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ABSTRACT

Fast radio bursts (FRBs) are enigmatic extragalactic radio transients with unknown origins. We performed comprehensive Monte
Carlo simulations based on the first CHIME/FRB catalog to test whether the FRB population tracks the cosmic star formation history
directly or requires a delay. By fully considering CHIME’s complex selection effects and beam response, we find that the hypothesis
that the FRB population tracks the SFH is not ruled out by the current data, although a small delay is preferred. This is consistent
with the scenario in which young magnetars formed through core-collapse supernovae serve as the progenitors of FRBs. However, we

estimate the local volumetric rate of FRB sources with energy above 10% erg to be 2.3*24 x 10° Gpc™ yr~

! which is consistent with

previous results. This high volumetric rate means the core-collapse magnetar scenario alone cannot fully account for the observed
population. Further theoretical efforts are required to explore alternative or additional progenitor channels for FRBs.
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1. Introduction

Since the first discovery in 2007 (Lorimer et al. 2007), hundreds
of fast radio bursts (FRBs) have been observed. However, the
physical origins of FRBs remain unknown (Cordes & Chatterjee
2019; Petroff et al. 2019; Zhang 2020b; Xiao et al. 2021; Zhang
2023). Many progenitor models have been proposed to ex-
plain the origin of FRBs (Platts et al. 2019). The most popu-
lar is the magnetar model (Lyubarsky 2014; Beloborodov 2017,
Metzger et al. 2019; Mereghetti et al. 2020; Luetal. 2020),
which has been partially confirmed by the discovery of FRB
20200428 (CHIME/FRB Collaboration 2020a; Bochenek et al.
2020). FRB 20200428 is an FRB-like radio burst from a
young magnetar in the Milky Way(WM), SGR 1935+2154
(Mereghetti et al. 2020; Lietal. 2021a; Ridnaia et al. 2021),
and this magnetar is associated with the supernova remnant
G57.2+0.8 (Kothes et al. 2018; Zhong et al. 2020). In addi-
tion, observations of some FRB host galaxies show that they
are located in a star-forming region (Tendulkaretal. 2017;
Marcote et al. 2020; Niu et al. 2022), which leads to the spec-
ulation that FRBs are produced by young magnetars born af-
ter the death of massive stars. However, the types of host
galaxies are diverse, and some FRBs are not located in star-
forming galaxies or regions (Heintz et al. 2020; Bhandari et al.
2022). A typical example is FRB 20200120E, located within a
globular cluster in M81 (Kirsten et al. 2022). This implies that
FRBs likely also originate from old stellar populations, such as
compact binary systems (Gu et al. 2016, 2020; Zhang 2020a;
Ioka & Zhang 2020). Furthermore, although FRB 20180916B
and FRB 20121102A are located in star-forming regions, their
long periodicity indicates a possible association with binary sys-
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tems (CHIME/FRB Collaboration 2020b; Rajwade et al. 2020;
Deng et al. 2021; Sridhar et al. 2021; Li et al. 2021b). The dis-
covery of FRB 20200120E highlights the diversity and complex-
ity of FRB origins.

Faced with such a variety of progenitor models and di-
verse observational results, population studies, particularly those
analyzing the volumetric rate and its cosmic evolution (i.e.,
redshift distribution), would provide valuable insights into
FRB origins. This is because different progenitor models pre-
dict distinct population properties of FRBs. In this regard,
many authors have studied the volumetric rate and the red-
shift distribution of FRBs based on the early, small sam-
ples from Parkes and ASKAP (Deng et al. 2019; Locatelli et al.
2019; Gardenier et al. 2019; Hashimoto et al. 2020; Arcus et al.
2021; Gardenier & van Leeuwen 2021; Gardenier et al. 2021;
Zhang et al. 2021a; James et al. 2022a). However, due to the
small sample size, it was difficult for those early studies to
give effective constraints on the population properties of FRBs.
Thanks to CHIME’s large field of view and sensitivity, hundreds
of FRBs have been detected so far (CHIME/FRB Collaboration
2021). Studies on the energy function and redshift distribution of
FRBs based on this large and uniform sample have been carried
out.

Zhang & Zhang (2022), Qiang et al. (2022), and Zhang et al.
(2023) performed Monte Carlo simulations to directly test the
hypothetical distribution of the FRB redshifts, and their results
ruled out the assumption that the FRB redshift distribution sim-
ply follows the star formation history (SFH). However, if there
is relatively long delay with respect to the SFH, the simulation
results can be consistent with the observational data. We note
that, perhaps due to the computational limitations in their Monte
Carlo simulations, they only conducted simulations with a lim-
ited set of parameter combinations, potentially leading to results
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that such simulations may not be comprehensive. Lin & Zou
(2024) and Lin et al. (2024) constructed a Bayesian framework
to fit the observed number of FRBs within specific parameter
spaces to constrain their redshift distribution model. Again, they
ruled out the hypothesis that the FRB population simply traces
the SFH, and a delay of several billion years with respect to
the SFH is preferred by their data. The nonparametric meth-
ods commonly used in other fields have also been used to study
this problem. By using the V,,,,x method, Hashimoto et al. (2022)
also ruled out the SFH scenario for the FRB redshift model.
Chen et al. (2024) and Zhang et al. (2024) use the Lynden-Bell
¢~ method to directly derive the volumetric rate and the red-
shift distribution of FRBs without assumptions. They obtain a
volumetric rate at redshift z = 0, which then decays rapidly
with a single power law with z. In other words, their results
also show that the FRB redshift distribution does not follow the
SFH.

However, it is important to note that the studies mentioned
in the previous paragraph all have significant shortcomings.
Firstly, due to insufficient localization accuracy, the fluence mea-
surements provided in the first CHIME/FRB catalog have not
been corrected for the beam response. As a result, the fluences
listed in the catalog are not the true values but merely lower
limits (CHIME/FRB Collaboration 2021). The CHIME/FRB
team recently released beam-corrected fluences for a subset
of FRBs, showing that most of the corrected values are sig-
nificantly higher than the lower limits reported in the catalog
(CHIME/FRB Collaboration 2024). Therefore, directly using
these lower limits as true fluences in studies would clearly lead to
questionable results. Secondly, the beam pattern of CHIME/FRB
is very complex, which in turn results in equally complex selec-
tion effects. In addition, CHIME/FRB selects strongly against
events with low dispersion measures (DMs) due to radio fre-
quency interference (RFI) filters (CHIME/FRB Collaboration
2021). Thus, a proper correction for selection effects must
take these complexities into account, and the methods used
to handle selection effects in those studies are overly
simplistic.

Shin et al. (2023) comprehensively took selection effects
into account and used the signal-to-noise ratio (S/N) as a proxy
of fluence, with the help of CHIME’s injection system. Then
they constructed a Poisson likelihood within the Bayesian frame-
work to fit the number of FRBs within a certain parameter
range, attempting to constrain the redshift distribution mod-
els of FRBs. While their study provided valuable insights, it
did not sufficiently constrain the redshift distribution model of
FRBs. This highlights the importance of exploring alternative
methods that can effectively constrain the redshift distribution
models of FRBs, which is a key factor in understanding their
origins.

In this work we test the redshift distribution models of
FRBs using Monte Carlo simulations that can model the in-
strumental selection effects in detail. We also simulated the
beam response based on the beam model from Merryfield et al.
(2023) so that we could appropriately use the fluence (lower
limit) given in the first CHIME/FRB catalog. We developed
a parallel-computable code hat runs on a thread-ripper CPU;
this helped us systematically and thoroughly explore the po-
tential parameter space of the models, ensuring that no pa-
rameter space that could possibly match the data is not omit-
ted. From this, we wished to determine whether the data
can tell us something about the redshift distribution of FRBs
and, in particular, whether the SFH model can be ruled
out.
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2. Simulations

The first CHIME/FRB catalog contains 474 non-repeating
sources and 62 bursts' from 18 repeating sources
(CHIME/FRB Collaboration 2021). However, this full sam-
ple suffers from selection effects that are difficult to account for,
making it necessary to apply appropriate filtering to minimize
their impact. Based on this consideration, Shinetal. (2023)
applied several selection criteria to create their sample, find-
ing 225 bursts in the catalog. In this work, we adopted their
refined sample but excluded two bursts (FRB 20190307A
and FRB 20190531B) due to their zero fluence values
(CHIME/FRB Collaboration 2021). These anomalies were
caused by system restarts during data collection, which pre-
vented an accurate beamformer calibration due to the lack of
steady-source transits prior to upstream complex gain calibra-
tion. As a result, the fluence could not be properly measured.
Therefore, our final analysis is based on a sample of 223 bursts?.
In the subsequent part of this paper, any reference to the FRB
sample specifically refers to this dataset.

The fundamental essence of Monte Carlo simulations is to
use hypothetical models to simulate several observable quanti-
ties while considering instrumental selection effects. Then, the
simulated sample is compared with the observed one to deter-
mine whether the assumed models are rejected. In the case of
FRBs, the primary observable quantities are the specific flu-
ence (F,), and the DM?. Therefore, our basic procedure was to
simulate the fluence and DM of the FRBs and then perform a
Kolmogorov-Smirnov (KS) test by comparing them with the ob-
served sample.

2.1. Redshift distribution model

SFH model. As discussed in the introduction, the currently pop-
ular FRB models speculate that FRBs originate from the activity
of compact stars. The compact stars result from the evolution of
stars, and hence the redshift distribution of FRBs may be con-
nected to the SFH in some way. Therefore, we considered two
redshift distribution models for FRBs, both of which are rele-
vant to the SFH.

In the simplest case, the formation rate density of FRBs di-
rectly follows the SFH. In this case, the formation rate density
of FRBs evolves with redshift (z) as

1+2\"" (14z\"
{5 )
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anN SFH(z) =

1
datdV ’ )

C

where a = 3.4,b = -0.3,¢c = -3.5,7 = —-10, B = 5000, and
C =9 are adopted (Yiiksel et al. 2008).

' To minimize the interference of the repetitiveness of repeating sources
on the results during the analysis process, we adopted the treatment
method of only selecting the first burst of repeating sources.As noted by
Gardenier et al. (2021), James (2023), this method still introduces se-
lection biases, leading to an underrepresentation of FRBs in the nearby
Universe. Despite this limitation, it remains a widely adopted approach in
FRB population studies. The bias introduced by repetition is expected
to be minimal after applying this method, since repeat bursts are well
distributed within the current sample.

2 https://github.com/kaitshin/
CHIMEFRB-Catl-Energy-Dist-Distrs/blob/main/data/catl_
sample.dat

3 We employed the DMs designated as “bonsai_dm” and
“dm_exc_ne2001”, as well as the fluence identified as “fluence”
in the first CHIME/FRB catalog.
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Delayed SFH model. Based on the fact that many host
galaxies of FRBs are late-type galaxies, and FRB 20200120E
being located within a globular cluster, there is speculation that
FRBs might also originate from old stellar systems (Heintz et al.
2020; Bhandari et al. 2022; Kirsten et al. 2022). In such a sce-
nario, the formation rate of FRBs would exhibit a certain time
delay with respect to SFH, which is given by

dN a , , dr
v j; SFH(Z) f[1(z") — t(Z)]d—Z,dZ , 2
where f(7) is the time delay distribution,
1 (Int — In7)? ]
() = exp|— , >0 3)
! 10 V21 P 202

Here 7 is the mean of time delay, which is a free parameter in
the simulations with a prior range of [0, 10] Gyr, and o, = 0.8 is
adopted (Wanderman & Piran 2015; Zhang & Zhang 2022). For
a given redshift, the corresponding look back time is

t_fz dZ’
~Jo A+ 2)HE@Y

where H(z) = HoVQ, (1 +2)° +Q, is the Hubble parame-

ter, and Hy, Q,,, Q4 are cosmological constants whose values
are adopted from the Planck results (Planck Collaboration XIII
2020).

Once the distribution of the formation rate density is deter-
mined, the observed redshift distribution of FRBs can be derived
as (Zhang et al. 2021a)

dN 1 dN dv

“

— _ 5
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The comoving volume per unit redshift can be described as
dv 4neD?

: (6)
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where Dy is the luminosity distance.

The spectral index for an individual FRB describes the
change of the radiation intensity with frequency. Based on the
FRBs detected by ASKAP, Macquart et al. (2019) report an av-
erage spectral index of ¥ ~ —1.5. In this scenario, all FRBs are
assumed to be broadband, and each observed FRB has a con-
sistent spectral index. However, Pleunis et al. (2021) found that
FRBs are likely to be narrowband. This finding leads us to adopt
the rate interpretation when modeling the spectral properties of
FRBs. The factor of (1 + z)” is incorporated into the source rate
evolution models as the rate interpretation of the spectral index.
Then the rate density of FRB can be calculated as

Ny L AN dV
didz ) TrzddvV dz

@)

In the rate interpretation, each FRB is observed according to
the sensitivity at its specific frequency. For instruments with
widely spaced beams, the observed sky area scales with fre-
quency, meaning that low-frequency bursts are preferentially de-
tected, even for a frequency-independent rate. This introduces
an observational bias, favoring detection of those FRBs with
steeper spectral indices. An accurate modeling approach would
involve correcting for these biases to better estimate the true dis-
tribution of FRBs across the spectrum. Indeed, a strong corre-
lation between spectral properties and inferred source evolution

has been observed by both Shin et al. (2023) and Hoffmann et al.
(2025). James et al. (2022b) suggested that making a correction
of 0.85 to y can account for these biases. Therefore, we adopted
y = —0.65 in this study (James et al. 2022b)*>.

2.2. Dispersion measure

Observationally, the DM value of each FRB can be measured.
And theoretically, the DM value of an FRB consists of the fol-
lowing components:

_ DM
DM = DMwwm + DMy + DMigm + ——,

8
1+z ®
where the MW contribution (DMwy) is derived from the MW
electron density model NE2001 (Cordes & Lazio 2002). Fol-
lowing Zhang & Zhang (2022), a fixed value for the MW halo
contribution DMp,, = 30 pc cm™ is adopted. The cosmological
redshift factor (1 + z) is used to convert the DM observed by
a stationary observer to an observer on Earth (Terrell & Nelson
2014).
When a redshift z is randomly drawn from Eq.(5), one can
calculate the mean value of the intergalactic medium contribu-

tion DMigm as

3cHZQy, fiom fe
SﬂG,mP 0

“(1+2)d7

HZ)
where Q,, a cosmological parameter whose value is adopted from
the Planck results (Planck Collaboration XIII 2020), G, is the
gravitational constant, mj, is proton mass, fo = 7/8 is the free
electron number per baryon in the Universe, and figm = 0.84 is
the fraction of baryons in the intergalactic medium.

The electron number density along different sight lights is
not uniform (McQuinn 2014), and the exact value of DMgm
for a given z can be described by the following distribution
(Macquart et al. 2020),

ATY — C())
2.2
20°016m

DMigm(2) = ©)

fiom(a) o< a7 exp (— (10)

where A = DMigm/ DMigMm, 0pum 1s the effective standard devi-
ation, Cy is chosen such that the mean of the distribution is unity,
a and g are two indices related to the inner density profile of gas
in halos. We adopted the best fit values of Cy and ojgm given by
Zhang et al. (2021b) and the indices @ = 3 and 8 = 3.

Since little is known about the distribution of DMy, wWe
simply modeled it using the lognormal distribution

1
DMhost Ohost \/ﬂ
— 2
10g DMios — 10g DM

f (DMhost) =

X exp |-

, (11)

2
2O-host

4 Although the sample we used was from CHIME/FRB, the results
of Shin et al. (2023) show that the average spectral index of CHIMIE
FRBs may be similar to that of the ASKAP FRBs.

5 To justify our choice of fixing ¥ = —0.65 in our analysis, we tested
the impact of spectral variation by running simulations with y = —0.65,
—1.0, and —1.5. The results showed only minor differences, indicat-
ing that our conclusions remain robust against moderate changes in y.
While, in principle, y could be treated as a free parameter, doing so
would significantly increase the computational load and extend the sim-
ulation time substantially. Given this trade-off, we adopted y = —0.65
as a representative value to balance accuracy and computational feasi-
bility.
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where log DMy is the mathematical expectation of the distribu-
tion and is a free parameter; in the simulations with a prior range
of [10, 1000] pc cm™3, a fixed value of oo = 0.4 was used®.
Because the contribution from the MW is relatively easy to
subtract, people commonly combine the extragalactic contribu-
tion to DM and define it as
DMg, = DM — DMy + DMpgio = DMigy + %“Z‘
which can be directly compared with the model values. Fol-
lowing Merryfield et al. (2023), we cut the case of DMg >
5000 pc cm ™ directly in the simulation.

12)

2.3. Energy distribution

For an FRB originating in the Universe, whether it can be ob-
served is not only related to its redshift but also to its energy.
To model the energy of FRBs, the cut-off power-law function
(Schechter 1976) is commonly used in the literature

dN ( E )” £

E. 13)

dE “\E.) ¢
where « is the power-law index, and E. is the cutoff energy.
We analyzed the energy distribution of FRBs of the first cata-
log of CHIME/FRB. In the simulation, the energy of FRBs will
be generated in the range of [103®,10*3], based on the fact that
the energy of the majority of the sources is 210°® erg (Tang et al.
2023). And the prior range of « is taken as [-3, —1], and of E, is
taken as [10*13,10%] erg.

For a mock FRB with its isotropic energy E and redshift z,
the specific fluence received by the observer can be calculated as
(Zhang 2018)

(1+2)E
Fr=—, 14
Y 47rDivC (14
where v, = 600MHz is the central observing frequency of

CHIME/FRB. Merryfield et al. (2023) found that, for CHIME
FRBs, the fluence is no longer a reliable indicator of the S/N
when it exceeds 100Jy ms due to RFI rejection. This leads to
a bias against high-fluence FRBs. To reduce the impact of this
selection effect in our simulated FRB population, we limited our
simulations to bursts with fluences below 100 Jy ms, which en-
sures a more reliable comparison with the observed data.

2.4. Instrument selection effects

In practice, the ultimate criterion for determining the detection
of an FRB is the signal-to-noise ratio (S/N), which can be calcu-
lated as (Andersen et al. 2023)

GF, +/BN,
S/N=——"Y" P DM,
(Trec + Tsky) \/w
where G is the system gain in K/Jy, which is determined by

the beam response of CHIME/FRB (we discussed this in more
detail in the next paragraph’), 7, is the fluence of the signal

5)

% When we let oo as a free parameter in the simulation, it is not
constrained by the data at all. Its value has little impact on the results
when it is within the range of 0.2 to 0.8. Therefore, we chose a fixed
value of 0.4 for it.

7 Here, in order to maintain the simplistic conversion of energy to S/N
for the CHIME/FRB telescope, we absorbed the complexity of the beam
response into the beam-corrected gain (G).
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Table 1. Valid range of free parameters for the SFH model.

Parameters N a4 a3 a2 al a0
Value 090 022 -255 1025 -16.31 8.99

in Jyms, Ty and Ty are the receiver and the sky tempera-
ture in K, respectively, B is the bandwidth in kHz (which is
400 MHz for CHIME/FRB), w is the observed pulse width in
ms, and N, = 2 is the number of polarizations. For the re-
ceiver temperature, we adopted its typical value, Tee = S0K
(CHIME/FRB Collaboration 2018). The sky temperatures is es-
timated from the Haslam sky survey (Haslam et al. 1982), where
the survey frequency is scaled to the CHIME's central frequency
by adopting a spectral index of —2.6 for the Galactic emission.
Then Ty is randomly generated in the range of [7K, 12K],
which roughly corresponds to the temperature range of the celes-
tial region scanned by CHIME/FRB at 600 MHz. And it should
be realized that a small uncertainty on Ty, has little impact on
our results, because Trec + Toky is as large as ~60 K. Finally, a
detection threshold of S/N = 12 is applied for the CHIME/FRB
sample.

DM selection. As noted in CHIME/FRB Collaboration
(2021), the CHIME/FRB telescope exhibits strong selection ef-
fects for FRBs with low DM, primarily due to RFI filtering.
This introduces significant challenges in accurately modeling
the observed FRB population, particularly at low DM. To ad-
dress this, we incorporated the DM selection function, s(DM),
into our modeling to fully account for its impact. The s(DM)
represents the relative fraction of FRBs retained after selection
cuts as a function of DM. Following James (2023), we fit this
function using a fourth-order polynomial, and the peak value of
the selection function is normalized to 1. The parameters of the
maximum likelihood fit are provided in Table 1. To incorporate
the DM selection effects into the S/N, we applied a Euclidean
scaling relationship between the event number and the S/N, as
described in James (2023), such that S/Npias ~ s*/>(DM). This
correction has been applied to the S/N in equation (15), ensur-
ing that the modeled S/N reflects the DM-dependent selection
biases.

Beam response. The beam pattern of the CHIME/FRB is
very complex and is characterized by rapidly varying sensitiv-
ity across both the field of view and bandwidth. Recently, a
preliminary version of CHIME/FRB beam model has been re-
leased® (Merryfield et al. 2023). From the beam model, we ob-
tained the beam-corrected gain (G) at 600 MHz used in Equa-
tion (15), which is shown in Figure 1. Clearly, the gain is a func-
tion of the location (x,y) in the topocentric coordinate system
where (x,y) = (0,0) is the zenith. With the zenith as the origin,
y is degrees north from the zenith and x is degrees west from the
meridian. In this work, we assumed that y ranges from —60 to 60
based on the fact that the y coordinates of the observed samples
fall within this interval.

Due to the limitations of localization for FRB sources,
we recalculated the fluences that each burst was detected at
beam boresight, where “boresight” means along the meridian
of the primary beam (at the peak sensitivity of the burst decl.)
(Andersen et al. 2023). Therefore, the measured fluence, F,, is
not equal to its true value, 7, and the relationship between them

8 https://github.com/chime-frb-open-data/
chime- frb-beam-model
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Fig. 1. Beam-corrected gain (G) as a function of the angle from zenith
along the meridian (y) at 600 MHz for x = —0.4, 0, 0.4, and 0.8.
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One sees that the measured fluences F, is always less than or
equal to the true values F,, because the gain G(x,y) < G(0,y)
is always true. Thus, the measured fluences are biased low with
respect to the true values, which corresponds exactly to the case
of the fluences (lower limit) given in the first CHIME/FRB cat-
alog (CHIME/FRB Collaboration 2021; Andersen et al. 2023).
When performing the KS test, the measured fluences F, given
by Equation (16) are compared with the fluences (lower limit) of
the catalog.

Pulse width. The observed pulse width of an FRB, ap-
plied in equation 15, can be described as the sum of several
components:
w2 = wzint + wzsc + szM + wzsample a7
where w;y, is the intrinsic width, ws is the scattering time due
to the propagation, wpy is the DM smearing at the telescope,
and wgample = 0.983 ms is the sampling time. wpy is calculated
as wpm = (8.3 Ms)DMAvMHZv(}%{Z, where Av = 24.4kHz is FRB
search frequency resolution and v = 600 MHz is the central fre-
quency of the telescope (CHIME/FRB Collaboration 2018). The
intrinsic width is not known, and there is no reliable formula
for calculating wy. (Xu & Zhang 2016). The scattering time ws,
can be attributed to the following contributions, which are the
MW part (wsc mw), the intergalactic part (wg1Gm), and the host
galaxy part (Wschost)- The wse mw 18 described well by an empir-
ical ws. — DM relation (Krishnakumar et al. 2015; Cordes et al.
2016), but the relation for ws 1M is less certain. Yao et al. (2017)
derived a relation based on 17 FRBs, most of which lacked red-
shift measurements, but we find this relation tends to overesti-
mate wsc jgm for large DMjgm. We observe no clear g igm — DM
relation from a sample of several dozen FRBs with redshift mea-
surements (in preparation). The understanding of wsc post 1S €ven
more limited. Given the difficulties in calculating both wj, and
Wse, we chose to model them according to the fiducial models
derived by (CHIME/FRB Collaboration 2021), see their Table 4,
which may provide a more accurate representation of the intrin-
sic width and scattering width.

2.5. Simulation procedures

We assumed the distribution of FRBs in the sky is uniform and
isotropic. We performed the simulations as follows.

Firstly, we randomly selected a set of parameter combina-
tions from the corresponding model’.

(i) We randomly selected a redshift z in the range (0, 8) ac-
cording to Eq. (5) and then sampled the corresponding DMigm
for a given z based on the figm(2).

(i) We randomly selected a (log DMj,o) in the range (1, 3)
according to the f(DMjpes) and then determined the correspond-
ing DMg using Eq. (12).

(iii) We sampled the energy (E) in the range (10°7, 10%) erg
according to the energy distribution (13) and used Eq. (14) to
obtain the 7, for the redshift (z) obtained in step (i).

(iv) We selected a w randomly from the observed distribution
of the pulse width and randomly selected a set of azimuth coor-
dinates of (x, y) in the ranges —0.4 < x < 0.8 and —-60 < y < 60,
accordingly obtaining a G(x, y).

(v) We calculated the S/N of bursts according to
equation (15). If S/N > 12, the burst is determined to be de-
tectable. We measured its fluence using Eq. (16) and mark this
burst as (F,, DMg);, where i represents the ith burst. We repeated
(1)-(v) until we got a mock sample containing 1000 FRBs, which
is larger than the observed sample for a set of parameter combi-
nation'”.

By repeating this process, we were able obtain as many mock
samples as we wanted, each simulated based on a set of ran-
domly selected model parameters.

3. Results

We compared the CHIME/FRB sample with the three model
samples individually. The 1D KS tests were performed individ-
ually on the distributions of the specific fluence (F,) and the ex-
tragalactic DM (DMg). Considering that F, and DMg, are likely
correlated (CHIME/FRB Collaboration 2021), the 2D KS tests
are performed to the 2D distribution of (F,, DMg). To reduce the
error of the KS test, we used the bootstrap method to calculate
the p-value following CHIME/FRB Collaboration (2021)'!.

For the SFH model, the free parameters are « and E., which
control the energy distribution of FRBs. Combinations of @ and
E. were randomly selected, and numerous mock samples were
simulated, in which each mock sample contained 1000 FRBs.
We find that the SFH model cannot be rejected by the data within
a considerable parameter space. We selected a set of parameter
combinations from the simulations that yield the largest p,pks
and created a comparison plot between the observed sample and
the simulated sample (see Fig. 2). We selected 5000 parame-
ter combinations with pypgs > 0.01 and plotted their contour
map in Fig. 3. The marginalized 1D distribution of each param-
eter is also plotted in histograms with popks = 0.05. It can be
seen from the figure that the data have a clear constraint on a,
and can only have an upper limit for DMy, while for log(E,),
there is no constraint, within the prior ranges, also presented in
Table 2. Based on the marginalized 1D distribution of the param-
eters, one can infer a 95% confidence level for the parameters of

° The free parameters in the simulation for the corresponding model
and their prior ranges are shown in Tables 2 and 3.

10 In theory, simulating a larger number of bursts would enable a more
rigorous calculation of the p-value and better capture the characteristics
of the sample. However, limited computational power makes it chal-
lenging to simulate larger samples for each parameter set.

I https://github.com/syrte/ndtest
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Fig. 2. KS tests of the SFH model versus the F, and DMg of the ob-
served sample. (a) 1D KS test versus the distribution of log F,. (b)
1D KS test versus the distribution of DMg. (¢) 2D KS test versus the
DM - log F, distribution.
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Fig. 3. Contours of p,pks in the planes of @ — E,. and o — log(m}m[)
for the SFH model. The color regions indicate parameters with p,pgs >
0.01, with the color intensity representing the value of p,pks. The con-
tour lines corresponding to p,pks = 0.01 and 0.05 are marked. The
marginalized 1D distribution of each parameter with ppks > 0.05 is
also plotted as histograms.

Table 2. Accepted range of free parameters for SFH model.

Free parameters Prior Accepted range
a [-3,-1] [-2.5,-1.6]
log(E./erg) [41.5,43] [41.5,43]
DMos/pccm™  [10, 1000] [10, 239]

DMjoq < 239pcem™ and of @ = —2.1%07, where the peak of
the marginalized distribution is used as the central point'?.

We investigated the delayed SFH model using the same
method. Since the SFH model is not rejected by the data, the

12 We caution that setting a p-value threshold and accepting only pa-
rameters within this range may result in an artificial uncertainty. In prin-
ciple, if we were able to simulate a sufficiently large set of parameter
combinations, this issue would be minimal. But due to computational
limitations, we are currently unable to do that. However, we believe
that this limitation does not significantly impact the conclusions of this

paper.
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Fig. 4. KS tests of the delayed SFH model against the data with T =
2.2 Gyr (similar to Fig. 2). @ = —1.7 and E. = 10*7 erg are adapted for
the energy function, and DM = 56 pccm™ for the distribution of the
host DM contribution.
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Fig. 5. Contours of p,pks in the planes of @« — E., @« — 7, and a —
1og(mm). The colored regions within the contours represent param-
eter spaces where popks = 0.01. The contour lines corresponding to
papks = 0.01 and 0.05 are marked. The marginalized 1D distribution of
the each parameter with pypks > 0.05 is also plotted as histograms.

delayed SFH model should also be not rejected by the data in
some parameter spaces because the delay model is a generaliza-
tion of the SFH model. Surprisingly, we find the delay model is
not rejected by the data over a wide range of parameter spaces.
Specifically, a comparison between the mock data and the ob-
served one is shown in Figure 4, with p,pks = 0.92 of the 2D
KS test. Also, we selected 5000 parameter combinations with
paoks = 0.01 and plotted their contour map in Figure 5, the
marginalized distribution of each parameter with p,pks > 0.05
also shown. As one can see, the delay model with any time de-
lay cannot be rejected by data, also shown in Table 3. Here,
again, E, remains unconstrained by the data. Similarly, we in-

fer DMpoy < 363pcem™ and @ = —1.8*04 at the 95% confi-

dence level, which perfectly encompasses the Accepted range of
the SFH model. Although we do not rule out the SFH model,



Meng, M. and Deng, C.-M.: A&A, 698, A127 (2025)

Table 3. Accepted range of free parameters for SFH model.

Free parameters Prior Accepted range
@ [-3,-1] [-2.5,-1.4]
log(E./erg) [41.5,43] [41.5, 43]
7/Gyr [0.01, 10] [0.01, 10]
DM,osi/pccm™  [10, 1000] [10, 363]

we find that, interestingly, the delayed model more easily gener-
ates mock samples that match the observed data. Moreover, the
p-values from the KS test for the delayed model are generally
significantly larger, indicating a better fit to the observed FRB
sample compared to the SFH model, as one can see in Figs. 4
and 5. While the data do not provide a precise constraint on the
delay time, the most suitable delay time appears to be T ~ 1 Gyr,
according to the marginalized 1D distribution of 7.

4. Discussion

Our results show that neither the SFH model nor the delay model
are ruled out by the data, which contrasts with the conclusions
made by Zhang & Zhang (2022) and Qiang et al. (2022). How-
ever, it is important to note that the details of our simulations,
especially the treatment of instrumental selection effects, differ
from those used in these studies.

Redshift distribution models. Neither the SFH model nor the
delayed SFH model are ruled out by the data, which is consistent
with the findings of Shin et al. (2023). However, an important
distinction between our results and theirs is that, while we do
not rule out the SFH model, we observe that the data tend to
prefer the delayed SFH model with an appropriate delay time.

As mentioned in the introduction, several studies based on
the CHIME/FRB sample, including Zhang & Zhang (2022),
Qiang et al. (2022), Hashimoto etal. (2022), Zhang et al.
(2023), Lin & Zou (2024), Lin et al. (2024), Chen et al. (2024),
and Zhang et al. (2024), have all concluded that the delay model
is needed to explain the data, explicitly rejecting the SFH model.
We believe that the discrepancy in the conclusions is due to the
following. Firstly, it is important to note that the methods for
handling selection effects they used are relatively primitive. In
addition, they have incorrectly used the fluences (which actually
are lower limits) provided in the CHIME/FRB catalog as true
values, which might also have led to biases in their results.

Energy function. We find that the power-law index of the
energy function is constrained to @ = —1.8f8z‘7‘ regardless of
the redshift distribution models of FRB population. The result
is consistent with the results of @ = —1.3*07 in Shin et al. (2023)
within the error bars, who also used the CHIME/FRB sample
but employed different approaches. It also is in broad agreement
with the results obtained by Hashimoto et al. (2022), Lin & Zou
(2024), and Lin et al. (2024), which suggests that the energy
function is not greatly affected by the models of redshift dis-
tribution and the selection effects. James et al. (2022a) obtained
a steeper index @ = —2.09701% using the FRB sample from
ASKAP and Parkes.

Host galaxy DM distribution. We modeled the rest-frame
host galaxy DM (DMjes) with a log-normal distribution.
The mean value of the DMy, distribution is constrained to
<363 pccm 3. This result is broad agreement with the results of

James et al. (2022a) and Shin et al. (2023), who find DMpeq =

129*% pcem™ and DMy = 847 pcem™, respectively.
Meanwhile, these results indicate that the host galaxy DM for
the majority of FRBs is likely not large, and the cases with ex-
tremely large DMy, like FRB 190520B should be considered
special and rare (Niu et al. 2022).

Delay time with respect to the SFH. Our results indicate
that the redshift distribution of FRBs does not require a delayed
time 7 with respect to the SFH to be consistent with the data,
as the SFH model is not rejected. However, interestingly, the
delay model appears to better reproduce the observed data, as
evidenced by the generally higher p-values from the KS tests.
While the required delay time does not have a precise constraint
from our analysis, the data suggest that a delay time of ~1 Gyr is
the most likely scenario.

Event rate of FRB sources. In our simulations, it is easy
to calculate the event rate of the FRBs. In order to obtain a
robust estimation of the mean value of the event rate and its
standard deviation, we conducted 1000 successful simulations
(papks > 0.05) using randomly combined model parameters
and performed statistical analysis. To get 223 detectable FRBs
for a single mock sample, one needs to generate a number
of 4 x 10* FRBs on average. By combining the corresponding
survey duration (Ar = 214.8 days) and the field of view of
CHIME/FRB (~0.3% of the sky; CHIME/FRB Collaboration
2021), one can calculate the bursts rate of FRBs.

If the fluence F, is used as a reference point, then the all-
sky rate is Ruy(F, > 5Jyms) = 2162} sky~' day™', which is
smaller than the value inferred in CHIME/FRB Collaboration
(2023) by a factor of 2, but still within the error bars if the sys-
tem uncertainty is considered. If one counts the bursts within
1 Gpc, the local event rate density of FRBs can be obtained
po(E > 10% erg) = 2.3737 x 10° Gpe™ yr~!. Interestingly, Ravi
(2019) also found a similarly high volumetric rate for the FRBs
by assuming DMyes = 50 pc cm™2. Such a high volumetric rate
is a serious challenge to the progenitor models of FRBs. If a
pivot energy of 10* erg is applied, one has po(E > 10* erg) =
3.9f%‘§ x 10* Gpc=3 yr~!, which is consistent with the results of
Shin et al. (2023). For more information on the event rate, please
refer to the Tables 4 and 5. The errors for the event rate are all
at 1 o confidence level. As one can see, the local event rate den-
sity is strongly dependent on the reference energy. As shown in
Table 4, a lower reference energy results in a higher event rate
density, which is roughly consistent with the scaling relation of
po(> E) o« E*1,

5. Conclusions

In this work we conducted extensive Monte Carlo simulations
to test the redshift distribution models of CHIME FRBs. Given
the complexity of selection effects in the CHIME/FRB catalog,
we carefully modeled these effects to ensure the robustness of
our analysis. For the redshift distribution, we examined two key
models inspired by current FRB theories: the cosmic formation
rate of FRBs is proportional to the SFH, and it is delayed with
respect to the SFH. By systematically exploring the complete
parameter spaces for these models, we identified configurations
that are consistent with observational data. Our main findings are
as follows:

(1) Within a specific range of model parameters, the SFH
model cannot be ruled out by the data, although the data tend
to favor a small delay. Our results from testing the redshift dis-
tribution of FRBs are generally consistent with the results of
Shin et al. (2023).
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Table 4. All-sky rate and local rate density above a pivot energy.

Rates

>10%8 erg

>10% erg >10% erg >10* erg

Local rate density (Gpc™> yr™!)

2324 % 10°

3.9"23x 10" 5579 x10° 84737 x 10

Table 5. All-sky rate above a pivot fluence.

Rates >0.1Jyms >05Jyms >1Jyms >5Jyms >10Jyms >50Jyms >100Jyms
All-sky rate (sky 'day™") 4453f?gj§ 1469’:‘3‘1; 865f}§} 216*% 110*%4 18+12 ng

(i1) The CHIME FRB sources have a very high local rate den-
sity of po(>10% erg) = 2.3*24 x 103 Gpc™ yr~!. The estimated
local rate density in this work aligns well with the results of Ravi
(2019) and Shin et al. (2023), and the estimation for the all-sky
rate is close to the results of CHIME/FRB Collaboration (2023).

Given that the hypothesis that the FRB population tracks the
SFH cannot be ruled out, in accordance with Occam’s razor,
our results support the idea that FRBs primarily originate from
young stellar populations, such as magnetars formed through
core-collapse supernovae. Nevertheless, the extremely high vol-
umetric rate of FRBs imposes stringent constraints on the pro-
genitor models. For core-collapse supernovae, which could oc-
cur at a rate of approximately 10° Gpc=3 yr~! (Kelly & Kirshner
2012). However, it is uncertain what fraction of these events
produce the compact objects capable of driving FRBs. Notably,
roughly half of these products are expected to be magnetars
(Keane & Kramer 2008), which are widely accepted as the most
plausible candidates for FRB central engines. Thus, the core-
collapse supernova channel alone is insufficient to account for
the majority of FRB sources. In light of these challenges, it has
been argued that if FRBs are inherently repetitive, this may ex-
plain the high burst rate, as a single FRB source could produce
multiple bursts (Cao et al. 2018; Ravi 2019). However, in the
sample used in this work, we only counted the first detected burst
from each repeating source, and thus each FRB corresponds
to an independent source. Furthermore, in our simulation, each
mock FRB corresponds to an independent source, and we do not
allow multiple events from the same source in the Monte Carlo
process. Therefore, the event rate we obtain directly reflects the
rate of the FRB sources, not the burst rate. However, it is impor-
tant to clarify that the event rate we derived in this work should
actually represent the rate of the FRB sources rather than the rate
of the bursts'3. Therefore, the repetition of bursts from a single
source cannot explain the high rate of the sources itself.

We caution that our conclusions are drawn based on the cur-
rent CHIME/FRB sample and, thus, are inherently subject to its
limitations. Given the high event rate of FRBs, it is foreseeable
that significantly larger samples will become available in the
near future. An expanded dataset would enable further studies
that could potentially strengthen our conclusions or force us to
revise them. Moreover, effectively correcting for CHIME’s com-
plex selection effects remains a critical aspect of such research.

13 This is because in the sample used in this work, we only count the
first detected burst from each repeating source, and thus each FRB cor-
responds to an independent source. Furthermore, in our simulation, each
mock FRB corresponds to an independent source, and we do not al-
low multiple events from the same source in the Monte Carlo process.
Therefore, the event rate we obtain directly reflects the rate of the FRB
sources, not the burst rate.
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The beam model used in this study is an early version, and fu-
ture releases of more refined versions are expected to enhance
the accuracy of such analyses. Only with a large enough sample
and a clearer understanding of CHIME'’s selection effects can
robust conclusions be drawn. We anticipate that future advance-
ments in observations and methodologies will provide stronger
constraints on the progenitor model of FRBs, improving our un-
derstanding of their origins.

During the review process of this manuscript, we came
across an independent study by Wang & van Leeuwen (2024).
In their study, they employed the open-source Python package
frbpoppy to perform a comprehensive analysis of the character-
istics of the FRB population based on CHIME/FRB Catalog 1.
They reached a conclusion consistent with ours: the hypothesis
that the FRB population follows the SFH cannot be rule out.
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