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ABSTRACT: A major goal of cosmology is to understand the nature of the field(s) which
drove primordial Inflation. Through future observations, the statistics of large-scale structure
will allow us to probe primordial non-Gaussianity of the curvature perturbation at the end of
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Inflation. We show how a new correlation statistic can significantly improve these constraints
over conventional methods. Next-generation radio telescope arrays are under construction
which will map the density field of neutral hydrogen to high redshifts. These telescopes can
operate as an interferometer, able to probe small scales, or as a collection of single dishes,
combining signals to map the large scales. We show how to fuse these operating modes in order
to measure the squeezed bispectrum with higher precision and greater economy. This leads
to constraints on primordial non-Gaussianity that will improve on measurements by Planck,
and out-perform other surveys such as Euclid. We forecast that o(fio¢) ~ 3, achieved by
using a small subset, @(10? — 103), of the total number of accessible triangles. The proposed
method identifies a low instrumental noise, systematic-free scale regime, enabling clean
squeezed bispectrum measurements. This provides a pristine window into local primordial
non-Gaussianity, allowing tight constraints not only on primordial non-Gaussianity, but on
any observable that peaks in squeezed configurations.
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1 Introduction

Primordial non-Gaussianity (PNG) is one of the most promising observational avenues to
probe the primordial Universe, due to its sensitivity to the physics of these early stages.
Measuring PNG could reveal the field content and the amplitude of field interactions [1], as
well as verify the quantum nature of the primordial fluctuations [2] that seed the large-scale
structure (LSS) we observe today, predicted by Inflation. This early Universe information
can be extracted by characterizing how much the distribution of the primordial perturbations
deviates from Gaussianity.

We propose a novel method that utilises the functionalities of a radio telescope array in
21cm intensity mapping surveys, in order to measure the bispectrum of squeezed triangles

— in an optimal and efficient way, while maximizing the PNG signal and avoiding regions

contaminated by systematics. The squeezed bispectrum, with k1 ~ ko > k3, can be used
to significantly improve current bounds on local PNG [3—-6]. Constraining fll\?LC provides a
unique observational handle to rule out entire classes of inflationary models and enhance
our knowledge of the early Universe [7].

Currently, the tightest constraints on PNG are from cosmic microwave background (CMB)
measurements [8]. The results imply that the primordial perturbation field is weakly non-
Gaussian and hence most of the PNG information is contained in the primordial bispectrum,
i.e., the lowest-order deviation from a Gaussian distribution. Most of the available information
on local PNG from the CMB bispectrum has been extracted. LSS surveys have the potential
to significantly improve the current PNG bounds [9, 10], since a 3D dark matter tracer
(e.g. galaxies) has considerably more bispectrum modes than the 2D CMB. However, most
of these LSS modes are in the nonlinear regime, which is dominated by the gravitational
evolution of cosmic structures. The subdominant PNG signal must be separated from the
late-time non-Gaussian gravitational contributions with significant precision. Recent results
from optical galaxy surveys [11-16], where an analytical perturbative model has been used
(see e.g. [17]), are far from being competitive with the CMB bounds. The main reason is the
complexity of accurate analytical models beyond the perturbative regime which is needed to



extract the wealth of PNG information from the nonlinear scales. A promising alternative is
to rely on numerical approaches, like simulation-based [18-21] or field-level inference [22, 23].

In this work, we employ a perturbative analysis at high redshifts, which facilitates access
to a large number of bispectrum modes in the perturbative regime. By also using high-density
samples, we can significantly boost the PNG signal. To achieve this, we investigate upcoming
high-redshift 21cm intensity mapping surveys [24-31], focusing on the squeezed bispectrum.

Due to its distinct triangle preference, which couples different scales, this shape is mostly
orthogonal to the late-time gravitational part of the LSS bispectrum [9, 32, 33] and therefore
relatively easier to separate from the latter.

2 PNG from 21cm intensity mapping

In the post-reionization Universe most of the neutral hydrogen (HI) resides inside galaxies,
thus detecting its 21cm emission line provides a tracer of the underlying matter distribution.
The HI intensity mapping (IM) technique [27] consists of making brightness temperature maps
of the sky at different radio frequencies, by measuring the integrated emission line from many
galaxies that reside within each pixel. The combined emission yields a large detectable signal,
while probing very large volumes of the Universe from the epoch of reionization up to present
times. Such spectroscopic surveys are planned, for example with the Square Kilometre Array
Observatory (SKAO) [30] and the Hydrogen Intensity and Real-time Analysis eXperiment
(HIRAX) [31], which will cover a wide sky area and deep redshift range (0 < z < 3).

Radio telescope arrays can measure HI intensity in two distinct ways: in single-dish
(SD) mode, by auto-correlating the signal of each dish individually and summing them, or in
interferometer mode (IF'), where the signals from all dishes are cross-correlated. The first
probes the large and linear scales of clustering, while the latter probes the intermediate
to the very small and nonlinear scales (large k-mode values) with high angular resolution.
These modes of survey complement each other in Fourier space, see figure 1. Additionally
the two functionalities differ in the nature of the instrumental noise, which is the dominant
noise contribution [34]. Contrary to optical surveys, the shot noise can be negligible, up
to small scales.

In addition to the intrinsic instrumental scale limitations of an HI IM survey, there
are known systematics. Astrophysical sources introduce nearly smooth foregrounds which
overwhelm the very large-scale fluctuations along the line of sight (k) < 0.01 ~/Mpc) rendering
them unusable [27, 35-39]. For an interferometer, an additional non-smooth foreground
component, the foreground wedge, contaminates some of the modes transverse to the line of
sight [36, 37, 40-42, 42, 43] — see figure 1. The presence of local PNG induces a large-scale
scale-dependent behaviour in the power spectrum of a tracer [45-50]. Hence, an LSS survey
should be able to probe the largest scales of clustering in order to provide competitive
power spectrum constraints on ff@f For the bispectrum, access to a wide scale range is
essential, in order to probe enough squeezed triangles and boost the signal-to-noise ratio.
Thus, a single-dish HI IM survey favours a power spectrum analysis [51-55], outperforming
an interferometer survey. The reverse holds for the bispectrum fll\?f constraints, where surveys
designed for IF mode outshine those in SD mode [56].
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Figure 1. Schematic illustration of the ranges of radial and transverse wavenumbers that the two
survey modes are sensitive to. Reproduced from [44]. © 2015. The American Astronomical Society.
All rights reserved.

Due to the intrinsic instrumental and observational scale restrictions, HI IM surveys have
not yet reached their full potential in constraining fll\?f, despite their optimal specifications
(i.e. wide sky area, high redshifts and sample densities). This is even more evident for the
bispectrum of an IF survey, where a more futuristic setup, like PUMA [57] or SKA2 LOW [58]

is required to significantly improve over current bounds [56, 59] .

3 The 21cm bimodal bispectrum

In this work, we propose a novel method to boost the capabilities of HI IM to tightly constrain
the amplitude of local PNG, while excluding the contaminated k-modes from the analysis.
The key point is that the two functionalities of the radio telescope probe complementary scales
(see figure 1). Combining the data from these two can provide access to a very wide scale range
with high resolution: from the large and linear scales, as probed by the SD mode, to the very
small and nonlinear ones, measured by the IF mode. This is optimal for a bispectrum analysis
and especially for an observable that has a strong signal on squeezed triangles, like local PNG.

Squeezed configurations correlate different scales (k1 ~ ko > k3). Thus, cross correlating
a density field 65 (k), as probed by an SD mode survey, with two density fields §'F (k) probed
by a survey in IF mode, we can form an HI IM bispectrum that has access to a very large
number of squeezed triangles. We define the bimodal bispectrum, synergising two HI IM
surveys in two different operating modes, for an overlapping redshift range and sky area, as

(6™ (K1) 6™ (ko) 65P (Ke3)) = (27)3 0p (K193) BSP ¥ (K, ko, k3) | (3.1)

where k123 = k1 + ko + k3.



The fields 65PF are fluctuations in the 21cm brightness temperature and their mea-
surements in Fourier space depend on survey window functions WSPIF (k). Crucially, SD
observations observe the actual sky, so that the fluctuation is a convolution in Fourier space,
65P (k) = WSP(k) x §(k), whereas IF mode measures a Fourier transform of the sky, leading
to a simple product, 6 (k) = W (k) §(k). (We omit the z-dependence for brevity.)

The window functions WSPIF(k) ensure that the measured k-modes are well within
the intrinsic instrumental limits and away from regions affected by systematics (figure 1),
giving a contamination-free measurement of the synergy bispectrum. These limits include
the fundamental limitations of each instrument [44], which depend on the size of the dishes,
as well as the known astrophysical foregrounds and the wedge effect in the case of IF mode.
The latter two exclude all scales that satisfy k| < ks and k) < A(z) k1 [56]. Foregrounds
can be recovered with percent precision [60-64], thus we consider an optimistic cut-off value,
kain = 0.005 h/MpC.

The estimator for measuring the synergy bispectrum between the SD and IF modes is

1
Vs Vias

BSDXIF(kl, k27 kg) = Z Z Z 5K(q123) (SIF(ql) 6IF(q2) 6SD(q3) ) (32)

q1€k1 q2€k2 q3€ks3

where V; is the volume of the survey within each redshift bin. The Kronecker delta ensures
the formation of ‘fundamental triangles’ with sides g;, satisfying gi23 = 0, that fall in the
‘triangular bin’ of width Ak defined by the bin centres (k1, k2, k3). The volume in Fourier space
of the fundamental triangle bins is, in the thin shell limit Vio3 = 8 72 ky ko k3 (Ak)3 [65], where
the bin size Ak is taken to be the fundamental frequency of the survey, Ak = k¢ = 27/ Vi
For the extreme cases of flattened (ki = ko + k3) and open triangles (k1 # ko + k3) this
expression breaks down. Here we consider the analytic corrections for these configurations
presented in [66].

The covariance of the bimodal bispectrum estimator is given by C;; = (6B, 0B;) = C% +
C?JI-G, where 6B; = B; — <§Z>, 7 and j indices denote the different triangle configurations,
ie. B; = B(k], k5, k%), and G, NG are the Gaussian and non-Gaussian contributions. In the
thin shell limit (k > Ak), the Gaussian part can be written as

G _ (27)©

R e 8:: P (k1) P (ky) PSP (K 3.3
i Vo Vigs 5123 045 ( 1) ( 2) ( 3)7 ( )

where s193 = 6,2,1 for equilateral, isosceles and scalene triangles respectively. The HI
IM power spectrum PSPIF is the tree-level model, including the instrumental noise (see
appendix A for details).

The non-Gaussian part of the covariance is a complicated quantity to calculate analytically.
However, in the case of squeezed configurations, like those considered in this work, it can



be accurately approximated! by [66-68]

NG (2m)?
=25,

N6 = 2 o (o, Uk KT B30 (] k5. ) BDIF (K k. R + 8 perm].
s V123 V123

1

(3.4)

where U(k?, k1) = 1673 ki ki kJ ki (Ak)5. For the extreme triangle configurations, we consider
the analytic corrections presented in [66]. For BSPXIF the tree-level model is used and is
presented in appendix A. A well motivated assumption for the instrumental noise is that
it is Gaussian [44]; in this case the non-Gaussian part of the covariance will not contain
instrumental noise contributions.

4 Results

We present Fisher forecasts for the HI IM bimodal bispectrum on constraining the amplitude
of local PNG. In a given redshift bin the Fisher matrix is

aBSDXIF(k') 8BSDXIF(]€')
_ 31.. 7 -1 J
Fog= /d k; 30 C; 5%; . (4.1)

Here 6, are the parameters of interest, k; is an abbreviation for the three sides of the ith
triangle, and [ d3k; = 1/(47) [, dm 027r de)Sp, where iy = k1 - 2 and ¢ characterize polar
and the azimuthal orientations of a triangle relative to the line-of-sight direction, 2. The
forecasts are from the angle-averaged bispectrum. The sum )+ is over all the Fourier space
triangles that satisfy kpin < k3 < ko < k1 < Epax-

We only consider a squeezed subset of these configurations, i.e. those that satisfy ky ~
ko > 3 ks, since they contain most of the signal for the local PNG. Although the bimodal
bispectrum can benefit from all triangle shapes. The minimum value ky,;, = k¢, is the largest
scale probed in the redshift bin by the survey, and the maximum value k.« corresponds
to the smallest scale where the theoretical model is reliable. We use a conservative choice
kmax(2) = 0.75 knp(2) and an optimistic one kmax(2) = knp(2), where kni, is given by the
inverse square root of the one-dimensional velocity dispersion [59]. The analysis is thus
confined within the perturbative regime, where the tree-level model offers good agreement
with the numerical results [69-73]. The tree-level description is used to model the expected
value of the bimodal estimator eq. (3.2), including the observational windows for the two
operating modes. Any k-mode outside of the window will result in the exclusion of the triangle
from the Fisher matrix calculation. The forecast error on 6, is given by o(6,) = (15’_1)(1)/&2 ,
where Fag = 3 F,53(2;) encompasses the total information from all redshift bins. They are
considered independent, with a total number of Ny, = 18%. All the parameters that control

!This analytic expression includes the bispectrum-bispectrum and power spectrum-trispectrum contributions.
The latter is equivalent to the first in the case of squeezed configurations [66], thus the factor of 2 in front of
eq. (3.4). Moreover, the six-point function contribution is negligible for squeezed triangles and for the scales
considered here, while the super-sample contribution is subdominant for all scales probed [67].

2Under the assumption of uncorrelated redshift bins, the final constraints on fi% show minimal sensitivity
to the choice of Az. This is supported by additional tests performed with Npins = 9 and Npins = 6, where the

resulting changes in the forecasted uncertainties were small (~1%).
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Figure 2. Marginalized forecasts of o(f) from the bimodal bispectrum (SKA x HIRAX) with and
without foreground cut, for conservative and optimistic kyax. Forecasts from each survey and from
the summed signal without cross correlation (SKA 4+ HIRAX) are also shown. Purple line is the
Planck 2018 constraint [8].

the model are considered free and are entries of the Fisher matrix. These include the ACDM
cosmology parameters and the HI IM bias parameters [9, 56, 59, 74].

loc loc

All work on constraining fif is affected by a degeneracy between ff and by [75, 76],
where by is the local PNG bias parameter [49, 77]. This compromises the ability of the LSS
power spectrum and bispectrum to tightly constrain fll\?f PNG bias depends on the halo
formation history [78], i.e., on properties beyond total mass. If it is accurately modeled and
constrained, e.g. with hydrodynamical simulations, this degeneracy is broken and the power
of the LSS bispectrum to constrain fll\?f is completely restored [79]. Our focus here is on the
relative improvement from a new bimodal synergy, compared to the sum of the standard
bispectrum information from 2 surveys — therefore, our results are not affected by the model

for by, and we use the simplest model that breaks the degeneracy [45-47].

After marginalization over the free parameters of the model [56, 74], we retrieve the final
forecasts on fll\?ﬁ The two surveys that we consider are with Band 1 of SKA-MID [30], which
is a radio telescope in SD mode and has a redshift range of z = 0.35 — 3.05, and the final



version of HIRAX [31] in IF mode with z = 0.75 — 2.55. We consider only the signal from
the overlapping range (z = 0.75 — 2.55) and sky coverage (15,000 deg?). For details of the
surveys considered and the specifics of the instrumental noise, see appendix A and [74].

The forecasts on fll\‘ff from the synergy between SKA and HIRAX are presented in
figure 2, for the conservative and optimistic kpax cases. The results when removing the
foreground cut, i.e. when assuming perfect foreground cleaning and signal reconstruction,
are shown in order to illustrate the limiting capabilities of the surveys. We also present the
forecasts from each individual survey, as well as their summed signal (SKA+HIRAX) without
cross-correlation, for the same redshift range and squeezed configurations as the bimodal
case. The results indicate that the bimodal bispectrum provides a significant improvement
on ll\?f constraints by a factor of ~ 4, compared to those from each individual survey and
a factor of ~ 2 — 3 on their summed signal.

The constraints are competitive with current CMB bounds by a factor of ~ 2. The
bimodal bispectrum achieves this by only using a small subset, O(10% — 10%), of the total
number of formed triangles. This means that the forecasts could improve further once
all the triangles are considered, even achieving o(fi¢) < 1, as in the case of dedicated
surveys with much larger sky area (e.g. SPHEREx [80] or PUMA [81]). In addition, by
including the single-survey information from the non-overlapping redshifts and sky area, the
constraints would improve even further and utilise to the fullest the available signal in the
SKA-HIRAX synergy. To investigate the effect of the radial foreground cut, we calculate

the PNG signal-to-noise ratio (SNR) of the bimodal bispectrum, as

(S/N)bxa(2) = [ AR BERET (kio2) (€) " BRE (ky.2) 1.2
where Bpng = B(fi€ # 0) — B(f3%¢ = 0). The results are presented in figure 3 as a function

of the squeezed trlangle s sides, i.e. the long-wavelength (ks = kr,) and short-wavelength
(k1 = ko = kg) modes, after integrating over the triangle orientation angles. Shown at
redshifts z = 1 and z = 2.5, two scenarios are considered: excluding k-modes affected by
radial foregrounds (k| < kjyin, left panels) and fully recovering these modes (right panels).

At low redshifts (z = 1), recovering the k-modes lost to foreground contamination is
essential for shifting part of the PNG signal into the linear regime. The dominant contribution
to the local PNG signal lies in bispectrum modes where k1 ~ ko = kg > kmax, i-e. beyond the
range of linear theory. When long-wavelength radial modes are lost to the foregrounds, only
a small part of the maximal PNG S/N is accessible. However, if these modes are successfully
reconstructed, more squeezed triangles fall within the perturbative regime, making them
amenable to analytic modeling and significantly enhancing the contribution of low-redshift
data to the PNG constraints.

In contrast, at high redshifts (z = 2.5), where the Universe is more linear, the majority
of the PNG signal remains within the validity of perturbation theory, even in the presence
of a radial foreground cut. As shown in the lower panels of figure 3, these redshifts already
contribute significantly to the total PNG constraints. The tree-level model remains reliable,
and a large number of squeezed configurations — particularly those with maximal PNG signal-
can still be utilized. While probing smaller scales, i.e. kg > knax, would provide access to more
configurations, it is not essential for these high-redshift bins to yield strong constraints on floc
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Figure 3. Normalized non-Gaussian SNR [eq. (4.2)] as a function of the long- and short-wavelength
modes of the squeezed configuration (i.e. k1 = ko = ks and k3 = ki), after integrating over the triangle
orientation with the line-of-sight. Upper panels are at redshift z = 1, lower at z = 2.5. The left
column is the fiducial case, while the right is the case where no radial foregrounds are considered (i.e.

10 Kjjmin cut).

This explains why, as illustrated in figure 2, reconstructing the lost long-wavelength
radial k-modes yields a greater improvement in fllﬁ’f forecasts than increasing kpax. Although
accessing very large scales is critical for HI intensity mapping, exploring mildly nonlinear
regimes offers a complementary strategy to mitigate information loss due to 21cm foregrounds.

To assess the sensitivity of the results to the assumed value of ki, we repeat the
analysis for k|, = 0.01 h/Mpec. Increasing K|min iImpacts all surveys and scenarios, with the
effect being most significant for the SD mode survey. Specifically, constraints for the SD mode
degrade by a factor of ~ 2.5 compared to the k|, = 0.005 h/Mpc case, while the impact on
the IF mode is minimal (~ 15%). For the bimodal forecasts, the degradation is by a factor of
~ 2, and for the summed signal from the SD and IF modes, by a factor of ~ 1.5. These results
indicate that the advantage of the bimodal approach over the combined signal from the SD and
IF surveys remains approximately the same, with a relative improvement by a factor of ~ 2.

To evaluate how the ability of the SD survey to probe the large scales influences fll\})f
constraints, we vary its total integration time and the number of dishes. The results show



that even a tenfold reduction in survey capabilities leads to only a ~ 10% loss in precision,
suggesting that instrumental noise of the SD survey has a limited effect on the constraints.
For a more detailed discussion, see appendix A.

5 Conclusions

We have shown how to combine SD and IF observations of HI IM maps in a novel way to give
significantly stronger constraints on fll\?f than was previously thought possible. In fact, this
method will improve on the Planck results by around a factor of 2, using only a few thousand
triangles per redshift bin. The bimodal bispectrum improves constraints relative to the sum of
the individual surveys by a factor of ~ 4, which is equivalent to a much larger SD or IF array.

The key aspect of combining SD and IF modes, is that we identified a scale regime
where instrumental noise is small and free from other systematics. This enables exceptionally
clean measurements of the squeezed bispectrum, containing sufficient squeezed triangle
configurations to impose tight constraints on local PNG. This synergy between SD and IF
modes is critical for achieving high-precision results on local PNG.

The surveys considered here (SKA and HIRAX) are not the largest possible, as they are
intended to serve as test cases to demonstrate the potential of this technique rather than
to enable direct comparisons with forecasts from other current or future surveys. Utilizing
larger surveys, such as future HI IM projects (e.g., SKA Phase 2, PUMA), could further
tighten constraints, surpassing any current forecasts. Indeed, our results already outperform
constraints from current galaxy surveys with comparable fields of view to those used here, such
as Euclid [9] and DESI [82], with constraints improving substantially as survey parameters
are optimized and information from all available triangle configurations is incorporated.

A substantial part of the constraining power comes from the IF mode signal, implying
that the results will improve even further if the IF instrumental noise can be reduced. By
contrast, the method is not so sensitive to the SD mode noise. Instead, the SD signal is
sensitive to the loss of very large scales k| < kjpin, so that further improvement requires
advances in foreground cleaning and long-wavelength k-mode reconstruction. The sensitivity
of the results to the assumed value of k|, is also examined. While all cases are impacted,
the advantage of the bimodal approach over the combined signal from the SD and IF
modes remains largely unchanged, highlighting the effectiveness of the proposed approach
in constraining local PNG from HI IM surveys.

Long-wavelength modes provide a set of very squeezed triangles that carry a significant
amount of signal on local PNG. On the other hand, increasing the number of squeezed triangles
by changing kn.x provides a much less pronounced gain in the fll\?f constraints (~ 20%). The
constraints with an optimistic kpax are very close (~ 15% difference) to those provided by
the conservative case, in which no radial foregrounds are considered. This indicates that
the local PNG signal lost to foregrounds can be partially recovered, by venturing further
into the intermediate regime. Smaller scales have a significant amount of information on
PNG, which requires alternative methods to the analytical modelling, e.g. simulation-based
inference [18-21]. We leave this for future work.

The bimodal bispectrum cross-correlates SD large scales with smaller-scale IF modes.
We do not expect foregrounds or instrumental systematics to show correlations between long-



and short-wavelength k-modes, another advantage of the bimodal synergy. The advantages of
the bimodal bispectrum are not limited to local PNG studies. Any observable that has signal
peaking on squeezed triangles can benefit from the proposed synergy. Moreover, including
all triangle configurations into the bimodal analysis, still maintains a significant gain in the
constraining power (see appendix A).

In the case of bispectrum probes of optical surveys, the data are observed in real space,
thus a Fourier transformation takes place from the observed three-point correlation function,
including the window functions for each side of the triangle. This introduces complex
convolutions between the windows and significantly hinders a bispectrum analysis. In the
case of the bimodal synergy bispectrum, the IF mode measures a Fourier transformation
of the sky, while the SD mode the actual sky, including the observational windows. This
means that the window convolutions will be much more under control, offering an additional
benefit to the proposed approach.
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A HI IM model and forecast details

The surveys considered here are the SKAO,? operating in single-dish mode, and HIRAX,*
operating in interferometer mode. The survey specifications are presented in table 1. The
tree-level HI IM power spectrum and bispectrum model in redshift space for operational

3www.skatelescope.org [30]

4hirax.ukzn.ac.za [31]

,10,


www.skatelescope.org
hirax.ukzn.ac.za

SKAO (Band 1) | HIRAX
redshift 0.775 — 2.55% | 0.775 — 2.55
Nuish 197 1,024
Dgisn [m] 15 6
Sarea [deg?] 15,000° 15,000
tsurvey [hrs] 10,000 17,500

Table 1. The survey specifications for the two HI intensity mapping (IM) surveys considered in this
work. Notes: (a) The full redshift range covered by SKAO Band 1 is z = 0.35 — 3.05 (see ref. [30] for
details). However, to quantify only the gain of the bi-modal approach, i.e., we restrict our analysis to
the overlapping redshift range, z = 0.775 — 2.55, which matches that of HIRAX. (b) While SKAO
offers a total sky coverage of 20,000 deg?, we limit our the analysis to the overlapping sky area of
15,000 deg?, again to ensure a consistent comparison.

modes SD, IF are given by:

PSD’IF(k, Z) — Tb(z)2 [DII;OG(k’ z)Zl(k, Z)QP};L(]{?, Z) + PE(Z):| + Pl\S]D,IF(ka Z)a (Al)
BSDXIF(kly k2’ k:37 Z) frnd Tb(2)3 [DPBOG(k17 k?Z; k37 Z)

X {Zl(kﬁl,Z)Zl(kz,Z)Z1(k3,Z)Bp(k‘1,k2,7<33,Z)

+ [221(k1.2) 21 ke, 2)Zalhn, K, 2) Pk, 2)Ph (i, 2) + 2 permm] |

+2P.c;(2)[ 21 (K1, 2) Py (v, 2) + 2 perm] + Bs(z)] . (A.2)

In the equations above we omit the window functions for brevity. Here PL is the linear matter
power spectrum, as given by CAMB [83], while By, is the primordial bispectrum for local PNG.

The instrumental noise PI\SID’IF

is different for each operational mode, with different scale
behaviour, and depends on the HI IM survey specifications: see [29, 44, 56] for the expressions
and details. The background temperature is given by T, = 188 Qu(2)h(1 + 2)2Ho/H(z) pK,
while the HI density evolution is modelled as Qpp(z) = 4 x 10~4(1 + 2)°6 [28]. The stochastic
contributions are given by P.(2) = 1/7(2), Py (2) = b1(2)/(2) and B.(z) = 1/m2(2) [33, 84],
where 7 is the effective number density of HI IM [85]. These shot-noise terms can be
neglected for HI IM (in this work they are considered) since they are small for the scales
we consider [29, 44]. Thus, the instrumental noise is the dominant noise contribution for
an HI IM. The details and expressions used to calculate this term for the two instrumental
modes can be found e.g. in [74]. The effect of the velocity dispersion, the fingers-of-god
effect (FoG), is described by a phenomenological by a damping factor [86-88] and given by
Dhog(k) = exp [~ (kpop)’] and DEoq (ki ko, ks) = exp [ — (k3p:f + k3ud + k3pu3) o] for
the power spectrum and bispectrum respectively. The damping amplitudes op and op are
given by the linear velocity dispersion o,.
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Qb QC h/ AS ns 11\?13
0.0493 0.2644 0.6736 2.1 x 1077 0.96488 0

Table 2. The fiducial values used for the flat ACDM cosmology, as measured by Planck [96].

The redshift kernels up to second order, which include local PNG, are [9, 89, 90]:

3 fNEbe(2)
Z1(ki, z) = bi(2) + f(2)pf + %7 (A.3)
Zolhis ks, 2) = (=) Pl k) + F( Gl ) + 222 228, g
+ W l/]:jZl(kj, z) + ZjZl(ki, z)]
oc | 0p5(2) — bg(2)No(kj, ki) | bes(2) — by(2) Na(ki, k;)
+f11\IL QM(k'i,Z) } + QM(kj,Z) ’ ] (A4)

where f(z) is the linear growth rate, pu; = k; - 2, with 2 being the line-of-sight vector, Wij =
(psks+pjk;)/kij and k% = (ki +k;)?. The function M(k, z) = 2¢>D(2) T(k) k*/(3Qm HE gdec),
contains the linear growth factor D(z) and matter transfer function 7'(k), and ggec is the
Bardeen potential growth factor at decoupling (ensuring that fi%¢ is in the CMB con-
vention [91]). The kernels Fy(k;, k;j) and Ga(k;, kj) are the second-order symmetric SPT
kernels [92], while Sy(ki, k) = (k1 - k2)2 — 1/3 is the tidal kernel [93, 94]. The kernel
No(ki,ke) = (k1 - k2)k? encodes the coupling of the PNG potential to the Eulerian-to-
Lagrangian displacement field [89, 95]. The bias parameters b; and by are the HI linear and
quadratic bias parameters, by is the tidal bias coefficient, while by and bgs are the local
PNG bias parameters. The full set of parameters consists of 5 cosmological parameters, the
primordial PNG amplitude and 11 further parameters in each redshift bin i:

0(z) ={ O, Qe b, As e, 15 (A.5)
Da(zi), H(2i), f(2i),b1(2i), b2(2i), bs2(2i), 0P (2i), 0B (2i)s Pe(2i)s Peey (2i), Ba(zi)}~

For the 5 cosmological parameters we add prior information from the observation of
CMB performed by Planck [96]. We assume redshift bins are independent, so that e.g.
OP(k, 2;)/004(zj) = 0 for i # j. All the above parameters are considered unknown and are
marginalized over in the Fisher matrix formalism. Note that we also consider the anisotropies
induced in the observed galaxy clustering by the Alcock-Paczynski effect [97], which occurs
when the fiducial cosmology, used to convert the observed angular coordinates and redshifts
to physical distances, differs from the true one [98, 99]. The fiducial values used for the
cosmological parameters are those measured by Planck [96] and are presented for convenience
in table 2 . The redshift-dependent expressions for the HI bias parameters are provided
in [74]. The PNG bias parameters, bg(b1) and bgs(b1), are considered a function of the linear
bias, i.e. by(b1) and bys(b1), using the ‘universality relation’ [33], where the expressions are
presented in e.g. [56]. These PNG bias parameters are considered fixed throughout the
analysis. As emphasized in the main text, accessing sufficiently long-wavelength k-modes with
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Figure 4. Marginalized 1o forecasts on fi¢, normalized to the fiducial constraints (i.e. SKA x HIRAX
in figure 2 ) as a function of the time of the single-dish survey ti. (left panel) and the number of
dishes Ngign (right panel).

the SD survey is important for the proposed method to deliver competitive fll\?f constraints,

irrespective of whether radial foregrounds are mitigated. This depends on how effectively
the SD survey can probe large scales. To investigate this further, we generate fll\?f forecasts
using the methodology described in the main text, varying key instrumental parameters
that influence the ability of the SD survey (i.e., SKA) to probe large scales. Specifically, we
consider the total integration time (to) and the number of dishes (Ngisn), both of which
impact the instrumental noise. Increasing either parameter leads to reduced instrumental
noise levels and, consequently, improved precision in 11\%5 measurements. The forecast o( ll\?f),
normalized to the fiducial SD survey specifications used to derive the main results (figure 2),
is shown in figure 4 as a function of ¢y (left panel) and Ngisn (right panel). Decreasing
by an order of magnitude the capabilities of the SD mode survey (e.g. considering only 20
dishes out of 200 or 1000 hrs instead of 10000 hrs), degrades the fll\?LC constraint by only
~ 10%. This indicates that the effect of the instrumental noise of the SD mode survey is
small, since it is still able to efficiently probe the large scales.

We use as an example a variation of the SD survey, ‘SKA/2’, where the integrated
time fio¢ and the number of dishes Ngisn are reduced by half. The bimodal bispectrum fll\?f
forecasts are presented in figure 5 (SKA /2 x HIRAX) by following the process described in
the main text. Moreover, the idealized case where the radial k-modes lost to foregrounds are
reconstructed (i.e. no K| min cut), is also shown in dashed lines. The results show that reducing
the capabilities of the SD survey by half, has minimal effect on the bimodal constraints
on fi¢. This is true for both values of kyax (‘conservative’ and ‘Optimistic’) and for the
cases where the modes k| < Ky, are included (dashed lines) and excluded (solid lines)
from the analysis. The tightest constraint, o(fi¢) ~ 2, corresponds to the optimistic kpyax
and the case with no Ky, cut.

The advantages of the bimodal bispectrum are not limited to squeezed configurations
and other shapes can be utilised. In figure 6 we show forecasts on fll\})f when all triangle
configurations are used and a redshift independent kpyax = 0.2 h/Mpc is considered. Note that
the complete bimodal bispectrum covariance is used in these forecasts, since the approximate

expression for the non-Gaussian part [eq. (3.4)] is accurate, for the scales considered, in
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Figure 5. Marginalized 1o forecasts on fi¢ from the bimodal bispectrum (SKA x HIRAX), in the
case of the conservative and optimistic k... A bimodal case with the capability of the SD survey
(SKA) significantly diminished (the number of dishes and observational time are reduced to half), is
also presented (SKA/2 x HIRAX). Forecasts from each individual survey, as well as their summed
signal (SKA + HIRAX) are presented for comparison. Planck 2018 constraints [8] are indicated with
a purple line. The dashed line bars correspond to the idealized case, where the radial signal lost to
foregrounds is recovered (i.e. N0 kjjmin cut is applied). This represents the maximal constraints from
the proposed bimodal method.

the case of all shapes of triangles [81]. The bimodal bispectrum still provides a significant
improvement over the constraints from each individual survey (a factor of ~ 2), while it
exhibits a ~ 30% improvement over their summed signal. Pushing ky.x to smaller values
would enhance these differences even further, as shown in the main text.
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