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ABSTRACT

Context. The Baryon Acoustic Oscillations (BAO) from Integrated Neutral Gas Observations (BINGO) radio telescope will use the
neutral hydrogen emission line to map the Universe in the redshift range 0.127 < z < 0.449, with the main goal of probing BAO. In
addition, the instrument’s optical design and hardware configuration support the search for fast radio bursts (FRBs).

Aims. In this work, we propose the use of a BINGO Interferometry System (BIS) including new auxiliary, smaller radio telescopes
(hereafter outriggers). The interferometric approach makes it possible to pinpoint the FRB sources in the sky. We present the results
of several BIS configurations combining BINGO horns with and without mirrors (4 m, 5 m, and 6 m) and five, seven, nine, or ten for
single horns.

Methods. We developed a new Python package, the FRBL1ip, which generates mock catalogs of synthetic FRB and computes, based
on a telescope model, the observed signal-to-noise ratio, which we use to numerically compute the detection rates of the telescopes
and how many interferometry pairs of telescopes (baselines) can observe an FRB. The FRBs observed by more than one baseline are
the ones whose location can be determined. We thus evaluated the performance of BIS regarding FRB localization.

Results. We found that BIS would be able to localize 23 FRBs yearly with single horn outriggers in the best configuration (using ten
outriggers of 6-m mirrors), with redshift z < 0.96. The full localization capability depends on the number and type of the outriggers.
Wider beams are best for pinpointing FRB sources because potential candidates will be observed by more baselines, while narrow
beams search deep in redshift.

Conclusions. The BIS can be a powerful extension of the BINGO telescope, dedicated to observe hundreds of FRBs during Phase 1.

Many of FRBs will be well localized with a single horn and a 6-m dish as outriggers.

Key words. techniques: interferometric — radio lines: general

1. Introduction

Fast radio bursts (FRBs) are transient radio pulses, and they
were discovered in 2007 using data from the Parkes telescope
(Lorimer et al. 2007; Thornton et al. 2013). Their origin is still
an open problem. They are very bright and have a sub-second
duration, and their arrival time delay is characterized by a well-
known frequency dependency (see Petroff et al. 2019, 2022 for
current reviews). There are over 830 detected FRBs at the time
of this writing!, where 206 are repeaters (which can be periodic
or not), and 19 host galaxies have been localized (Petroff et al.
2022), though with no apparent privileged sky distribution.
Detections have been made in observational frequencies
ranging from ~110 MHz (Pleunis et al. 2021; Pastor-Marazuela
et al. 2021) to ~8 GHz (Gajjar et al. 2018). The emitted radio
waves are dispersed by the free electrons in the medium along

* The authors dedicate this work to the memory of Frederico Augusto
da Silva Vieira (1984-2023).

T Deceased.
! See https://www.wis-tns.org/ for the official list of events.

the line of sight, and the usually large dispersion measures (DM),
which exceed the Milky Way limits (Cordes & Lazio 2002; Yao
et al. 2019), initially suggested that they have only an extragalac-
tic origin. However, an FRB was also detected in the Milky
Way (CHIME/FRB Collaboration 2020). A number of celes-
tial objects are being considered as FRB progenitor candidates,
including active galactic nuclei, supernovae remnants, and merg-
ers of compact objects, such as neutron stars, black holes, and
white dwarfs (Platts et al. 2019).

Fast radio bursts have been used as a tool for different cosmo-
logical and astrophysical studies to investigate such subjects as
the fraction of baryon mass in the intergalactic medium (Mufoz
& Loeb 2018; Walters et al. 2019; Qiang & Wei 2020); dark
energy (Walters et al. 2018; Liu et al. 2019; Zhao et al. 2020); the
equivalence principle (Wei et al. 2015; Tingay et al. 2015; Tingay
& Kaplan 2016; Shao & Zhang 2017; Yu et al. 2018; Bertolami
& Landim 2018; Yu & Wang 2018; Xing et al. 2019); the inter-
galactic medium foreground and halos (Zhu & Feng 2021); dark

2 See https://frbtheorycat.org/ for a list of different models.
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matter (Muiioz et al. 2016; Wang & Wang 2018; Sammons et al.
2020; Landim 2020); and other astrophysical problems (Yu &
Wang 2017; Wu et al. 2020; Linder 2020). However, studies rely-
ing on FRBs are still limited due to the small sample of identified
hosts, which allows for their redshift determination.

Several telescopes have detected FRBs, such as Parkes
(Lorimer et al. 2007), the Arecibo telescope (Spitler et al.
2014), Green Bank (Masui et al. 2015), ASKAP (Bannister et al.
2017), UTMOST (Caleb et al. 2017), CHIME (CHIME/FRB
Collaboration 2018), and Apertif (Connor et al. 2020), among
others. The CHIME telescope has had an important role in
discovering new FRBs. It detected 536 FRBs, observed between
400 MHz and 800 MHz, during one year (CHIME/FRB Collab-
oration 2021), enormously increasing the total number of known
events.

The task of determining the redshift of the host galaxy is
still a difficult one. Indeed, to determine the distance, one should
localize the events with arcsecond precision. One can use other
surveys to find their optical counterpart (Tendulkar et al. 2017;
Bhandari et al. 2022). Localizing an FRB event is very important
to understanding the origin and environment of its progenitor, as
well as to using its redshift determination to attack a few open
problems in cosmology. Determining the precise localization of
the events is possible using interferometric techniques, where the
data from different antennas are cross-correlated in order to pin-
point the origin of an emission. Our goal is to correlate the data
from a main telescope with data from its outriggers, which, in
this context, are smaller auxiliary radio telescopes.

The BINGO (Baryon Acoustic Oscillations from Integrated
Neutral Gas Observations) telescope (Battye et al. 2013; Abdalla
et al. 2022a; Abdalla & Marins 2020) is a single-dish instrument
with a 40-m diameter primary reflector mounted in a crossed-
Dragone configuration observing the sky in the frequency band
980-1260 MHz in transit mode. During Phase 1 (which should
last 5 years), it will operate with 28 horns, each of which is
attached to a pseudo-correlator equipped with four receivers.
The optical design should deliver a final angular resolution
of ~40 arcmin (Wuensche et al. 2022; Abdalla et al. 2022b).
The BINGO telescope is being built in the northeast region of
Brazil, and its primary goal is to observe the 21-cm line of the
atomic hydrogen in order to measure baryon acoustic oscillations
(BAO) using the intensity mapping (IM) technique. Although it
is designed for cosmological investigations, its large survey area
can provide ancillary science in radio transients (Abdalla et al.
2022a).

To improve BINGO'’s capability to detect and localize FRBs,
outrigger units are being planned and designed. The instrumen-
tal requirements and capabilities of these outriggers are being
determined using a combination of mock FRB catalogs, simula-
tions of events, and detection forecasting. The publicly available
code frbpoppy (Gardenier et al. 2019) generates cosmological
populations of FRBs and simulates surveys. However, it does
not include several tools and distributions of physical quantities
that would be necessary to explore different configurations and
designs for BINGO and its outriggers. Notably, these would be
needed to produce reliable estimates of the number of detected
and localized events.

The goal of this paper is to extend the initial analysis
presented in Abdalla et al. (2022a) introducing the BINGO
interferometry system (BIS) and presenting details of the cross-
correlation between BINGO and its proposed outriggers. The
main setup of the BIS is explained in Sect. 2. We intro-
duce FRBlip, a Python package developed by the BINGO
collaboration that generates mock FRB catalogs. The FRBlip
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package includes several distribution functions presented in
Luo et al. (2018, 2020), whose description and corresponding
simulations are shown in Sect. 3. In Sect. 4, we present the
different outrigger configurations, compare their performances,
and discuss the different criteria to define the detection and
localization of an FRB. Section 5 is reserved for conclusions.

Other aspects of the BINGO telescope, including instrument
description, component separation techniques, simulations, fore-
casts for cosmological models, and BAO signal recoverability
can be found in the previous papers of the series (Abdalla et al.
2022a,b; Wuensche et al. 2022; Liccardo et al. 2022; Fornazier
et al. 2022; Zhang et al. 2022; Costa et al. 2022; Novaes et al.
2022), as well as in de Mericia et al. (2023) and Marins et al.
(2022).

2. The BINGO interferometry system

In this work, we assume that radio telescopes are well char-
acterized by only seven quantities: system temperature (Ty),
forward gain (G), sensitivity constant (K, depending on the
receiver type), number of polarizations (n,), frequency band-
width (Av = v, — v}), a reference frequency (v| < Ver < ¥2),
and sampling time (7). An important derived quantity is the
instrument noise

Smin = T (1)

known as sensitivity, which roughly defines the minimum
detectable flux density assessed by a given instrument (Kraus
et al. 1986). In our opening paper (Abdalla et al. 2022a), we
assumed the telescope beam to be a top-hat function constant
inside a given radius. In this work, we assume a (more realistic)
Gaussian beam pattern,

92
P,(n) = exp [—4(log 2)62_) ) )
12

where 6 is the angular separation to the beam center. Here, 6,
is the full width half maximum (FWHM) related to G and At
(Vret/ ) by

4log?2
015 = —— Aot 3
12 % 4/ keG ! (3)

The forward gain G is related to the effective area (A.g) as

Aeff
G = , 4
T 4)
where kg is the Boltzmann constant.
In this case, the signal of a point source, such as FRBs, will
be contaminated by instrument noise, which depends on its sky
position (n) as

©0)

Smin(n) = ﬁ:)’ (5)

which we call directional sensitivity. The normalized antenna
pattern appears in the denominator as a matter of convenience
because it will appear in the numerator of Eq. (9).

We modeled the BINGO telescope as having 28 independent

beams whose values of G, S f}?i)n, and 6/, are shown in Table 1.

For the outriggers, we chose four different types. The first one
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Table 1. BINGO beams.

Horn Aef—f G S il’(l)l)n 91 /2 Horn Aeﬁ‘ G S 1(1(1)1)n 0] /2
(m?)  (mKJy') (mly) (arcmin) (m?)  (mKJy™') (mly) (arcmin)

1 637.8 231.0 572.7 493 15 634.1 229.6 576.0 49.4

2 646.3 234.0 565.2 490 16 6401 231.8 570.7 49.2

3 650.4 235.5 561.6 488 17 6264 226.9 583.1 49.7

4 641.3 232.2 569.6 492 18 617.8 223.7 591.3 50.1

5 648.4 234.8 563.4 489 19 610.4 221.1 598.4 50.4

6 652.3 236.2 560.0 487 20  620.5 224.7 588.7 50.0

7 652.7 236.4 559.7 48.7 21 602.7 218.3 606.1 50.7

8 648.3 234.8 563.5 489 22 5909 214.0 618.2 51.2

9 649.8 235.3 562.2 488 23 5832 211.2 626.3 51.5

10 6488 235.0 563.0 489 24 5964 216.0 612.5 51.0

11 647.6 234.5 564.1 489 25 571.9 207.1 638.7 521

12 647.8 234.6 563.9 489 26 5543 200.7 659.0 52.9

13 643.0 232.9 568.1 49.1 27 531.6 192.5 687.1 54.0

14 6383 231.2 572.2 493 28  560.8 203.1 651.4 52.6
Table 2. Outrigger types. In a typical interferometry problem, the antenna pattern must be
multiplied by a fringe term (o« cos(2nvt), where 7 is the time
. ) delay between measurements of two telescopes). Assuming a
Mirror Aeg G | S min 012 perfect time delay measurement, we can compensate this delay
(m) (m?) (mKJy™) (mly) (arcmin) by substituting cos(27vt) by cos(2rv(T — Tps)). This procedure
_ 15 0.5 251.8 1034.1 is called fringe stopping, and assuming that we can always set
4 9.8 3.6 37.1 396.9 T = Tobs, the cosine becomes equal to one, reducing to the form

5 15.4 5.6 23.8 3175 in Eq. (7).

6 22.9 8.3 15.9 259.9 The total directional sensitivity for a set of N telescopes is

is simply a naked BINGO horn (i.e., without any mirror), and
the other three consist of a horn with different mirror diameters
(4 m, 5 m, 6 m). The values of G, ngi)n, and 6, can be found in
Table 2. Each type of outrigger is placed in four different ways,
as shown in Fig. 1, for a total of 16 configurations. In Fig. 2,
we show an illustrative example of the beams for nine outriggers
and the three different mirror sizes. For all telescopes, we chose:
Tos = T0K, Av = v, —v; = 280MHz, K = V2 and n,, = 2.

To recover the correct position of the source, the BIS per-
forms cross-correlations between pairs of telescopes. We define
a baseline as formed by the interferometry of two telescopes, that
is, BINGO main plus one outrigger or one outrigger plus another
different outrigger®. The interferometry between the BINGO
main feed horns is negligible. Assuming a perfect time delay
compensation with no taper and a unity weighting function, each
baseline works as an individual telescope with sensitivity given
by (Walker 1989; Thompson et al. 2017)

0 O
0) _ Smin,i min, j (6)
min, iXj 2 ’
while the antenna pattern is equal to
[ P, ()P, ;(m)
P, ixj(m) = fj )

3 We have implicitly assumed that there are at least two nonparallel
baselines. We have already identified places near the main telescope
where the outriggers might be installed, between ~10 and 40 km in such
a way that the angular precision is ~1-3 arcsec.

given by (Walker 1989)

! N-1 N X,

ij
-+ E E - > 3
Soini@ j=irl Srznin,ixj(n)

where X;; = 1 if the telescopes i and j are physically correlated,
or X;; = 0 if they are not.

3. Generating synthetic fast radio bursts

To estimate the number of detections and localizations, we
needed to produce reliable mock catalogs. Data in the synthetic
catalog contain several randomly generated physical quantities
following a probability distribution function (PDF) chosen by
the user. In this section, we detail each of the physical quan-
tities following Luo et al. (2018, 2020) and present FRBlip, a
Python code developed for this work. Our simulations consider
only non-repeaters and extragalactic FRBs.

For the single ith FRB, the observed S/N measured by a
telescope of directional sensitivity S min(n) is given by

S peak, i
(SIN)i = ——=, ©)
Smin(ni)
where S cac is the peak density flux given by (Lorimer et al.
2013)
L 1+z a+1 Va+1 _ va+1
S peu = bol . ( : ) : 2 ) (10)
47l'dL(Z) V;g;iq — Vl/g\; Vo —Vq

Here, di(z) is the luminosity distance, Ly, is the bolometric
luminosity, « is the spectral index and, v; and v, are the observed
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5 outriggers 7 outriggers

10 outriggers
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Fig. 1. BINGO beams on the sky and outriggers and four different out-
riggers pointing. In the case of ten outriggers, the pointings directly
overlap with some of the BINGO beams in order to investigate how two
equal outriggers pointing in the same direction at the same time affects
the localization. The red X outriggers and the blue + outriggers are equal
telescopes pointing in same directions.

4m mirror

6m mirror

5m mirror

®
® e ®

.:: ;7‘ """
®

®
L@
o

®
9
‘®
.
c
®
®

Fig. 2. BINGO horns and nine outrigger beams for three different mirror
sizes. The dashed lines show the areas restricted by the FWHM defined
in Eq. (3).

frequencies. The terms v| , and v}, oh Are the lowest and highest

frequencies over which the source emits, respectively, in the rest-
frame of the source. This restriction on the emission frequencies
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implies a range of redshift given by

V/
Zmin = Max [o, low _ 1} (11)
%)
and
Vi
Zmax = E - 1 (12)
Vi

We used the results presented in Luo et al. (2020) to gen-
erate the FRBs, where the constraints on the free parameters of
the luminosity function were obtained assuming a flat spectrum
with intrinsic spectral width Avy = Vi uo, high = VLuo,low = 1 GHz.
Given that the spectrum is restricted to this specific band, the
corresponding luminosity is not, strictly speaking, a bolometric
luminosity. Therefore, as presented in Appendix A, the peak flux

density that we use is
+1 +1
(Vg - )

V2 = V1

L 1

2 +1 _ a+l
4ﬂdL(Z) Vguo,high VLuo,low

Speak = (13)

where Viuo, high and VLyo, 10w are now the highest and lowest fre-
quencies, respectively, in which the source emits, as seen by the
observer. While a flat spectrum was assumed in Luo et al. (2020)
because of the sample of detected FRBs around 1.4 GHz, we
assumed that the same distributions are valid for a general spec-
tral index, at least between zero and —1.5. The intrinsic spectral
width of 1 GHz does not contain the exact information about
the frequencies Viyo, high and Viyo, 1ow; however, we can take val-
ues around 1.4 GHz, that is, YLy high = 1.4 GHz and vyyo, 10w =
400 MHz. The BINGO bandwidth is located inside this fre-
quency interval. We note that other intervals were investigated
in the initial estimates presented in Abdalla et al. (2022a).
From Eq. (8), we concluded that the total S/N is given by

Total[S/N] = vAuto[S/N]? + Intf[S /N2, (14)

where Auto[S/N] is the total auto-correlation signal-to-noise

ratio

Auto[S/N] = (15)

and Intf[S/N] is the total cross-correlation signal-to-noise ratio
given by

N-1 N
ItfIS/NT = | >° D" Xi(SIN)Z, .

i=1 j=i+l

(16)

Therefore, the intrinsic quantities that must be simulated are z,
L, @, and n.

3.1. Cosmological population
3.1.1. Redshift distribution

The spatial distribution of FRBs is not yet known due to the small
number of measured redshifts of the associated host galaxies
(Heintz et al. 2020). Some redshift distributions for FRBs have
been considered over the years, including a Poisson distribution
P(z) = ze™%, motivated by the distribution of gamma-ray bursts
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(Zhou et al. 2014; Yang & Zhang 2016), and a redshift distri-
bution following the galaxy distribution P(z) = z2e#¢ (Hagstotz
et al. 2022). The alternative possibility used in this work is when
the source of the FRBs is homogeneous in the co-moving vol-
ume. The source may not be perfectly homogeneous (Binggeli
et al. 1988; Luo et al. 2018), but due to the still limited number
of localized FRBs, a spatial distribution uniform in co-moving
volume can serve as a first-order approximation of f,(z) (Luo
et al. 2018; Chawla et al. 2022):

ov _ r2(2)
409z ~ 1+zH®Z)’

@)= A7)

where 0V/(0Q07) is the differential co-moving volume per unit
solid angle per unit redshift, c is the speed of light, r(z) is the
co-moving distance, and H(z) = Hy+/Q,(1 +2)> + Q, is the
parameterized version of the first Friedmann-Lemaitre equa-
tion. We used the best-fit values from the Planck Collaboration
(Planck Collaboration VI 2020) for the matter density param-
eter, Q, = 0.31; dark energy density parameter, Q4 = 0.69;
and Hubble constant today, Hy = 67.4 kms~! Mpc~'. The term
(1 + z) takes into account the time dilation due to cosmic expan-
sion. The redshift is sampled according to the distribution in
Eq. (17) for up to the maximum value of zp,x = 10.

3.1.2. Luminosity distribution

The luminosity function of FRBs is also still not well under-
stood, and although log-normal or power-law distributions have
previously been used (Caleb et al. 2016), the Schechter function
(Schechter 1976) adopted in Luo et al. (2018, 2020) seems to be
favored over others (Petroff et al. 2019). Thus, we assume here
that it is given by

o) =gt (L) et (18)
L*

where L* is the upper cutoff luminosity, ¢* is a normaliza-

tion constant, and vy is the power-law index. These parameters

were constrained in Luo et al. (2020) using 46 FRBs: L* =

29x10%ergs™!, ¢* =339 Gpc > yr ! and y = —1.79.

3.1.3. Spectral index

The flux density of FRBs depends on the frequency as S, « v,
where the spectral index a can be positive or negative. In Luo
et al. (2020), @ = 0 was chosen due to being inspired by the
apparently flat spectrum of FRB 121102 with 1 GHz of band-
width (Gajjar et al. 2018). Chawla et al. (2017) reported a lack
of FRB observations in the Green Bank Northern Celestial Cap
survey at 350 MHz, indicating either a flat spectrum or a spectral
turnover at frequencies above 400 MHz. However, some works
(e.g., Lorimer et al. 2013) have assumed a spectral index simi-
lar to the one observed in pulsars (@ = —1.4; Bates et al. 2013).
Such a value is very close to the result obtained by Macquart
et al. (2019) using 23 FRBs (@ = —1.5). Based on these previous
works, we chose to use two different values for the spectral index:
a = 0 and @ = —1.5. Similar values are also used in frbpoppy
in its different population setups (Gardenier et al. 2019).

3.1.4. Number of sources

Several estimates of the all-sky rate of observable FRBs have
been made. For instance, Thornton et al. (2013) estimated a rate

of 10* sky~! day~! above a fluence of 3Jyms, while CHIME
recently inferred a sky rate of 820 sky~! day~!' above a fluence
of 5Jyms at 600 MHz (CHIME/FRB Collaboration 2021). Luo
et al. (2020) found event rate densities of 3.5 x 10* Gpc™> yr™!
above a luminosity of 10*? erg s7!, 5.0 x 10° Gpc=3 yr~! above
10 erg s~! and 3.7 x 10> Gpc™> yr~! above 10* erg s~'. We
estimated the rate per day per sky of detectable FRBs using the
following expression (Luo et al. 2020)

A= dr f &z £.2) f AL o(L).
0 Ly

where f;(z) and ¢(L) are given by Egs. (17) and (18), respectively,
and Ly is the intrinsic lower cutoff of the luminosity function
inferred to be <9.1 x 10*! erg s~!. Using Eq. (19) with the val-
ues of the minimum flux density and observed pulse width for
BINGO described in the next section, we estimated the total
number of cosmic FRBs generated by FRB1ip to be ~7 x 10* per
day of observation. In the next sections, we describe the method-
ology used to estimate the detection rate for BINGO, which will
be a fraction of this cosmic population.

(19)

3.2. Sensitivity maps

The simplest way to estimate the detection rate is to follow the
approach adopted by Luo et al. (2020), also used in Abdalla et al.
(2022a), through the equation®

A,(n) = f " £ AL $(L). (20)

Zmin Liin(z,m)

The difference between Eqgs. (19) and (20) is that the former
assumes an all-sky rate, while the latter is calculated for the
BINGO field of view and for redshift values bounded by the
frequency range.

The minimum luminosity Ly, in the lower limit of integra-
tion is the maximum function max[Lg, L |, Where Ly depends
on the spectral index @ and the antenna pattern

v+1 _ o+l
Luo,high Luo.low

a+l _ Va/+1

Lipe(z,m) = 47TdL(Z)2AV[
2

J (S /N)thre Smin(n),
(21

where Av = v, — v|, S min 1S the telescope minimum flux density
defined in Eq. (5)), and (S /N )y indicates the minimum allowed
value for the S/N, ensuring that we are counting only the objects
rendering a minimum S/N luminosity value. The detection rate
per unit of time was found by integrating over the telescope field
of view,

o= f L)<,
SZ

where this angular integration is performed using HEALPix
(Goérski et al. 2005) through astropy-healpix (Astropy Col-
laboration 2018)

(22)

Hpix

Ao = Qpix Z A (), (23)
i=1

4 For simplicity, we did not assume the impact on the FRB pulse due to
intrachannel smearing at high dispersion measures or scattering (Petroff
et al. 2019; Ocker et al. 2022).
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where n,x and €;x depend on the resolution (ngq.) of the
HEALPix map. Detection rate estimates for the BINGO configu-
rations described previously are shown in Fig. 6. The limitation
of the present approach lies in the fact that computing com-
plex quantities as the observation rates over the baselines is very
costly. Indeed, to compute the detection rate of at least two base-
lines, we have to compute the sensitivity map for all the possible
pairs of baselines. For three baselines, we must compute the
detection rate for all possible combinations of three baselines,
and so on.

3.3. FRBIip

To compute all the quantities described in the previous sections,
we developed FRBlip’, a new Python package that gener-
ates mock catalogs, sorting the physical quantities as random
numbers through the distributions described in Sect. 3.1. The
information about the cosmic population is coded inside an
object called FastRadioBursts, and the telescopes in objects
of the type RadioTelescope. The results of observations come
from the interaction between these two entities. To sort ran-
dom numbers in the described distributions, the code uses the
rv_continuous generic class from the scipy.stats module
to construct, by subclassing, new classes that implement each
distribution. This is a high-level tool that allows the developer
to implement a random number generator of any distribution.
Another important tool is the astropy.coordinates module,
which is used to transform the non-local spherical coordinates
to local coordinates at the telescope site in order to perform the
observations.

The dependencies of the FRB1ip include traditional Python
numerical libraries, such as Numpy (Harris et al. 2020), Scipy
(Virtanen et al. 2020), and Pandas (pandas development team
2020); high performance collection libraries, such as Xarray
(Hoyer & Hamman 2017) and Sparse; the physical numeri-
cal libraries astropy (Astropy Collaboration 2018), HEALpix
(Gorski et al. 2005), and Pygedm (Price et al. 2021); and the
numerical computing packages for cosmology, CAMB (Lewis &
Bridle 2002) and PyCCL (Chisari et al. 2019).

4. Results and discussion
4.1. Detecting bursts

We discuss our evaluation of a more accurate detection rate in
this section. We generated cosmological FRB mock catalogs
using FRB1ip and counted how many of those would be detected
by BINGO, its outriggers, and the total BIS in different scenar-
ios. In order to validate these results, we compare them with
the sensitivity map results (which we label as “exact”). The key
quantity is the yearly rate.

In order to reduce the computational processing, we per-
formed a resampling over the mock of an one-day event. The
idea behind the approach is that the most costly computational
process is the coordinate transformation. Thus, avoiding this step
reduces the processing time. To do so, we sampled by first gen-
erating one day of cosmological FRBs. Then we resampled over
all the variables but the sky positions (right ascension and decli-
nation) to generate one more day. We created a mock of one year
of events by taking this step further 363 times.

This procedure was then repeated 1000 times until we had
enough data to adequately fit a Poisson distribution, which we

5 www.github.com/mvsantosdev/frblip
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Fig. 3. Redshift distribution of the FRBs with S/N > 1 observed by
BINGO in 5 years (purple histogram) compared with all the cosmic
bursts in 1 day (grey histogram). The exact cosmic distribution is shown
with the black dashed line, the exact distribution for BINGO is rep-
resented by the solid purple distribution, and the shaded region is the
exact 95% C.L. from the Poisson distribution. The red dashed line
is the power log-normal distribution fitted from the 1000-year mock
observation.

did by using the statsmodels library (Seabold & Perktold
2010).

We first present the detectability of individual telescopes. In
Fig. 3, we show the redshift distribution of the FRBs seen by
only the main BINGO telescope(that is, without the outriggers;
with /N > 1) over five years (purple histogram) compared with
all the FRBs in the sky in one day (gray histogram in Fig. 3).
We also compared this histogram in the figure with the exact
distribution (purple continuous curve) computed from the sen-
sitivity maps (Eq. (23)). We observed that the histogram is well
bounded inside the 95% confidence level (C.L.; represented by
the purple-shaded region). The red dashed line in the figure is
the power log-normal® distribution fitted on the complete 1000
years of simulation, and it is in good agreement with the exact
value with a 95% C.L.

The number of FRBs increases with the redshift since the
volume also increases until it reaches a maximum value. After
that, it starts decreasing because the luminosity limit begins to
dominate. The number of FRBs reaches a maximum value at
z =~ 1.8, where the rate becomes smaller than one. Therefore,
we can interpret z = 1.8 = zf;fgx, that is, the maximum effective
redshift or the depth of the survey.

Figure 4 shows how the detection rate of FRBs varies with
the S/N for the different telescope configurations described in
Sect. 2. In all cases, we observed that the z2_ values inferred
from the power log-normal distribution, fitted from the mocks,
are in agreement with the exact value with a 95% C.L. This alter-
native method to infer z¢T is important to determine the depth
of the survey since we cannot compute the exact values from
sensitivity maps, as discussed in Sect. 3.2.

In Fig. 5, we show the luminosity (left) and density flux
(right) distributions. Fainter objects are more difficult to observe,
as expected because it is more probable to have a density flux
smaller than the minimum § (O,)n. In order to illustrate the frac-
tion of the distributions observed by BINGO, we compare the
histograms of the cosmic distributions in one day with the ones
observed by BINGO in 5 yr.

% docs.scipy.org/doc/scipy/reference/generated/scipy.
stats.powerlognorm.html
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Fig. 4. Maximum effective redshift for different BINGO configurations
varying from S/N > 5 to S/N > 15. When comparing the exact solu-
tion from sensitivity maps (solid lines) with the fitted power log-normal
distribution (dashed lines), we note that they are in agreement with the
exact solution in 95% C.L. (shaded regions). The red dashed line shows
the maximum redshift of the BINGO HI survey.

Finally, we show in Fig. 6 the detection rates obtained from
mocks and the rates computed with the sensitivity maps, evi-
dencing the agreement between the methods. The rates from
individual outriggers (top panel in the figure) are less than one
per year; however, the interferometry system, which integrates
nine of the telescopes, can increase the BINGO detection rate
by about 20%. For the case of interferometry, we have not com-
puted the exact distributions, due to the reasons discussed at the
end of Sect. 3.2. Thus, we needed an alternative method to infer
the depth of these interferometric cases.

4.2. Localizing bursts

In this section, we evaluate the effectiveness of BIS to local-
ize FRBs. We assumed a perfect delay compensation, that is,
the exact time delay between the telescopes that compose each
baseline is known. In this case, the S/N detection of localizing
an FRB increases with the number of baselines that are used
to observe it. Therefore, we had to select the better BIS config-
uration between the two options: more outriggers with narrower
beam widths or fewer outriggers with wider beam widths. Unless
otherwise stated, we use a flat spectrum in this section.

The number of FRBs detected by different baselines depends
on the number of outriggers used in the system and the size of
the mirror. The relevant instrumental parameters for FRB detec-
tion are sensitivity and field of view. The field of view generally
varies inversely with the mirror size, while sensitivity increases
with increasing mirror size. Ultimately, the choice of mirror size
depends on the number of outriggers built and on the number of
baselines needed to detect the same FRB. Increasing the num-
ber of outriggers also increases the collecting area and in turn
reduces the minimum flux density.

To decide the best configuration for a BIS composed only
of single horn outriggers, we had to define the following points:
(i) the number of baselines an FRB must be observed by to
have its position well inferred; (ii) the number of outriggers that
we can construct; and (iii) the kind of outriggers that will be
constructed. The answer to the first point depends only on how
effective the pipeline to infer the positions is. Assuming that
a minimum of two baselines is enough to pinpoint the source
position from Fig. 7, we may infer the best type of outrigger for
each configuration.

With five outriggers, the best choice is the 4-m mirror. For
seven outriggers, the performance of the 4-m and 5-m mirrors
are almost the same. For nine outriggers, the 4-m, 5-m, and 6-m
mirrors perform approximately equally, and with ten outriggers,
the 6-m mirror is the best. If we make the localization more
restrictive, requiring at least three baselines, the picture changes
a bit. With five outriggers, for instance, the horn with no mirror
performs best, while for the other configurations (seven, nine,
and ten outriggers), the 4-m mirror produces the best result.

The number of outriggers also depends on the number of
baselines needed to permit a good localization of the source. In
order to understand how the number of detections per baseline
affects our results, we show in Fig. 7 the fraction of detected
FRBs as a function of the number of baselines that detected a
given FRB. We set the S/N to ten or higher. For this illustra-
tive choice of S/N, we observed that the fraction of detected
FRBs follows the same behavior in all four different panels of
Fig. 7. The outriggers with a 4-m size detect more (or at least the
same number) events than the ones with larger mirrors, with the
exception of ten outriggers with two baselines. However, if more
baselines detect the same FRB, then the naked horn is the best
option with five or seven outriggers, that is, with five outriggers,
the naked horn is better if the detections are made by three base-
lines or more, and with seven outriggers, the naked horn is better
if the detections are made by four baselines or more, and so forth.

So far we have estimated the detection rates considering
that the baselines and the autocorrelations have the same S/N
threshold. However, this choice is arbitrary, and we may set a
different approach, for instance, to first select a group of can-
didates observed by the main BINGO telescope and then filter
this group with a different choice of S/N to define a detection
in a baseline. In order to investigate how these different choices
would affect our results, we defined a set of values for the S/N
that would categorize an FRB as a candidate, a detection, an
interferometry detection (for the cross-correlation between the
main BINGO telescope and its outriggers), and localizations in
one, two, or three baselines. This set of definitions is shown in
Table 3.

In Table 3, the condition s;, corresponding to the label “Can-
didates” and S/N > 1, was chosen to select the events that
might be an actual FRB detection. Such an S/N does not need
to be much larger than one and can occur either in auto- or
cross-correlation since at this level we are simply looking for at
least one baseline that received a potential signal. For the label
“Detection” (meaning an actual detection), we chose s, = 5 in
order to pick candidates that certainly would be detected by the
telescope. The same occurs for s3 in the interferometric detec-
tion, although in this step we already know that a detection
occurred. In this case, we selected s3 = 3 because we are inter-
ested in knowing if the FRBs would be clearly detected in the
interferometry side, with the goal being to pinpoint the source
location. Furthermore, we needed to avoid the situation where
the interferometric detection has an S/N larger than s3, but no
individual baseline has S /N > 1. We needed to guarantee that at
least the number of baselines we are interested in (one, two, or
three) are measuring the signal with a consistent S/N value, and
for this we selected s4 = 2.

In Table 4 and in the top panel of Fig. 8, we show the results
for the categorization described in Table 3. In Fig. 9, we show
the distribution of events in the focal plane for two different
outrigger setups.

The number of candidates increases slightly with the
increase in the number of outriggers and mirror sizes. On the
other hand, the number of detections, interferometric detections,
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Fig. 6. Detection rate estimates for BINGO. Top: mean detection rate for
individual outriggers with the configuration as described in Sect. 2 and
Table 2. Bottom: detection rate for the complete BIS (main BINGO and
outriggers). In both cases, we show the detection rates computed by the
two methods: sensitivity maps (solid lines) and mock catalogs created
with FRBlip (scatter).

and localizations using one baseline increase considerably with
the number of outriggers and mirror sizes. The localizations
using two or three baselines, however, are almost in all cases
larger for a configuration of a 4-m mirror with five, seven, or
nine outriggers. The number of localizations for a specific mirror
size roughly increases with the number of outriggers. However,
this does not always mean an increase in coverage area, and the
exception is the scenario with ten outriggers, where there are
many overlaps between the outriggers’ beams and that of the
main BINGO (as can be seen from Fig. 1). Thus, in practice,
the total observed area is less than the area of the scenario with
five outriggers. As can be seen in Table 5 and in bottom panel of
Fig. 8, the effective maximum redshift is between two and three
for candidates and detections, but it is generally reduced to 0.5—1
for the localization.
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Table 3. Different conditions and S/N thresholds.

Label Condition

Candidate If a given event has S /N > sy, either
for auto or cross-correlations

Detection Candidate with Total[S /N] > s,

Interferometric detection Detection with Intf[S /N] > s3

Number of baselines that observed
the same FRB satisfying S/N > s4
for an interferometry detection

Localization/Baselines

Notes. We use s; =2, 50 =5, 53 =3, and s4 = 2.

We concluded from this analysis that narrow beams (i.e.,
horns with bigger mirrors) can observe higher redshift values
but that an FRB can be observed by more beams with a set com-
posed of larger beams. This problem can be compensated for
by introducing more telescopes into the BIS, which expands the
observed area.

As can be seen in Table 4, the introduction of more outriggers
can multiply the detection rates by several factors. Regarding the
localizations, the performance saturates for one, two, or three
baselines and reach hundreds of localized bursts. We observed
a similar behavior in Table 5 for the redshift, where the outrig-
gers improve the depth of the survey. The results are virtually
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Table 4. Observation rates (per year) for categorizations described in Table 3.

Number of Mirror size Candidates Detections Interferometry Localizations for baselines
outriggers (m) detections 1 2 3
No dish 121.5 49.5 11.5 95 83 6.9
5 4 124.7 50.9 16.3 199 103 5.0
5 125.8 513 16.5 217 8.2 35
6 126.9 51.7 16.2 223 5.8 2.1
No dish 121.5 50.7 14.2 10.0 9.2 8.4
7 4 1251 52.7 21.7 22.1 159 9.9
5 126.6 53.2 22.0 245 153 8.0
6 128.2 53.7 21.6 257 13.6 6.0
No dish 121.6 52.0 16.5 102 95 8.8
9 4 126.1 54.5 259 243 184 12.3
5 128.0 55.1 26.7 277 18.8 10.7
6 130.4 55.7 26.5 299 178 8.6
No dish 119.2 523 17.2 97 93 8.5
10 4 121.7 55.3 26.9 21.7 201 12.5
5 122.9 56.0 28.0 243 220 11.9
6 124.2 56.6 28.3 257 22.6 11.1

Notes. Each set of outriggers (five, seven, nine, or ten) has four options of mirrors. The last three columns present the number of FRBs detected
simultaneously (referred to here as “localizations”) by a different number of baselines.
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Fig. 8. Yearly detection rate (fop) and effective maximum redshift (bottom) for prescription described in Table 3 as a function of the mirror size for
five, seven, nine, and ten outriggers.

the same with one, two, or three baselines, exceeding the value

eff
of Zax

= 1 and reaching 1.28 in the best case.

5. Conclusions and perspectives

In this work, we investigated the capabilities of the BINGO tele-
scope to search for and detect FRBs as well as how a set of
outriggers can be used to localize the events in the sky through

the BIS. We considered a single, naked horn plus three different
mirror sizes for the outriggers, all with single horns, for five,
seven, nine, and ten outriggers. In order to produce synthetic
FRBs and calculate the detection rates, we developed the code
FRB1ip.

Using different methodologies to define detection and local-
ization through baselines, we estimated that BINGO alone would
be able to observe dozens of FRBs per year, around 50 with
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Table 5. Similar to Table 4 but now presenting the effective maximum redshift (z ) from the power log-normal distribution for the categorization
described in Table 3.
Number of Mirror size Candidates Detections Interferometry Baselines
outriggers (m) detections 1 2 3
No dish 2.40 2.08 0.67 0.66 0.64 0.63
5 4 2.43 2.12 0.89 092 0.75 0.60
5 244 2.25 0.91 095 0.71 0.54
6 2.45 213 0.81 0.85 0.70 048
No dish 2.40 2.08 0.73 0.69 0.68 0.67
7 4 243 213 0.98 098 092 0.74
5 244 213 0.88 0.90 0.92 0.69
6 2.45 2.14 0.88 0.90 0.79 0.63
No dish 2.39 212 0.77 0.72 0.71 0.71
9 4 2.43 2.14 0.89 0.89 0.86 0.88
5 2.68 2.14 0.92 093 0.88 0.84
6 2.46 2.15 0.93 0.95 093 0.70
No dish 2.37 2.08 0.79 0.74 0.72 0.69
10 4 2.40 2.11 0.93 091 090 0.82
5 2.40 2.11 0.95 0.94 094 0.88
6 2.41 2.12 0.99 096 096 0.78

S/N > 5 and 20 with S/N > 15 (for @ = 0, as used in Eq. (21)),
in agreement with what was previously calculated (Abdalla et al.
2022a). The introduction of outriggers can improve the total
detection rate by about 20% with nine outriggers.

Regarding the localization, if we use two baselines, then the
best scenario is when outriggers have a 4-m mirror, and the esti-
mates improve from 10.3 events per year (for five outriggers) to
15.9 events per year (for seven outriggers), 18.4 events per year
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(for nine outriggers), and 20.1 events per year (for ten outrig-
gers), as shown in Table 4. However, if the localization is through
three baselines, the best case is to have seven, nine, or ten out-
riggers with a 4-m mirror, yielding 10 to 12.5 events per year.
With five outriggers, the best option would be outriggers without
mirrors, which would reach seven events per year.

BINGO has the potential to increase the number of local-
ized FRBs such that it will be possible to better identify the host
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galaxy and therefore investigate inherent aspects of galaxy sci-
ence related to FRB distributions. These aspects may include
which types of galaxies allow FRB production and a possible
relationship between FRB distribution and galaxy morphology
and formation. Additionally, FRB detection and localization
would contribute to the exploration of redshift space, which in
turn can be used to better constrain cosmological parameters
(Walters et al. 2018). Finally, an increased number of identified
sources can help elucidate the distribution functions of FRBs,
such as the redshift distribution used in this work.
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Appendix A: Relation between bolometric
luminosity and luminosity in Luo et al. (2020)

The energy released per unit of frequency interval in the rest-
frame, E,/, is given by (Lorimer et al. 2013)

=k, (A1)

Here, k is a constant, « is the spectral index, and v’ is the rest-
frame frequency.

The bolometric luminosity is then obtained by integrating the
energy over all possible emitted frequencies

oo k(v/(iy+1 /a\:}-l)
Lioy = f dvVE, = Zhigh ~ Vow (A.2)
0 a+1

Here, we have omitted the top-hat pulse of width present in
Lorimer et al. (2013) and v/ = (1 + 2)v.

The luminosity in Luo et al. (2020), however, is a sub-part
of the bolometric luminosity since the assumed spectral width
iS VLuo,high — VLuo,low = 1 GHz. We can then write the "Luo"
luminosity as

. ( a+1 hish — a+11 )
YL YLuo,
Ly = f dVByE, = — 2800 (14 @ (A3)
0 a+1
where B,, is a rectangular function defined as B,, = 1 for
/ / / — 1
YLwodow SV S VL uo high? and B,, = 0 otherwise. We note that

Liuo = Lpol if viligh = VLuo, high and Vl,ow = VLuo, low"
Using Equations (A.2) and (A.3), we obtain the relation

between the two luminosities

Lol _ Lo (A 4)
ra+1 ra+l a+1 oz+1 a+l’ ’
Vhlgh vlow (VLuo, high Luo luw)( 1+ Z)

Therefore, using the above relation in Eq. (10), we obtain Eq.
(13). The luminosities used in Section 3 are the Luo luminosities
L1 0, but we have removed the subscript "Luo."
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