v) = (A2)

I /2 sin0d9. The (anisotropic) sample variance (denoted
by 6Pgy) is given by [83-86]

_ Py, (k.0
5Psy(k.0,v) = LKD)
N, (k.0)

(A3)

Similarly, the anisotropic sample variance in Eq. (A3)
can be spherically averaged to get isotropic sample variance
(denoted by 6Pgy) given by [83-86]

1 Uz sin 0d0 ]—%
If one neglects the angular dependency in the 21-cm
power spectrum (for example, by neglecting the redshift

space distortion term) or already angle averaging to the

21-cm power spectrum has been done, the isotropic sample
Py (kv)

V(K
The error to the 21 cm power-spectrum measurement
is then given by 8P, (k,v) = 6Pgy(k,v) + 6Py(k,v). In

5Psv<k, l/) ~

(A4)

variance becomes 6Pgy (k,v) ~

TABLE I.  The upper-limit forecasts (95% confidence level) for
the CIP amplitude Acyp as described in the text. We calculate Acp
for various baryonic feedback scenarios and for various fore-
ground levels using the experimental specifications for HERA
and SKA1-low described in Appendix A. The box size is chosen
to be rpox = 460 Mpc.

HERA Feedback

Foregrounds Low Medium High
Pessimistic 2.7 x 1072 2.7 x 1072 5.1 x 1072
Moderate 1.8x 1073 2.3 x 1073 2.8x 1073
Optimistic 1.9 x 107 2.7 %107 3.4 %107
SKA1-low Feedback

Foregrounds Low Medium High
Pessimistic 2.9x 107! 5.6 x 107! 7.1 x 107!
Moderate 5.5x 1073 6.3 x 1073 9.5x 1073
Optimistic 6.1 x 107 9.5 x 107 1.3x107*
TABLE II. SKATl-low instrumental specifications.

SKA1-low instrumental specifications

Parameter names Parameter values

Antenna diameter 40 m
Physical area of an antenna, A ~1256.6 m?
Efficiency factor, € ~0.7
Total no. of antenna stations, N, 512

No. of dipole antennas at each station 256
Total no. of antennas 131072
Frequency range 50-350 MHz
Max. redshift range ~3-27
Bandwidth, B 300 MHZz"

“Please see Refs. [92,93] for detailed description of the epoch
of reionization (EoR) window and foreground wedge.

our noise calculation for SKA1-low, we have considered
Ak = k/5 [83,85,87].

In this section, we consider the detectability of CIPs
through the 21-cm power spectrum with the SKA1-low
observations. The SKA1-low specifications are listed in
Table II. The details of the SKA1-low antenna design, i.e.,
SKALA4 (SKA Log-periodic Antenna v4) can be found in
Refs. [88,89]. Typically, we have considered the value
of the observation time, ¢, to be 1000 h.

The system temperature (Ty) in SKA1-low instrument
can be calculated as Ty(z) = Tix(2) + Tgu(z), where
Tix(z) = 0.1T44(z) + 40K is the receiver temperature
and Ty (z) = T403(408 MHz/u(z))*™ is the contribution
from our own Galaxy at a frequency v with Ty =
25 K [48,91].

2. 21Cmsense: Telescope sensitivity estimation

Foreground mitigation for the cosmological 21-cm
signal is performed either via wedge suppression or
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avoidance.® 21Cmsense [73-75] is a PYTHON module designed
to estimate the noise power spectra when a given telescope
array observed the 21-cm signal via foreground avoidance.
We use 21Cmsense for both HERA and SKAI-low experi-
ments, which we describe below.

In every u-v bin, the noise is calculated as

K Q
52, (k) = X2y — 72

s A5
271'2 2t0 RAN ( )

where X?Y is a scalar conversion from an observed solid
angle (or effective beam, Q) to a comoving distance [94].
All other symbols are defined in Sec. A 1.

Assuming Gaussian errors on cosmic variance, we
express the total uncertainty with an inversely weighted
sum across all the k modes as

1 -
SR W e R

uv,i

where the index, i, represents multiple measurements of the
same frequency from redundant baselines within the array.
This is therefore the total noise, including both sample
variance and thermal noise.
21Cmsense can implement foreground-wedge avoidance
with three levels of severity:
(1) Pessimistic—Baselines are added incoherently. No
k modes are included from within the horizon wedge
(and buffer zone).
(i) Moderate.—All baselines are added coherently. No
k modes are included from the horizon wedge (and
buffer zone).
(iii) Optimistic—All baselines in the primary field of
view (no buffer zone) are added coherently.
To reiterate, we can write the foreground wedge
simply as

k” =a++ ka_, (A7)

where k|| and & are the Fourier modes projected on the line
of site and the transverse plane, respectively; b depends on
the instrument beam, bandwidth, and underlying cosmology;
and a is the user defined buffer zone. Typically, in the
pessimistic or moderate case, a = 0.1 #Mpc~!, meaning
modes below the line [in Eq. (A7)] are rejected as they are
likely contaminated by foregrounds. In this work, we con-
sider the moderate scenario with a = 0.03 hMpc~! and the
pessimistic scenario with @ = 0.1 A Mpc~!, while keeping
the other parameters involved in defining the noise
unchanged.

We apply 21Cmsense to two telescopes. First, for SKA, we
use the specification of SKAl-low where the system

8Some authors have used different values of B like 8 MHz in
Ref. [90], but our calculation is safe because the system noise is
almost independent of B.

temperature is detailed in Appendix A 1. Only the core
225 stations are used as the small baselines generate 21-cm
sensitivity for high redshift observations. Including longer
baselines significantly slows computation and adds negli-
gible precision to the measurement at the redshifts used in
this work. Each station’ has diameter of 35 m, giving SKA
a core collecting area of 374,444 m? across a total
bandwidth ranging [50, 350] MHz. SKA is simulated for
6 h per night for a tracked scan (different fields for 1 h each)
and as a drift scan. Second is HERA [95,96], where stations
are located in a filled hexagonal grid (11 along each side).
Each station is 14 m in diameter, giving a total collecting
area of 50,953 m? across a total bandwidth ranging [50,
250] MHz. The antennas are taken to be at 7, = 100 K.
HERA is operated only in drift scan mode for 6 h per night.

Both instruments are considered to observe the sky for
3 years, and both have the bandwidth taken as 8§ Mhz
(centered on the frequency relating to the redshift of each
coeval simulation box).

APPENDIX B: Ad hoc PRIORS

We demonstrate the role of priors on the CIP constraints
in Figs. 4 and 5. We consider a range of ad hoc priors on the
non-CIP power-spectrum parameters; i.e., we set priors on
¢; by hand rather than physically through AZ, (k) variations,
as done in the main text.

Constraints on the smooth spectra and the VAO ampli-
tude can potentially be improved through better modeling
the cosmology and reionization. In Fig. 4, we show con-
straints (using the experimental specifications for HERA
with moderate foregrounds and medium feedback) from
not including any priors (dashed line) along with the prior
choice we made in Sec. IV E (solid line) and a scenario
where we added the latter a 1% prior on the VAO amplitude
(dot-dashed line). In Fig. 5, we consider two levels of
priors: {1%, 10%} on all ¢;(z) and 10% prior on Ay(z).
We forecast for both HERA and SKATI-low experiments,
considering a range of box sizes and three levels of fore-
ground contamination: optimistic, moderate, and pessimis-
tic, as described in Appendix A 2. The blue and purple
colored shaded regions in Fig. 5 correspond to CIP
constraints taking 1% and 10% priors on the parameters
¢;(z). The red shaded region corresponds to constraints on
CIPs from taking 1% priors on all parameters except the
CIP amplitude. The upper dot-dashed lines in each shaded
region correspond to pessimistic assumptions for fore-
ground contamination, while the middle solid and lower
dot-dashed lines correspond to moderate and optimistic
foreground contamination assumption, respectively.
Overall, we find the modeling of the 21-cm spectra will
play a significant role in our ability to isolate the effect of
CIPs and the prospects of detecting them.

%Station locations are taken from www.skatelescope.org/key-
documents.
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