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Detecting neutral Hydrogen (H1) via the 21 cm line emission from the intergalactic medium at
z 2 6 has been identified as one of the most promising probes of the epoch of cosmic reionization —
a major phase transition of the Universe. However, these studies face severe challenges imposed by
the bright foreground emission from cosmic objects. Current techniques require precise instrumental
calibration to separate the weak H1 line signal from the foreground continuum emission. We propose
to mitigate this calibration requirement by using measurements of the interferometric bi-spectrum
phase. Bi-spectrum phase is unaffected by antenna-based direction-independent calibration errors
and hence for a compact array it depends on the sky brightness distribution only (subject to the
usual thermal-like noise). We show that the bi-spectrum phase of foreground synchrotron continuum
has a characteristically smooth spectrum relative to the cosmological line signal. The two can be
separated effectively by exploiting this spectral difference using Fourier techniques, while eliminating
the need for precise antenna-based calibration of phases introduced by the instrument, and the
ionosphere, inherent in existing approaches. Using fiducial models for continuum foregrounds, and
for the cosmological H1 signal, we show the latter should be detectable in bi-spectrum phase spectra,
with reasonable significance at |k| 2 0.5h Mpc™!, using existing instruments. Our approach will
also benefit other H1 intensity mapping experiments that face similar challenges, such as those
measuring Baryon Acoustic Oscillations (BAO).

INTRODUCTION

The hydrogen gas that dominates the baryon content
of the Universe has undergone two phase transitions over
cosmic history. The first was the transition from fully
ionized to fully neutral gas during cosmic recombination
~ 300,000 years after the Big Bang (z & 1100). This
epoch has been quantified in exquisite detail through cos-
mic microwave background radiation studies [1]. The
second transition is known as cosmic reionization, when
light from the first stars and black holes reionized the
neutral Hydrogen (H1) gas that pervaded the early Uni-
verse. Current indirect constraints suggest this second
transition occurred a few hundred Myr to ~ 1 Gyr
(z 2 6) |2] after the Big Bang. During this epoch, the
photon-to-baryon ratio rose significantly, reionizing the
entire Universe except gas bound to galaxies. The astro-
physical processes during this epoch shaped the evolution
of galaxies and large-scale structure. However, unlike re-
combination, the timing and process of cosmic reioniza-
tion remain poorly understood. The redshifted 21 cm
spectral line from the electron spin-flip transition in H1
atom, has been recognized as the most promising tool to
unravel the physical processes involved in cosmic reion-
ization, and the evolution of large scale structure during
the formation of the first galaxies |3-{11].

Our Galaxy and intervening radio galaxies emit syn-
chrotron radiation in the same frequency band (~ 100—
200 MHz) as the redshifted H1 signal from the epoch
of reionization (EoR), with a brightness temperature
roughly > 10* times higher than the EoR H1 signal.
However, the synchrotron foregrounds have a smooth

spectrum whereas the EoR H 1 signal will appear as small
fluctuations superimposed on the smooth foreground
spectrum. The hope of separating the cosmic line sig-
nal from the Galactic and extragalactic foregrounds has
spawned a number of low-frequency instruments (eg. [12-
14]), with sensitivities sufficient for a statistical detection
of the EoR H1 signal using power spectrum methodology
[15, [16]. However, despite obtaining significant obser-
vational data, these experiments remain dynamic range
limited due to the coupling of the strong foreground emis-
sion to the EoR H1 signal via instrumental effects, partic-
ularly systematics related to precision of calibration, and
the intrinsic chromatic instrumental response [17-31].

We present an alternate approach using the phase of
the complex bi-spectrum (also referred to in radio inter-
ferometry as closure phase) to detect the signal from the
EoR. This quantity is impervious to antenna-based com-
plex gains introduced by the instrument and the iono-
sphere, and thus can remove the need for high-precision
calibration currently impeding existing approaches|32].

Further, H1 intensity mapping experiments, such as
CHIME [33], HIRAX [34], and Tianlai [35] will map H1
on large-scales at 1 < z < 3 tracing the matter density
fluctuations, and thus measure the Baryon Acoustic Os-
cillations (BAO) that can be used as a standard ruler
in constraining the Dark Energy equation of state. The
challenges in these experiments are expected to be of a
similar magnitude to that in 21 cm EoR experiments,
and thus can potentially benefit from our approach.



PROPERTIES OF BI-SPECTRUM PHASE

The bi-spectrum in the context of interferometry has
been investigated in [36-40] and recently revisited in
[41]. Consider a triad of antennas, {a,b,c}, indexed by
i. Vi'(f) is the spatial coherence measured at frequency,
f, between antenna pairs, {ab, be, ca}, indexed by ij. An
interferometer measures V;*'(f) = gi(f) g;(f) Vij (f) +
VS (f), the true spatial coherence, V;J(f), corrupted
by multiplicative antenna gains and ionospheric distor-
tions, g;, and additive thermal-like noise, VUN( f). We
express Vi1 (f) = Vi(f) + V'(f), where, Vi (f) and
VZ?‘( f) are due to foreground synchrotron and EoR H1
signal, respectively. The measured bi-spectrum is By =
L, Vi = B& I, lgil* + BY, where, the dependence on
f has been omitted for convenience (hereafter so, unless
indicated). In our notation, ij only indexes three spe-
cific cyclic antenna pairs {ab, be, ca} and not all possible
combinations of 7 and j. Bg, encompassing all terms con-
taining ij including cross-terms, has zero mean since it
contains Vi, which is assumed to be uncorrelated be-
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tween antenna pairs. The phase of BY is:

O =D 0l =03 + 005 = (67 +067) + 6%, (1)
©j

where, ¢ = ¢; — ¢ + (;5};- + 5(;5?;-, and ¢; are the phases
of V7' and g;, respectively. S and 6¢Y are not just
determined by the phases of VZ?I and VZJN but are small
perturbations due to the EoR HT signal and noise re-
spectively, superimposed on dominant phase, gb%, due
to foregrounds, and depend on pi' = [V5|/|[V}"] and
pyy = |ViEI/IV]] respectively. The small-perturbation
formalism is valid when pg‘ > 1 and pfj > 1, as is usu-
ally the case in low-frequency cosmology experiments.

v is independent of the antenna gains and measures

<, corrupted only by noise, 6¢Y. Hence, ¢% contains
information purely about the sky’s spatial structure, with
certain geometric properties [see |42].

(5¢Fj follows a Gaussian distribution with standard de-
viation, ogx = (V2p5)~!, when pf} > 1 [43]. From
Eq. @), for pli\lj > 1, ¢y will also approach a Gaussian
distribution with variance, Uig =2 (V2 pi;) "2, where,
pij = piy (if pf < plY) or pij = pl (if piit < pfy). 6o
can be made the dominant fluctuation in ¢ by averag-
ing a number of independent samples (V) of ¢ and
reducing the variance of ¢ to 0? o /Nm.

MODELING

Instrument Model

We use the Hydrogen Epoch of Reionization Array
[HERA; [19, 44-47] as an example to demonstrate our

approach. Located at the Karoo desert in South Africa
at a latitude of —30.72°, HERA will consist of 350 close-
packed 14 m dishes with a shortest antenna spacing of
14.6 m. Its triple split-core hexagonal layout is optimized
for both redundant calibration and the delay spectrum
technique for detecting the cosmic EoR HI signal [48].

Sky Model and Noise

We construct an all-sky model that includes the re-
alization of a fiducial FAINT GALAXIES EoR model [49]
using 21emFAST [50] and a radio foreground model that
includes compact and diffuse synchrotron emission from
the Galaxy and extragalactic sources as in [17].

Fig. Dlshows |V;(f)| measured on three non-redundant
14.6 m antenna spacings due to the sky (foreground syn-
chrotron and EoR H1) and thermal noise contributions
with 1 min integration. The foreground contributions ex-
ceed the EoR signal by a factor ~ 10% as expected. It is
also noted that pli\jj > 100, which implies §¢X will follow

a Gaussian distribution with variance, 0? 6N
v
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FIG. 1. Spatial coherence amplitude spectra on antenna pairs
forming a 14.6 m equilateral triad are shown in red, blue
and cyan. Solid and dotted lines show amplitudes from syn-
chrotron foregrounds and a fiducial EoR model, respectively.
Gray curve shows the typical noise obtained with 1 min inte-
gration. Typically, the foregrounds are > 10* times brighter
than the EoR signal. The orange bands denote the frequency
sub-bands centered on 125 MHz, 150 MHz, and 175 MHz each
of 10 MHz effective bandwidth.

Fig. 2 shows the the bi-spectrum phase spectra for
the foreground and EoR components separately. Clearly,
the foreground component is characterized by a smoother
spectrum whereas the EoR component fluctuates rapidly.
The observed ¢, that includes the foregrounds, EoR H1
and noise components, will be described by Eq. [l
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FIG. 2. Bi-spectrum phase spectra of individual components
in the sky model — single point source (black) with ¢v =
0, compact sources (cyan), diffuse foregrounds (blue), diffuse
and compact components combined (red), and the EoR H1
fluctuations (gray) — for a 14.6 m equilateral triad. The H1
component is highly fluctuating relative to the foregrounds.
The phase wrap discontinuities at ¢v = +7 are not of a
physical origin. The orange sub-bands are same as in Fig. [I1

EXTRACTION OF THE COSMIC SIGNAL

The contrasting spectral characteristics — smooth ¢%
and fluctuating d¢&' — indicate that techniques similar
to the power spectrum approaches could be employed to
separate the cosmic signal from foregrounds but avoiding
the need for high-precision spectral calibration that most
existing approaches rely on.

If a number of independent measurements are avail-
able, they could be used to average ¢y to reduce the
standard deviation of §¢Y by taking advantage of its
Gaussian distribution. When §¢% is sufficiently low, §¢8'
will dominate the spectral fluctuations in ¢y, while ¢%
will be dominant overall but spectrally smooth. The vari-
ance in 6 is effectively a measure of the EoR HT line

strength to foreground continuum ratio.
which in turn can be used to infer [VI'| if [V;5| is known.
|Vi?1| is directly related to the EoR HT brightness tem-

perature fluctuations, ((67F")?), which can be inferred as
a function of redshift. This is discussed further below.

Thus, when p}J' < py5, ogm can be used to estimate p

Delay Power Spectrum of Bi-spectrum Phase

While any method that relies on separating a signal
from contaminants using differences in spectral charac-
teristics is applicable, we employ the Delay Spectrum ap-
proach @, @] Since the ¢v spectrum can have discon-
tinuities at ¢ = =+m, and hence non-physical spectral
features, we define &y = €V, which is unaffected by

these discontinuities. We perform a delay transform:

Ze(r) = [ WL @)
where, W(f) is a spectral weighting usually chosen to
control the quality of the delay spectrum , ] and

has an effective bandwidth, Beg. Zv (7) has units of Hz.
We define the delay cross-power spectrum of £y (f) as:

Poll) = 9ed Z0(r) 2.7 (g—i) NG

where, AD = AD(z) is the comoving depth along the
line of sight corresponding to Beg at redshift z, k” ~
217 Ber/ AD is line-of-sight wavenumber, and Re{-} de-
notes the real part. In this paper, we use cosmological
parameters from @] with Hy = 100h km s=! Mpc~1!.
Pg (k) is in units of h~! Mpc. When Ey(7) = By (1),
Py (k) reduces to delay auto-power spectrum. In §, we
describe the usage of Eq. (3] in different contexts.

From Eq. (), since &y = [];; €', it can be shown
that ZEv(7) = Euw(T) ® Epe(T) ® Eco(7) ® W(T), where,
{&;(f), Eij(7)}, and {W(f), W(r)} are Fourier trans-
form pairs, and ® denotes convolution. Foreground
contribution to spatial coherence is known to be con-
fined to delay modes within the horizon limits HE, 17-
@, |ﬂ, @, @—@] As a result of the convolution, the
foreground contribution to Zv (7) is expected to be more
extended along 7 (and k) relative to =;;(7). This rela-
tion will be explored in a forthcoming study.

Improving sensitivity

We require TspN < Osgm such that ¢, 58 > §¢%
in order to detect EoR and estimate pfll. This can be
achieved by a combination of the following.

First, &y can be averaged coherently until the variation
due to the transiting sky exceeds the decrease in noise due
to averaging ﬂﬂ] An Allan Variance estimate for HERA
showed this timescale to be < 2 min ﬂA_JJ]

Second, v can be averaged coherently across multiple
days at a fixed LST before computing Py (k)), as long
as the array size is small compared to the predominant
spatial scales in the ionospheric variations, as has been
observed to be the case for HERA ﬂA_JJ]

Third, the measurements on redundant triads can be
averaged coherently in vy, before computing the power
spectrum. For non-redundant triads (including differ-
ent triad classes — equilateral, isosceles, and scalene), it
may be possible to average incoherently in Py (k) ), using
Ev (1) and 2%, (1) from triad pairs V and V' respectively
to further improve sensitivity.

Lastly, since the EoR signal is statistically isotropic in
space while the foregrounds are not, measurements on
time intervals larger than the coherence timescale can be



used to compute the individual delay cross-power spec-
tra, Py (kj|), from temporal pairs Zv(7) and Z%,(7), and
then be averaged incoherently.

Detection of Cosmic Reionization

The primary application of this technique is to detect
the EoR Hr signal. Using an Airy power pattern for
the HERA dish, we used PRISim [66] to simulate V5 (f),
Vi (f), and V;3'(f) from the synchrotron foregrounds, an
EoR H1 model, and noise, respectively as described in §
over the 100-200 MHz band with 195.3125 kHz spectral
resolution, and a conservative phase-coherent integration
interval of 1 min [41].

For bi-spectrum phase, we consider 14.6 m equilateral
antenna triads and assume ideal redundancy for the ar-
ray. The total number of such measurements is assumed
to be Ny, ~ 105 (after allowing for ~ 50% efficiency
of data quality from ~ 30 redundant 14.6 m equilat-
eral triads with HERA-47 [see layout in 41], ~ 8 hours
of observing per day at 1 min integration intervals, re-
peated over ~ 150 nights). We assume there are N, co-
herent measurements of ¢ and for each of these mea-
surements, there are Nj. incoherent measurements such
that NcNic = Nm. ¢y is averaged coherently over N,
measurements, and then averaged incoherently in Py (k)
measured for all incoherent pairs of . We choose W( f)
to be the inverse Fourier transform of the squared delay
response of a Blackman-Harris spectral weighting [67]
as proposed in [19], on sub-bands centered at 125 MHz,
150 MHz, and 175 MHz, with an effective bandwidth of
B ~ 10 MHz (to minimize EoR signal evolution over
the redshift range).

Fig. [3] shows the delay cross-power spectra, Py (kj),
of ¢ obtained for the three sub-bands, with an initial
S/N, pfj = 200. It is seen that the contributions from the
EoR H1 fluctuations, d¢t', are detected as they dominate
over ¢ +06¢% at |kyj| = 0.5h Mpc™! in the 150 MHz and
175 MHz sub-bands. The absence of a clear detection in
the 125 MHz sub-band is discussed below.

EoR H1 Brightness Temperature Fluctuations

Beyond simple detection, we could also estimate
the EoR H1 brightness temperature fluctuations,
((0T1(2))?), at various redshifts using the separation in
Pg (k). When pg-l < p?]j, the separation between ¢ and
¢ + 0¢% in Py (k) depends sensitively on pp,. Fig. Bl
shows Py (k) in the three sub-bands for different values
of ((6T3"(2))?), or equivalently, p;i'. As the EoR H1 sig-

nal strength increases (ten-fold in ((§7}1(2))2)'/2), the
separation in Py (k) also increases at |kj| 2 0.5 h Mpc™*
(~ 100 times), most clearly in the 150 MHz and 175 MHz

sub-bands. Conversely, this separability can be used to
estimate pg-l in the different sub-bands, which in turn
can be used to estimate ((673!(2))2) by using the best
foreground models available in those sub-bands. The ac-
curacy of ((0T{!"(2))?) so determined will depend on the
uncertainty in the foreground model, which is not re-
quired to be as precise as the calibration requirement.

The redshift evolution of separability in Py (k) de-
pends on relative strengths of the foreground and the
EoR H1 signal. In the 175 MHz sub-band (z & 7.1), rel-
ative to the 150 MHz sub-band (z = 8.5), ((07!"(2))?) is
weaker (see FAINT GALAXIES model at k = 0.5 Mpc~! in
Fig. 2 of [49]) but the foreground synchrotron tempera-
ture is also fainter roughly by the same factor. Therefore,
the separability of EoR HT in Py (k) is roughly similar
in the two sub-bands. However, in the 125 MHz sub-
band (z & 10.4), ((67;"(2))?) in the fiducial EoR model
is fainter but the foregrounds are brighter, thereby sig-
nificantly decreasing the spectral contrast between fore-
grounds and the EoR signal. Hence, a clear separability
is not seen at z ~ 10.4.

This hypothesis can be confirmed by estimating pg-l in
different sub-bands and verifying that there is no sepa-
ration in Py (k) at any k at z < 6, when the IGM is
understood to be fully ionized, with a reasoning similar
to [68]. Lack of separation in Py (kj|), such as at z ~ 10.4,
will enable placing upper limits on ((§T(2))?).

SUMMARY

A primary limitation to existing low-frequency EoR
21 cm cosmology experiments remains high-precision
spectral calibration in order to remove the strong contin-
uum foregrounds. We propose a new approach that uses
bi-spectrum phase, which represents an intrinsic property
of the sky and is thus impervious to antenna-based cali-
bration and associated errors, unlike existing approaches.

The primary goal of the proposed technique is to ob-
tain an interferometric detection of the H1 21 cm sig-
nal from the neutral IGM during cosmic reionization.
The next goal will be to relate the measured EoR H1
bi-spectrum phase power spectrum to the astrophysical
quantities of interest, particularly, the brightness tem-
perature fluctuations. The magnitude of the line signal
relative to that of the foreground continuum in the bi-
spectrum phase power spectrum, is essentially a measure
of the line-to-continuum ratio, since the line signal intro-
duces small, frequency-dependent, perturbations on the
spatial coherence phase. Hence, the line signal strength
can be calibrated against a foreground model.

Ultimately, the quantitative interpretation will entail
a standard forward-modeling process, comparing mea-
surements to the predictions of bi-spectrum phase power
spectra for different sky models. This work investigates
one such realization, and demonstrates that a quantita-
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FIG. 3. Delay power spectra of bi-spectrum phases in sub-bands centered at 125 MHz (left), 150 MHz (middle), and 175 MHz
(right) that include contributions from foregrounds, EoR signal, and noise. The corresponding redshifts are listed in each panel.
The 14.6 m equilateral triad used is highlighted on a HERA-19 layout on the top left. Green curve shows only the foreground
contribution (¢ = (;5%). The anisotropic foreground model employed [17] results in the asymmetry around k = 0k~ Mpe.
The red curve shows the effect of including noise fluctuations (¢% = ¢5 + 5(]51%)7 after averaging Nm ~ 10° measurements. The
gray curve is when fluctuations from the EoR H1 signal are included, ¢ = ¢5 + §¢5' 4+ §¢%. The black curve is identical to
the gray one except the EoR H1 signal is 10 times brighter. The dot and vertical markers denote positive and negative values
respectively. The latter results from the removal of noise bias by using cross-power spectra (Eq.[B). The EoR HI contribution
is significantly detected at |k| 2 0.5h Mpc~! at z ~ 8.5 and z ~ 7.1. At z ~ 10.4, the EoR contribution is inseparable from
foregrounds because the EoR signal is weaker (see power spectrum of FAINT GALAXIES model at k = 0.5 Mpc™! in Fig. 2 of
[49]) while the foregrounds are brighter. The detection significance depends on the strength of EoR H1 signal relative to the
foregrounds. A 10-fold increase in EoR intensity shows a ~ 100-fold increase in Py (k) at |kj| 2 0.5k Mpc™' at z ~ 8.5 and
z =~ 7.1, indicating its sensitive dependence on pg»[. This detection measures the line-to-continuum ratio, from which the EoR

H1 brightness temperature fluctuations, ((§7{"(2))?), can be inferred using a reliable foreground model.

tive relationship exists between the EoR signal strength
and the bi-spectrum phase power spectra.
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