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ABSTRACT
Fast radio bursts (FRBs) are mysterious millisecond pulses in radio, most of which originate
from distant galaxies. Revealing the origin of FRBs is becoming central in astronomy. The
redshift evolution of the FRB energy function, i.e., the number density of FRB sources as a
function of energy, provides important implications for the FRB progenitors. Here we show
the energy functions of FRBs selected from the recently released Canadian Hydrogen Intensity
Mapping Experiment (CHIME) catalogue using the 𝑉max method. The 𝑉max method allows us
to measure the redshift evolution of the energy functions as it is without any prior assumption
on the evolution. We use a homogeneous sample of 164 non-repeating FRB sources, which
are about one order of magnitude larger than previously investigated samples. The energy
functions of non-repeating FRBs show Schechter function-like shapes at 𝑧 . 1. The energy
functions and volumetric rates of non-repeating FRBs decrease towards higher redshifts similar
to the cosmic stellar-mass density evolution: there is no significant difference between the non-
repeating FRB rate and cosmic stellar-mass density evolution with a 1% significance threshold,
whereas the cosmic star-formation rate scenario is rejected with a more than 99% confidence
level. Our results indicate that the event rate of non-repeating FRBs is likely controlled by old
populations rather than young populations which are traced by the cosmic star-formation rate
density. This suggests old populations such as old neutron stars and black holes as more likely
progenitors of non-repeating FRBs.

Key words: radio continuum: transients – stars: magnetars – stars: magnetic field – stars:
neutron – (stars:) binaries: general – stars: luminosity function, mass function

1 INTRODUCTION

Since the first discovery of a fast radio burst (FRB; Lorimer et al.
2007), more than 600 FRBs have been detected (e.g. Petroff et al.
2016; The CHIME/FRB Collaboration et al. 2021). Numerous
FRB theories have been proposed (e.g. Platts et al. 2019) for non-
repeating and repeating FRBs, where non-repeating and repeating
FRBs are observationally defined as a one-off burst and multiple
bursts detected from each FRB source, respectively. Despite the in-
tensive FRB observations and their modelling so far, the origin of
most FRBs is still unknown.

Accurate localisation of FRB sources is one of the most

★ E-mail: tetsuya@phys.nchu.edu.tw

straightforward and powerful approaches to the identification of the
FRB progenitor. A case of direct identification of an FRB progeni-
tor is repeating FRB 200428 which was localised at the position of
a Galactic magnetar, SGR 1935+2154 (e.g. Scholz & Chime/FRB
Collaboration 2020; Bochenek et al. 2020; Kirsten et al. 2021b).
However, FRB 200428 is about 30 times less energetic than the
faintest population of typical extragalactic FRBs (Bochenek et al.
2020; Marcote et al. 2020). Therefore, whether progenitors of ex-
tragalactic FRBs are also magnetars or not is still in debate.

For extragalactic FRBs, one of the localised ones is FRB
180916.J0158+65 (Marcote et al. 2020). The repeating FRB source
of FRB 180916.J0158+65 is located at the vicinity of a star-forming
region in a spiral galaxy at 𝑧 = 0.0337 (Marcote et al. 2020). An-
other case of repeating FRB source is 20201124A (Piro et al. 2021),
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2 T. Hashimoto et al.

which is also localised at a star-forming region in a nearby galaxy
at 𝑧 = 0.0978 (Piro et al. 2021). These observations suggest that
star formation and thus young populations may be related to the
FRB progenitors. On the contrary, another repeating FRB source,
2020120E, is localised at the position of a globular cluster in M81
(Bhardwaj et al. 2021; Kirsten et al. 2021a), suggesting old pop-
ulations as the progenitor of this FRB source. Recently, Xu et al.
(2021) reported that the actively repeating FRB source, 20201124A,
is located at an inter-arm region of a barred-spiral galaxy at redshift
𝑧 = 0.09795, suggesting an environment not directly expected for
young populations. Even such well-localised cases seem to show
diverse environmental properties of FRB progenitors. Such diverse
environmental properties of FRBs are also reported by observations
of FRB host galaxies (e.g. Bhandari et al. 2020, 2021; Lorimer
2021). However, the number of localised FRBs is currently only
∼ 20 (e.g. Bhandari et al. 2021), hampering precise statistics. This
is because FRB localisation requires a high spatial resolution in
radio and multi-wavelength follow-up observations, which are ex-
pensive and time-consuming in general.

An alternative approach to probing the FRB origin is to investi-
gate the ‘FRB population’. The number density of FRB sources can
be compared with that of possible progenitors to constrain the FRB
origin (e.g. Ravi 2019; Luo et al. 2020; Hashimoto et al. 2020a). The
redshift evolution of the luminosity or energy functions of FRBs,
i.e. number density of FRB sources as a function of luminosity or
energy, is one of the useful tools to constrain the FRB progenitors
(e.g. Hashimoto et al. 2020b; Arcus et al. 2021; James et al. 2022).
If FRB progenitors are young, i.e. produced via star formation, the
number density of FRBs should increase towards higher redshifts
up to 𝑧 ∼ 2 because the cosmic star-formation rate density increases
towards higher redshifts (e.g. Madau & Dickinson 2014; Madau &
Fragos 2017). In contrast, the FRB number density may decrease
towards higher redshifts if old populations such as old neutron stars
and black holes are predominant as FRB progenitors. Such statisti-
cal analyses of the FRB population allow the detected FRBs to be
fully utilised regardless of localisation.

James et al. (2022) constructed an FRB population model to
fit with the observed distribution of dispersion measures using Aus-
tralian Square Kilometre Array Pathfinder (ASKAP) and Parkes
FRBs. They reported that the FRB luminosity function evolves sim-
ilarly to (or faster than) the cosmic star-formation rate density, as-
suming that the evolution is scaled with the cosmic star-formation
rate densitywith a free power-law parameter. Arcus et al. (2021) per-
formed a similar approach to that of James et al. (2022) to show that
either the cosmic star-formation rate density evolution or no evo-
lution can explain the observed distribution of dispersion measures
of ASKAP and Parkes FRBs. Zhang et al. (2021) tested the ob-
served Parkes and ASKAP samples on redshift distribution models
tracking the two extremes of evolving redshift distribution models
(star-formation rate history and compact binary merger history).
They found that the limited data sample was consistent with both
of those models. Hashimoto et al. (2020b) used the 𝑉max method
(Schmidt 1968, see also Section 2.3 for details) to directly measure
the number density of Parkes non-repeating FRBs without any prior
assumption on the redshift evolution. They found that the number
density of non-repeating FRB sources does not show any significant
redshift evolution up to 𝑧 ∼ 2, which is consistent with the cosmic
stellar-mass density evolution rather than the cosmic star-formation
rate density.

These FRB population analyses mentioned above have shown
diverse results. This could be due to (i) that James et al. (2022)
and Arcus et al. (2021) do not test old population models or (ii)

the small number of FRB samples which are less than 100 in these
works (Hashimoto et al. 2020b; Arcus et al. 2021; Zhang et al. 2021;
James et al. 2022).

The CHIME/FRB Collaboration et al. (2021) released the new
Canadian Hydrogen Intensity Mapping Experiment (CHIME) FRB
catalogue which includes 536 FRB events detected over an effec-
tive survey duration of 214.8 days, of which 474 are unique non-
repeating FRB sources and 18 are repeating FRB sources. The new
CHIME FRBs allow a much better statistical analysis of the FRB
population with about one order of magnitude larger homogeneous
sample than that in previous works. Zhang & Zhang (2021) tested
the new CHIME sample against the star-formation rate density, cos-
mic stellar-mass density, and delayed models. They found that the
models including significant delays of FRBs (& 10 Gyr) with re-
spect to star formation better describe the observed distributions of
fluences, energies, and dispersion measures than others, suggesting
the old population as the origin of FRBs.

In this work, we present energy functions and volumetric rates
of the new CHIME FRBs as a function of redshift to constrain the
FRB progenitor without any prior assumption on the redshift evolu-
tion. Throughout this paper, we use the terminology of ‘rest-frame’
to refer to a frame of an FRB source. The Planck15 cosmology
(Planck Collaboration et al. 2016) is adopted as a fiducial model,
i.e., Λ cold dark matter cosmology with (Ω𝑚,ΩΛ,Ω𝑏 ,ℎ)=(0.307,
0.693, 0.0486, 0.677), unless otherwise mentioned.

The structure of the paper is as follows: we describe how selec-
tion functions, energy functions, and volumetric rates are derived
in Section 2. In Section 3, we present the energy functions and
volumetric rates of non-repeating and repeating FRB sources along
with their redshift evolution. The indications of our results on non-
repeating FRBs and their possible origins are discussed in Section
4 followed by conclusions in Section 5.

2 DATA ANALYSIS

2.1 Selection functions

The CHIME/FRB Collaboration et al. (2021) tested the CHIME
detection algorithm by injecting 84,697 simulated FRB signals of
which 39,638 were detected. They found that significant fractions
of the injected mock FRBs with long scattering times or low flu-
ences are missed by the CHIME detection algorithm. In addition,
moderate fractions of FRBs with small or large observed dispersion
measures (DMobs) and FRBs with long intrinsic durations (𝑤int)
are also missed by the algorithm. The observed data distribution
in the parameter space of spectral index and running is reason-
ably reproduced by the simulated FRB detection (The CHIME/FRB
Collaboration et al. 2021). Therefore, following The CHIME/FRB
Collaboration et al. (2021), we consider selection functions of dis-
persion measure, scattering time, intrinsic duration, and fluence in
this work. These selection functions have to be known to correctly
calculate the FRB energy functions and the FRB number densities.
In this work, we use the signal-to-noise (SNR) cut at SNR = 10
to maintain a meaningful number of repeating FRBs in our sam-
ple. This SNR cut is slightly lower than SNR = 12 which is used
in The CHIME/FRB Collaboration et al. (2021). However, The
CHIME/FRB Collaboration et al. (2021) verified that their con-
clusions hold when all catalogue events are included regardless of
SNR.

MNRAS 000, 1–17 (2022)



Energy functions of CHIME FRBs 3

2.1.1 Sample for selection functions

The selection functions are provided only for the case of SNR cut
= 12 in The CHIME/FRBCollaboration et al. (2021). Therefore, we
empirically derive the selection functions for the case of SNR cut
= 10 in this work. We first define the sample to derive the selection
functions. The selected sample satisfies all of the following criteria.

• bonsai_snr > 10
• DMobs > 1.5×max(DMNE2001, DNYMW16)
• not detected in far side-lobes
• log 𝜏scat < 1.0 (ms)
• excluded_flag = 0
• the first detected burst if the FRB source is a repeater
• fluence > 0 (Jy ms),

where 𝜏scat is the scattering time (see The CHIME/FRB Collabo-
ration et al. 2021, for details). These criteria are the same as that
used in The CHIME/FRB Collaboration et al. (2021) except for the
SNR cut. When the only upper limit is available for 𝜏scat, we utilise
its 1 𝜎 upper limit as 𝜏scat, following The CHIME/FRB Collabora-
tion et al. (2021). After applying these selection criteria to the new
CHIME catalogue, the selected sample includes 348 non-repeating
and 13 repeating FRB sources. We note that The CHIME/FRB Col-
laboration et al. (2021) used 265 FRB sources to derive selection
functions with SNR cut = 12.

To derive the selection functions, we follow Equation 6 in
The CHIME/FRB Collaboration et al. (2021), which describes the
relationship between the observed and intrinsic data distributions
for a certain parameter such as dispersion measure:

𝑃(DM) = 𝑃obs (DM) × 𝑠(DM)−1, (1)

where 𝑃(DM) and 𝑃obs (DM) are the intrinsic and observed distri-
butions of dispersion measure, respectively. 𝑠(DM) is the selection
function as a function of the dispersion measure. The intrinsic data
distributions for the case of SNR cut = 10 are provided in The
CHIME/FRB Collaboration et al. (2021):

𝑃(𝜉) = 1
𝜎(𝜉/𝑚)

√
2𝜋
exp

[
− ln

2 (𝜉/𝑚)
2𝜎2

]
, (2)

where 𝜉 could either be dispersion measure, scattering time, and
intrinsic duration. The scale 𝑚 is 512 (pc cm−3) for the dispersion
measure, 2.04 (ms) for the scattering time, and 1.19 (ms) for the
intrinsic duration. The shape 𝜎 is 0.68, 1.57, and 0.99, respectively.
The scale 𝑚 and shape 𝜎 represent characteristic values of the pa-
rameters and their dispersions, respectively, describing the intrinsic
data distributions of the CHIME FRBs via Eq. 2 (The CHIME/FRB
Collaboration et al. 2021). The intrinsic fluence distribution is

𝑃(𝐹𝜈) ∝ −𝛼(𝐹𝜈/𝐹𝜈,0)𝛼−1, (3)

where𝛼 is the power-law index and 𝐹𝜈,0 is an arbitrary pivot fluence.
We use 𝛼 = −1.41 in this work.

Using Eq. 1, 𝑠(DM) can be empirically derived by dividing
𝑃obs (DM) by 𝑃(DM). The selection functions for the other param-
eters including scattering time, intrinsic duration, and fluence are
also derived in the same manner as Eq. 1.

2.1.2 Derived selection functions

The derived selection functions are summarised in Fig. 1. In Fig.
1, the observed and intrinsic data distributions are presented in
the left panels while the derived selection functions for the case
of SNR cut = 10 are shown by red dots in the right panels. We

fit polynomial functions to the derived selection functions of the
dispersion measure, scattering time, and intrinsic duration with a
2.5𝜎 clip. For the selection function (Eq. 1) of fluence, the following
functional shape is adopted

log 𝑠(SNR > 10|𝐹𝜈) = 𝑎(1.0 − exp(−𝑏 log 𝐹𝜈)) − 𝑎, (4)

where 𝑎 and 𝑏 are fitting parameters such that the function converges
to 0 assuming that the FRB detection is 100% complete at high
fluences, i.e., log 𝑠(SNR > 10|𝐹𝜈) = 0. The data points used for
these fitting procedures are highlighted by red open circles in the
right panels.

In Fig. 1, the selection functions for the SNR cut = 10 (red
solid lines) are almost the same as that of SNR cut = 12 presented
in The CHIME/FRB Collaboration et al. (2021) (black solid lines)
except for the fluence selection function shown at the panel (h) of
Fig. 1. The observed fluences of CHIME observations are uncertain
because the localisation of each FRB is not accurate except for
FRB 121102 at 𝑧 = 0.19273 (Tendulkar et al. 2017) and FRB
180916.J0158+65 at 𝑧 = 0.0337 (Marcote et al. 2020) which were
localised by other telescopes. The observed fluences are lower limits
because the telescope sensitivity at the centre of the field of view is
assumed (The CHIME/FRB Collaboration et al. 2021). Therefore,
there should be an offset between the observed fluences and true
fluences on average. In panel (h) in Fig. 1, we use the observed
fluences for the case of SNR cut = 10 (red solid line), whereas the
case of SNR cut = 12 (black solid line) indicates true fluences of
injected mock FRBs (The CHIME/FRB Collaboration et al. 2021).
Indeed, we find an offset between the two, which is ∼ 0.58 dex in
the logarithmic scale. In this paper, we do not correct for this offset
because it does not affect the FRB number density integrated over
the energy (see Section 3.2 for details) which is the main focus of
this paper. Except for this offset, the fluence selection function for
the case of SNR cut = 10 shows almost the same shape as that of
SNR cut = 12. The best-fit functions are

𝑠(SNR > 10|DM) = −0.7707(logDM)2+4.5601(logDM)−5.6291
(5)

𝑠(SNR > 10|𝜏scat) = −0.2922(log 𝜏scat)2−1.0196(log 𝜏scat)+1.4592
(6)

𝑠(SNR > 10|𝑤int) = −0.0785(log𝑤int)2−0.5435(log𝑤int)+0.9574
(7)

log 𝑠(SNR > 10|𝐹𝜈) = 1.7173(1.0−exp(−2.0348 log 𝐹𝜈))−1.7173.
(8)

These selection functions are utilised in calculating the number
densities of FRBs in Section 2.3.4. Following The CHIME/FRB
Collaboration et al. (2021), 1 𝜎 upper limits are adopted as 𝜏scat
and𝑤int in this sectionwhen only upper limits on them are available.
This treatment of the upper limits is also the case when the selection
functions are applied to the number density calculation described
in Section 2.3.4.

MNRAS 000, 1–17 (2022)



4 T. Hashimoto et al.

Figure 1. From top to bottom panels, dispersion measure, scattering time, intrinsic duration, and fluences of CHIME FRBs are shown. The observed and
intrinsic data distributions (filled histograms and orange solid line, respectively) are shown in the left panels while the derived selection functions are presented
in the right panels. The intrinsic data distribution refers to 𝑃 ( 𝜉 ) or 𝑃 (𝐹𝜈) in Eqs. 2 and 3. The presented sample is selected based on the criteria described
in Section 2.1.1. The intrinsic distributions for the case of SNR cut = 10 are adopted from The CHIME/FRB Collaboration et al. (2021). Both observed and
intrinsic data distributions are normalised. In the right panels, the red dots indicate selection functions derived in this work. The selection functions after 2.5 𝜎
clipping are marked by red open circles. The red solid lines indicate polynomial fittings to the red open circles. The selection functions for the case of SNR cut
= 12 (The CHIME/FRB Collaboration et al. 2021) and its polynomial fittings are shown by black dots and black solid lines, respectively. In the panel (h), the
red solid line indicates observed fluences, whereas the black solid line shows the intrinsic fluences of injected mock FRBs (The CHIME/FRB Collaboration
et al. 2021). The red solid line is horizontally shifted by +0.58 dex (red dashed line) for a comparison with the SNR cut = 12 case (black solid line).
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Energy functions of CHIME FRBs 5

2.2 Calculations of physical parameters

2.2.1 Redshift

We follow the same manner as that of Hashimoto et al. (2020b)
to derive the redshift of each FRB using the observed dispersion
measure. The derived redshifts are consistent with the spectroscopic
redshifts of the host galaxies within the uncertainties (Hashimoto
et al. 2020b). Here, we briefly describe how redshift and its uncer-
tainty are calculated for each FRB. The observed dispersion mea-
sure (DMobs) is composed of four components including interstellar
medium in the Milky Way (DMMW), extended hot gas associated
with the dark matter halo hosting the Milky Way (DMhalo), in-
tergalactic medium (DMIGM), and the FRB host galaxy (DMhost):

DMobs = DMMW + DMhalo + DMIGM + DMhost. (9)

We adopt DMMW modelled by Yao et al. (2017), DMhalo = 65 pc
cm−3 (Prochaska et al. 2019), and DMhost = 50.0/(1 + 𝑧) pc cm−3

following Macquart et al. (2020). The DMIGM averaged over the
line-of-sight fluctuation is described as a function of redshift with
some assumptions on the cosmological parameters (e.g. Equation
2 in Zhou et al. 2014). Therefore, Eq. 9 is expressed as a function
of redshift. The solution provides each FRB with a redshift. Un-
der these assumptions, the error of DMobs (𝛿DMobs) and the line-
of-sight fluctuation of DMIGM (𝜎DMobs ) contribute to the redshift
uncertainty via error propagation in Eq. 9. To estimate the redshift
uncertainty of each FRB, we performed Monte Carlo (MC) simu-
lations. In each simulation, randomised errors are added to DMobs
and DMIGM. The randomised errors follow Gaussian probability
distributions with standard deviations of 𝛿DMobs and 𝜎DMobs . We
conservatively assume the highest 𝜎DMobs estimated from cosmo-
logical simulations of structure formation (Zhu et al. 2018). Since
𝜎DMobs is estimated as a function of redshift up to 𝑧 = 2 (Zhu et al.
2018), we linearly extrapolate 𝜎DMobs towards higher redshifts (see
Hashimoto et al. 2020b, for details). For each FRB, the simulations
were repeated 10,000 times to estimate the probability distribution
of the redshift. The 50 percentile of the distribution (median) is
adopted as the redshift of each FRB. We use the 84 and 16 per-
centiles as ±1𝜎 uncertainty.

In the first CHIME/FRB catalogue, there are two FRB sources
with measurements of spectroscopic redshifts, i.e., FRB 121102 at
𝑧 = 0.19273 (Tendulkar et al. 2017) and FRB 180916.J0158+65 at
𝑧 = 0.0337 (Marcote et al. 2020). For these FRB sources, we utilise
their spectroscopic redshift instead of the redshifts derived from Eq.
9 in the following analyses. The spectroscopic redshifts are shown
in Fig. 2 compared with the redshifts derived from Eq. 9. We con-
firmed that the redshifts derived from the dispersion measures are
consistent with the spectroscopic redshift within the uncertainties.
This point is also presented in Hashimoto et al. (2020b) with more
spectroscopic samples using other localised FRBs (see also Fig. 2)
in the FRB Catalogue project (FRBCAT; Petroff et al. 2016).

2.2.2 Energy integrated over the rest-frame 400 MHz width

Hashimoto et al. (2020a) and Hashimoto et al. (2020b) utilise the
time-integrated luminosity in units of erg Hz−1, which is calculated
from the observed fluence. In this work, we use the energy in units
of ergs, i.e., fluence integrated over the frequency, as an indicator
of the brightness of FRBs based on the following reasons. The first
reason is that some FRBs show complicated sub-structures in their
light curves. Such shapes of light-curve and peak flux density would
highly depend on the time resolutions of instruments. The fluence

Figure 2. The redshift derived from the dispersion measure as a function of
spectroscopic redshift for CHIME FRB sources (blue dots). The vertical er-
rors are calculated by the error propagation of observational uncertainties of
dispersion measures and line-of-sight fluctuation of the intergalactic disper-
sion measures (see Section 2.2.1 for details). Orange dots indicate redshifts
of other FRB host galaxies in the FRB Catalogue project (FRBCAT; Petroff
et al. 2016) derived by Hashimoto et al. (2020b) with the same assumptions
on DMhalo and DMhost as those in Section 2.2.1.

is less affected by the finite time resolution of instruments (e.g.
Macquart & Ekers 2018a), which allows us to mitigate systematic
differences when comparing with FRBs detected with other tele-
scopes (e.g. Hashimoto et al. 2020a,b). The second reason is that
FRBs detected with CHIME also show complicated spectral shapes
(Pleunis et al. 2021). Pleunis et al. (2021) presented the diverse spec-
tral shapes: non-repeating FRBs tend to show broad-band power-
law like shapes whereas repeating FRBs tend to show narrow-band
Gaussian-like spectral shapes. The 𝑘-correction for such diverse
spectral shapes would be highly uncertain since complicated ex-
trapolations of the spectral shapes are necessary. To minimise such
uncertainty, we integrate the fluence over the frequency to calculate
observed energy (𝐸obs) for each FRB. This frequency integration
is described as 𝐸obs = fluence ×

(
400×106
Hz

)
because the fluence in

the first CHIME/FRB catalogue is the band-averaged value over the
CHIME frequency width of 400 MHz (The CHIME/FRB Collabo-
ration et al. 2021).

The observed frequency width of 400 MHz corresponds to
different frequency widths at the rest-frame depending on the red-
shifts of FRBs. For a fair comparison at different redshifts, we use
the integration over 400 MHz widths at the rest-frame. We define
the integration width in the observer-frame, Δ𝜈obs,itg, which corre-
sponds to the 400MHz at the rest-frame, i.e.,Δ𝜈obs,itg = 400/(1+𝑧)
MHz. The observed energy integrated over the rest-frame 400 MHz
width (𝐸obs,400) is approximated as follows:

𝐸obs,400 =
𝐹𝜈

(
400 × 106
Hz

)
(Δ𝜈obs,itg ≥ Δ𝜈obs,FRB)

𝐹𝜈

(
400 × 106
Hz

) (
Δ𝜈obs,itg
Δ𝜈obs,FRB

)
(Δ𝜈obs,itg < Δ𝜈obs,FRB),

(10)

(11)

MNRAS 000, 1–17 (2022)



6 T. Hashimoto et al.

where 𝐹𝜈 is the observed fluence and Δ𝜈obs,FRB is the frequency
width in which FRB is detected. For each FRB without multi-
ple sub-bursts, Δ𝜈obs,FRB is calculated by high_freq − low_freq in
the first CHIME/FRB catalogue, where high_freq (low_freq) is the
highest (lowest) frequency band of detection at a full-width-tenth-
maximum. For each FRB with multiple sub-bursts, the maximum
(minimum) value of high_freq (low_freq) is adopted to calculate
Δ𝜈obs,FRB because there is no frequency gap between the sub-
bursts in the catalogue. The ratio, Δ𝜈obs,itg/Δ𝜈obs,FRB, approxi-
mately takes the overflowed energy out of the rest-frame 400 MHz
width into account.

Following Macquart & Ekers (2018b), we calculate the rest-
frame isotropic radio energy (𝐸rest,400) for each FRB.By integrating
Eq. 8 in Macquart & Ekers (2018b) over the frequency, 𝐸rest,400 is
described as

𝐸rest,400 = 4𝜋𝑑2𝑙 𝐸obs,400/(1 + 𝑧), (12)

where 𝑑𝑙 is the luminosity distance to the redshift of FRB. The
uncertainty of 𝐸rest,400 (𝛿𝐸rest,400) includes the error propagation
of 𝛿DMobs, 𝜎DMobs , and the uncertainty of 𝐹𝜈 (𝛿𝐹𝜈) via Eqs. 9, 10,
11, and 12. To estimate 𝛿𝐸rest,400, we performed the samemanner as
the MC simulations for the redshift uncertainty (see Section 2.2.1)
with 10,000 iterations.

2.3 𝑉max and energy function

In this work, we use the 𝑉max method (e.g. Schmidt 1968; Avni &
Bahcall 1980) to derive the FRB energy function, i.e., the number
density of FRB sources as a function of energy. 𝑉max is the maxi-
mum volume within which each source could still be detected for a
certain detection threshold. The 𝑉max method allows us to measure
the FRB energy function as it is without any prior assumption on
its functional shape. We follow the method described in Hashimoto
et al. (2020a) and Hashimoto et al. (2020b) except for the 𝑧max cal-
culation as described in Section 2.3.3. In the following section, we
define the sample from which the energy function is derived.

2.3.1 Sample for the energy function

The CHIME/FRB Collaboration et al. (2021) reported that sig-
nificant fractions of FRBs with higher scattering times and lower
fluences are missed. The selection functions for such missing popu-
lations are highly uncertain since they are derived from small sample
sizes (The CHIME/FRB Collaboration et al. 2021). Therefore, we
exclude FRBs with log 𝜏scat > 0.8 (ms) or log 𝐹𝜈 < 0.5 (Jy ms)
from the calculation of the energy function. FRBs which satisfy all
of the following selection criteria are utilised for the FRB energy
function.

• bonsai_snr > 10
• DMobs > 1.5×max(DMNE2001, DNYMW16)
• not detected in far side-lobes
• log 𝜏scat < 0.8 (ms)
• excluded_flag = 0
• the first detected burst if the FRB source is a repeater
• log 𝐹𝜈 > 0.5 (Jy ms)

After applying these criteria to the new CHIME catalogue, the
selected sample includes in total 176 FRB sources of which 164 are
non-repeating FRB sources and 12 are repeating FRB sources.

2.3.2 Redshift bins

Redshift bins have to be defined for the 𝑉max method so that energy
functions at different redshifts can be compared. Because redshift
bins are arbitrarily selected, the results may depend on how the
redshift bins are selected. To take this uncertainty into account, two
different sets of redshift bins are tested in this work. One is a set of
four redshift bins defined by boundaries at 𝑧 = 0.05, 0.30, 0.68, 1,38,
and 3.60 for non-repeating FRBs. These redshifts correspond to the
lookback times of 0.7, 3.5, 6.4, 9.2, and 12.1Gyr, respectively. Three
redshift bins are utilised for repeating FRB sources with boundaries
at 𝑧 = 0.05, 0.31, 0.72, and 1.50, corresponding to the lookback
times of 0.7, 3.6, 6.6, and 9.5 Gyr, respectively. The interval of
redshift bins is decided so that the lookback time between redshift
bins is the same for each non-repeating and repeating FRBs.

Another set of three redshift bins is defined by 𝑧 = 0.05, 0.41,
1.09, and 3.60 for non-repeating FRBs and two redshift bins defined
by 𝑧 = 0.05, 0.49, and 1.50 for repeating FRB sources. The interval
of redshift bins in this case is also defined with the same lookback-
time interval for each non-repeating and repeating FRBs. These
redshift bins along with the numbers of sources within bins are
summarised in Fig. 3. We, hereafter, use terminologies of ‘redshift
bin A’ and ‘redshift bin B’ for red solid lines and grey dashed lines
shown in Fig. 3, respectively.

2.3.3 𝑧max calculation

The 4𝜋 coverage of 𝑉max (𝑉max,4𝜋 ) is described as

𝑉max,4𝜋 =
4𝜋
3
(𝑑3max − 𝑑3min), (13)

where 𝑑min is the comoving distance to the lower bound of the red-
shift bin to which an FRB belongs (See Section 2.3.2 for details) and
𝑑max is the maximum comoving distance for the FRB with a certain
energy to be detected. If 𝑑max is larger than the comoving distance
to the upper bound of the redshift bin, the upper bound distance is
utilised as 𝑑max. We define 𝑧min and 𝑧max as corresponding red-
shifts to 𝑑min and 𝑑max, respectively. Among the selection criteria
described in Section 2.3.1, the SNR and fluence cuts are relevant
in our 𝑧max calculation since both of them decrease with increasing
redshift for each FRB. We calculate corresponding fluences and
SNRs for each FRB at higher redshifts. At a certain redshift, ei-
ther the SNR or fluence falls below the criterion, which provides
each FRB with 𝑧max. Note that the criteria for the dispersion mea-
sure and scattering time in Section 2.3.1 are not relevant because
the observed dispersion measure and scattering time always satisfy
these criteria for higher redshifts. Here, we assume that the scat-
tering is less significant at higher redshifts due to the 𝜏scat ∝ 𝜈−4rest
dependency.

Using Eq. 12, the observed fluence of each FRB can be scaled
to estimate the corresponding fluence at higher redshifts and 𝑧max
which satisfies the fluence criterion in Section 2.3.1 (𝑧max,fluence).
The notation of ‘fluence’ expresses 𝑧max derived from the fluence
criterion. However, the SNR cut is not as simple as the fluence cut
because the SNR depends on many factors, e.g., redshift, duration,
fluence, detection algorithm, etc. Therefore, we empirically derive
how the SNR scales with redshift. The SNR should primary de-
pend on 𝐸obs/𝑤

1/2
bc (e.g. Spitler et al. 2014; Shannon et al. 2018;

CHIME/FRB Collaboration et al. 2019), where 𝑤bc is the box-
car duration of FRB (bc_width in The CHIME/FRB Collaboration
et al. 2021). The boxcar duration represents the observed duration
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Figure 3. The isotropic radio energy integrated over the rest-frame 400
MHz width (𝐸rest,400) as a function of lookback time or redshift for (top)
non-repeating and (bottom) repeating CHIME FRBs. The redshift bins are
indicated by vertical lines and horizontal arrows. Different colours corre-
spond to the different sets of redshift bins: redshift bin A shown by red
solid lines and redshift bin B shown by the grey dashed lines. The number
of samples within each redshift bin is indicated on each arrow. The grey
dashed lines are slightly shifted for the visualisation purpose.

of the FRB pulse including instrumental, scattering, and redshift-
broadening effects.

Fig. 4 shows 𝐸obs/𝑤
1/2
bc as a function of SNR in the logarithmic

scale for the sample selected in Section 2.3.1. In Fig. 4, there is a
correlation between 𝐸obs/𝑤

1/2
bc and SNR. The slope of the best-fit

linear function (black solid line) to the data points is 1.05. For each
FRB, we assume a scaling relation between 𝐸obs/𝑤

1/2
bc and SNR

with a linear slope of 1.05 to derive 𝑧max,SNR. Here, the notation
‘SNR’ expresses 𝑧max derived from the SNR criterion. An example
is demonstrated by red circles on the red dashed line in Fig. 4.
This example selects a particular FRB at 𝑧 = 0.45 (the rightmost
number labelled for the red circles). The red circles correspond
to log(𝐸obs/𝑤

1/2
bc ) and log(SNR) at different redshifts for this FRB

Figure 4. 𝐸obs/𝑤1/2bc as a function of SNR in the logarithmic scale for the
sample described in Section 2.3.1. This sample (blue dots) is utilised for
the energy function in Section 3. The black solid line indicates the best-
fit linear function to the data. The vertical black dashed line is the SNR
criterion (SNR= 10) adopted in this work. The red dashed line demonstrates
an example of the redshift track of an FRB at 𝑧 = 0.45 fixing its isotropic
radio energy. The open red circles indicate expected 𝐸obs/𝑤1/2bc and SNR
values of this FRB when different redshifts (labelled numbers) are assumed.

assuming such a scaling relation. As the redshift increases (numbers
labelled for the red circles), corresponding 𝐸obs/𝑤

1/2
bc and SNR

decrease. At 𝑧 = 0.95, the corresponding SNR becomes log SNR
= 1.0, which is the SNR selection criterion. This redshift, 𝑧 = 0.95,
is 𝑧max,SNR of this FRB derived by scaling SNR. In this calculation,
Eq. 12 is utilised to scale 𝐸obs as a function of redshift. The redshift
dependency of 𝑤bc is approximated to be

𝑤bc,z =
√︃
𝑤2int,z + (𝑡sample/2.355)2 + 𝑡2smear,z + 𝜏2scat,z (ms), (14)

where

𝑤int,z = 𝑤int

(
1 + 𝑧

1 + 𝑧FRB

)
(ms), (15)

𝑡sample = 0.983 (ms), (16)

𝑡smear,z = 8.3 × 10−3
(
DMobs
pc cm−1

) (
Δ𝜈obs
MHz

) ( 𝜈obs
GHz

)−3
(ms) (17)

𝜏scat,z = 𝜏scat

(
1 + 𝑧FRB
1 + 𝑧

)3
(ms). (18)

We adopt Δ𝜈obs = 24.4 × 10−3 MHz and 𝜈obs = 0.6 GHz. The
cubic power in Eq 18 is due to the 𝜏scat ∝ 𝜈−4rest dependency and the
(1+ 𝑧) dependency of the observed time. When the only upper limit
is measured for 𝑤int or 𝜏scat, we ignore its term in Eq. 14.

Both 𝑧max,fluence and 𝑧max,SNR are calculated for each FRB.
We adopt the smaller one as 𝑧max. If the adopted 𝑧max is higher
than the upper bound of the redshift bin which each FRB belongs
to (𝑧upper), 𝑧upper is used as 𝑧max, i.e.,

𝑧max = min(𝑧max,fluence, 𝑧max,SNR, 𝑧upper). (19)
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2.3.4 Number density of each FRB source

Each FRB was detected in the comoving volume, Vmax,4𝜋 × Ωsky,
where Ωsky is the fractional coverage of the CHIME field of view
on the sky. The number density of each FRB source per unit time,
𝜌uncorr (𝐸rest,400), is

𝜌uncorr (𝐸rest,400) =
1 + 𝑧FRB

𝑉max,4𝜋Ωsky𝑡obs
, (20)

where 𝑡obs is the survey time. We adopt Ωsky = 0.003 and
𝑡obs = 214.8/365 = 0.59 year (The CHIME/FRB Collaboration
et al. 2021). The subscript ‘uncorr’ indicates that the number density
is uncorrected for the observational selection functions described
in Section 2.1.2. The number density corrected for the selection
functions, 𝜌corr (𝐸rest,400), is described as

𝜌corr (𝐸rest,400) = 𝜌uncorr𝑊scale𝑤(DM)𝑤(𝜏scat)𝑤(𝑤int)𝑤(𝐹𝜈),
(21)

where 𝑤(DM), 𝑤(𝜏scat), 𝑤(𝑤int), and 𝑤(𝐹𝜈) are weight functions
derived by the reciprocals of Eqs. 5-8, respectively. When an FRB
shows multiple sub-bursts, the productΠℓ=1𝑤(𝑤int,ℓ ) is adopted as
𝑤(𝑤int), where the subscript ℓ indicates the ℓth sub-burst of each
FRB.𝑊scale is the scaling factor for the weight functions. CHIME’s
source finding algorithm detected 39,638 sources out of 84,697
injected FRBs (The CHIME/FRB Collaboration et al. 2021). The
scaling factor is determined so that the sum of weights over the
selected sample matches this fraction, i.e.,

𝑊scale

𝑛∑︁
𝑖=1

𝑤𝑖 (DM)𝑤𝑖 (𝜏scat)𝑤𝑖 (𝑤int)𝑤𝑖 (𝐹𝜈) =
84, 697
39, 638

× 176,

(22)

where the subscript 𝑖 denotes the 𝑖th FRB and 176 is the total number
of sample described in Section 2.3.1. We note that this scaling
factor does not affect our main focus on the redshift evolution of
the energy functions and volumetric rates discussed in Section 4
because the relative evolution is compared. Fig. 5 shows 𝜌corr as a
function of 𝐸rest,400 with different colours for the total weights of
log[𝑊scale𝑤𝑖 (DM)𝑤𝑖 (𝜏scat)𝑤𝑖 (𝑤int)𝑤𝑖 (𝐹𝜈)]. The uncertainty of
𝜌corr (𝛿𝜌corr) is calculated for each FRB by MC simulations with
10,000 iterations, following the samemanner as theMC simulations
for the uncertainties of redshift and 𝐸rest,400 (see Section 2.2 for
details).

The derived physical parameters including the redshifts,
𝐸rest,400, weights, and 𝜌corr are summarised in APPENDIX A.

2.3.5 Calculation of energy functions

Non-repeating and repeating FRBs at each redshift bin are divided
into different energy (𝐸rest,400) bins in the logarithmic scale to
calculate their energy functions. Within each energy bin, 𝜌corr is
summed to calculate the energy function (Φ):

𝜙(𝑧median, 𝐸rest,400,j) =
∑︁
𝑘

𝜌corr (𝐸rest,400,j,k)/Δ log 𝐸rest,400,

(23)

where the subscripts 𝑗 and 𝑘 mean the 𝑘th FRB in the 𝑗 th energy bin
at each redshift bin with a median redshift of 𝑧median. Δ log 𝐸rest,400
is the energy bin size. The uncertainty ofΦ at each bin is calculated
by a quadrature sum of the Poisson uncertainty (Gehrels 1986) and
𝛿𝜌corr.

2.3.6 Lower limits of energy functions

We excluded FRBs with highly uncertain selection functions in
Section 2.3.1 because correcting such selection functions adds huge
uncertainties to the derived energy functions. Instead, we use the
excluded sample to estimate lower limits of the energy functions
without correcting for the selection functions. Each FRB in the
excluded sample indicates that there is at least one FRB source
within the corresponding 𝑉max, though the actual number of FRBs
with the same parameter spaces may be larger due to the selection
functions. This provides each FRB source with a lower limit of the
number density.We performed the analyses described in Section 2.3
for the excluded sample to estimate the lower limits of the energy
functions.

3 RESULTS

3.1 Derived energy functions

Fig. 6 shows the derived energy functions of non-repeating and
repeating FRB sources. At lower redshift bins, the energy func-
tions of non-repeating FRBs show steeper slopes at higher energies
while the slopes become flattened towards lower energies, indi-
cating Schechter function-like shapes. Therefore, we fit Schechter
functions to the derived energy functions:

𝜙(log 𝐸)d log 𝐸 = 𝜙∗
(
𝐸

𝐸∗

)𝛼+1
exp

(
− 𝐸

𝐸∗

)
d log 𝐸, (24)

where 𝜙∗ is the normalisation factor, 𝛼 + 1 is the faint-end slope,
and 𝐸∗ is the break energy of the Schechter function. Note that
𝛼 + 1 is the slope in the logarithmic scale of log 𝐸rest,400 whereas 𝛼
indicates the slope in the linear scale of 𝐸rest,400. We use 𝐸rest,400
as 𝐸 . The best-fit faint-end slope is 𝛼 = −1.4+0.7−0.5 (−1.1+0.6−0.4) for
non-repeating FRBs at the lowest-𝑧 bin of redshift bin A (redshift
bin B). Except for the lowest-𝑧 bin of non-repeating FRBs, 𝛼 is
poorly constrained due to the lack of data points at lower energies.
Therefore, 𝛼 = −1.4 (−1.1) is assumed for non-repeating FRBs
at higher redshift bins of redshift bin A (redshift bin B). This is
also the case for repeating FRB sources, although their highest-𝑧
bin in redshift bin A case is not fitted with the Schechter function
due to lack of data points. The best-fit parameters of the Schechter
functions are summarised in Table 1. In Fig. 6, the energy functions
of non-repeating FRBs show clear decreasing trends (i.e. decrease
in log # of FRB sources) towards higher redshifts for both redshift
bin cases.

The sample size of repeating FRB sources and the number of
data points in their energy functions are too small to derive accurate
energy functions (Fig. 6b and d). As shown in Fig. 6 (b) and (d), the
redshift evolution of the energy functions of repeating FRB sources
strongly depend on the adopted redshift bins and assumed faint
end slopes. More sample of repeating FRB sources is necessary
to conclude their energy functions. Therefore, we leave the further
analysis and a discussion about repeating FRB sources for future
works. We focus on non-repeating FRB sources in the following
sections unless otherwise mentioned.

3.2 Derived volumetric non-repeating FRB rates as a
function of redshift

To calculate the volumetric non-repeating FRB rates as a func-
tion of redshift, the best-fit Schechter function is integrated over
𝐸rest,400 = 39.0 to 41.5 erg for each redshift bin. Fig. 7 shows the
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Figure 5. The number density of individual CHIME FRBs (𝜌corr) as a function of isotropic radio energy integrated over the rest-frame 400 MHz width
(𝐸rest,400). The left and right panels show non-repeating and repeating FRBs, respectively. The top and bottom panels correspond to redshift bin A and redshift
bin B, respectively (see Fig. 3 for details). The number density is corrected for the selection functions described in Section 2.1.2. Colours correspond to the
total weight in the logarithmic scale, i.e., log[𝑊scale𝑤𝑖 (DM)𝑤𝑖 (𝜏scat)𝑤𝑖 (𝑤int)𝑤𝑖 (𝐹𝜈) ] for the 𝑖th FRB.

volumetric rate of non-repeating FRBs as a function of redshift (red
stars for redshift bin A and translucent red stars for redshift bin B).
The horizontal coordinate and horizontal error of each data (red
stars and translucent red stars) represent the median redshift and the
median redshift error of the sample within each redshift bin, respec-
tively. The vertical errors are estimated by 10,000 iterations of the
MC simulation which take fitting uncertainties to the energy func-
tions (Fig. 6) into account. For comparison, the cosmic stellar-mass
density evolution (yellow line: López Fernández et al. 2018) and
the cosmic star-formation rate density evolution (blue line: Madau
& Fragos 2017) are adjusted at 𝑧 = 0.20 such that these cosmic
densities and the volumetric rate of CHIME non-repeating FRBs
(redshift bin A) are the same at this redshift. In Fig. 7, the volumetric
non-repeating FRB rates decrease with increasing redshifts for both
redshift bin cases.

To present quantitative differences between the volumetric
non-repeating FRB rate and cosmic star-formation rate/stellar-mass
densities in Fig. 7, we calculate their 𝜒2 values. These density
functions are adopted fromMadau & Fragos (2017) and López Fer-
nández et al. (2018) (see Eq. 13 and 15 in Hashimoto et al. 2020b,
for details), which are shown as blue and orange solid lines in Fig.
7, respectively. Because the scaling factors between the volumetric
non-repeating FRB rate and the cosmic star-formation rate/stellar-
mass densities are arbitrary, free constant parameters are added to
these density functions in a logarithmic scale. We fit these func-
tions to the volumetric non-repeating FRB rates in Fig. 7. The sum

of squared deviations weighted by uncertainties is adopted as the
𝜒2 value.

The 𝜒2 values to the cosmic stellar-mass density are 2.4 and 5.3
for redshift bin A and redshift bin B, respectively. The corresponding
𝑝-values are 0.11 and 0.02, indicating that the null hypothesis is not
rejected with a 1% significance threshold. The 𝜒2 values to the
cosmic star-formation rate density are 13.5 and 19.5 for redshift
bin A and redshift bin B, respectively. The corresponding 𝑝-values
are 2.4e−4 and 9.8e−6, indicating that the null hypothesis is ruled
out with a more than 99% confidence level. In summary, there
is no significant difference between the volumetric non-repeating
FRB rate and cosmic stellar-mass density evolution with the 1%
significance threshold, whereas the difference to the cosmic star-
formation rate density is statistically significant.

4 DISCUSSION

4.1 Luminosity function and energy function

FRB luminosity functions and energy functions have been inves-
tigated in previous works. Since the absolute values of the FRB
luminosity and energy functions depend on how the FRB selec-
tion functions are scaled (see Section 2.3.4 for details), we discuss
their slopes in this work. Luo et al. (2020) reported the FRB lumi-
nosity function using a total of 46 FRBs. They used flux densities
to calculate isotropic FRB radio luminosities in units of erg s−1.
The reported slope of the luminosity function is 𝛼Sc = −1.79+0.31−0.35,
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Figure 6. The energy functions (𝜙) of non-repeating and repeating CHIME FRB sources. The left and right columns show non-repeating and repeating FRBs,
respectively. The top and bottom rows correspond to redshift bin A and redshift bin B, respectively (see Fig. 3 for details). The energy functions are corrected
for the selection functions described in Section 2.1.2. Colours correspond to the different redshifts. The translucent dots with arrows indicate lower limits of
the energy functions (see Section 2.3.6 for details). The best-fit Schechter functions are shown by solid lines. The faint-end slopes of the Schechter functions
(𝛼 = −1.4 for redshift bin A and −1.1 for redshift bin B) are derived by fitting to the lowest-𝑧 bins of non-repeating FRBs. These values are respectively
assumed for redshift bin A and redshift bin B cases of the energy functions of non-repeating FRBs at higher redshift bins and repeating FRB sources.

where the subscript ‘Sc’ denotes the slope of a Schechter function.
Their sample is heterogeneous because (i) the FRBs collected from
Parkes, Arecibo, Green Bank Telescope, UTMOST, and ASKAP
are all mixed and (ii) non-repeating and repeating FRBs are also
combined. To mitigate systematics between different telescopes,
Hashimoto et al. (2020a) and Hashimoto et al. (2020b) unified the
definition of the detection threshold for different telescopes and es-
timated the time-integrated luminosity function for each telescope
and each of non-repeating and repeating FRB sources. They adopted
the time-integrated luminosity in units of erg Hz−1 using fluences
because the fluence is less affected by the observational time reso-
lution compared with the flux density (Macquart & Ekers 2018a).
The best-fitting power-law slope is 𝛼PL = −1.35+0.51−0.50 in the linear
scale for Parkes non-repeating FRBs at 0.01 < 𝑧 ≤ 0.35 (Hashimoto
et al. 2020b). The subscript ‘PL’ expresses the power-law slope. The
slopes in these works (Luo et al. 2020; Hashimoto et al. 2020a,b) are
consistent with each other within the errors, although they adopted
different approaches to investigate the FRB luminosity functions.

In this work, we update the work by Hashimoto et al. (2020a)
using the newCHIME FRBs (The CHIME/FRBCollaboration et al.
2021). The energy functions of non-repeating FRBs are derived
from 164 FRBs in this work, which is about one order of magnitude
larger than that inHashimoto et al. (2020b) (23 Parkes non-repeating
FRBs). Our sample is homogeneous because FRBs are detected by

the identical survey instrument, CHIME. The measured slopes of
energy functions of non-repeating FRBs are −1.4+0.7−0.5 and −1.1

+0.6
−0.4

for redshift bin A and redshift bin B, respectively (Table 1). These
values are consistent with those derived by Luo et al. (2020) and
Hashimoto et al. (2020b) within errors.

Hashimoto et al. (2020b) empirically utilised power-law func-
tions to fit the derived time-integrated luminosity functions. This is
because the number of Parkes FRBs is not enough to include more
parameters in the fitting functions. The large sample size of the new
CHIME data allows us to investigate the shape of the FRB energy
function. The faint-end slope of the energy functions is significantly
flatter than that at the bright end regardless of the redshift bins as
shown in Fig. 6. This shape of the energy function can be reasonably
fitted with the Schechter functions. The Schechter functions have
been conventionally assumed in previous works (e.g. Luo et al.
2018, 2020). We observationally confirmed the Schechter function-
like shape works, placing an anchor for further investigation of FRB
populations in the future.

4.2 Redshift evolution of luminosity/energy functions and
volumetric FRB rate

The redshift evolution of the FRB luminosity/energy function pro-
vides an important implication on the FRB origin (e.g. Locatelli
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Table 1. The best-fit parameters of the Schechter functions to the FRB energy functions.

Non-repeating FRBs (redshift bin A)

Redshift bin (𝑧median) 𝜙∗ 𝐸∗
rest,400 𝛼 (linear-scale slope) 𝛼 + 1 (logarithmic-scale slope)

0.05 < 𝑧 ≤ 0.30 (0.20) 3.9+0.7−0.6 40.1+0.3−0.3 −1.4+0.7−0.5 −0.4+0.7−0.5
0.30 < 𝑧 ≤ 0.68 (0.47) 3.8+0.5−0.3 40.3+0.2−0.2 −1.4𝑎 −0.4𝑎
0.68 < 𝑧 ≤ 1.38 (0.94) 2.9+0.6−6.8 41.0+10.3−0.4 −1.4𝑎 −0.4𝑎
0.38 < 𝑧 ≤ 3.60 (1.65) 2.0+0.4−0.8 41.2+0.7−0.3 −1.4𝑎 −0.4𝑎

Non-repeating FRBs (redshift bin B)

0.05 < 𝑧 ≤ 0.41 (0.25) 4.3+0.5−0.3 39.9+0.2−0.2 −1.1+0.6−0.4 −0.1+0.6−0.4
0.41 < 𝑧 ≤ 1.09 (0.64) 3.5+0.3−0.4 40.6+0.3−0.2 −1.1𝑎 −0.1𝑎
1.09 < 𝑧 ≤ 3.60 (1.23) 2.6+0.3−0.4 41.0+0.3−0.2 −1.1𝑎 −0.1𝑎

ML-selected non-repeating FRBs (redshift bin B): see APPENDIX B for details

0.05 < 𝑧 ≤ 0.41 (0.24) 4.0+0.7−7.4 39.7+8.6−0.5 −1.1+1.1−0.8 −0.1+1.1−0.8
0.41 < 𝑧 ≤ 1.09 (0.64) 3.4+0.2−0.8 40.3+0.6−0.2 −1.1𝑎 −0.1𝑎
1.09 < 𝑧 ≤ 3.60 (1.23) 3.2+0.4−0.8 40.4+0.5−0.3 −1.1𝑎 −0.1𝑎

Repeating FRB sources (redshift bin A)

0.05 < 𝑧 ≤ 0.31 (0.17) 4.0+1.2−6.2 39.3+15.3−0.5 −1.4𝑎 −0.4𝑎
0.31 < 𝑧 ≤ 0.72 (0.4) 4.3+0.9−1.6 39.7+1.1−0.2 −1.4𝑎 −0.4𝑎

Repeating FRB sources (redshift bin B)

0.05 < 𝑧 ≤ 0.49 (0.35) 4.0+1.0−2.1 39.6+13.8−0.4 −1.1𝑎 −0.1𝑎
0.49 < 𝑧 ≤ 1.50 (0.56) 2.7+1.0−1.4 40.4+2.7−0.3 −1.1𝑎 −0.1𝑎

𝑎 fixed value.

et al. 2019; Hashimoto et al. 2020b; Arcus et al. 2021; James et al.
2022). For instance, the redshift evolution should follow the cos-
mic star-formation rate density if FRB progenitors are related to
star-forming activities.

There are mainly two approaches to the redshift evolution of
FRB luminosity/energy functions. One is to parameterise the FRB
population with the redshift evolution term, dispersion measure,
spectral shape, and duration to construct FRB population models.
To find the best-fit parameters, such models can be fitted to the ob-
served distributions of dispersionmeasure or other observable using
the observational detection threshold. Based on such an approach,
Arcus et al. (2021) used ASKAP and Parkes FRBs to show that both
cases of (i) evolution proportional to the cosmic star formation rate
and (ii) no evolution can explain the observed distribution of disper-
sion measures depending on the spectral index and the slope of the
luminosity function. James et al. (2022) assumed the FRB popula-
tion scaling with the cosmic star-formation rate density with a free
power-law parameter. Under this assumption, they concluded that
the FRBs evolve in the same manner as, or faster than, the cosmic
star-formation rate density using 24 ASKAP and 20 Parkes FRBs.
However, the prior assumptions on the redshift evolution made in
this approach (e.g. Arcus et al. 2021; James et al. 2022) may affect
the resulting conclusions about the redshift evolution. Arcus et al.
(2021) utilised a mixed sample including both non-repeating and
repeating FRB sources (e.g. repeating FRB 171019; Kumar et al.
2019), though non-repeating FRBs are the majority in their sample.

Another approach is to empirically derive the FRB number
density as a function of redshift. This approach is free from such
prior assumptions on the redshift evolution of the FRB population,
which in principle allows us to measure the redshift dependency
as it is. Locatelli et al. (2019) performed the so-called 〈𝑉/𝑉max〉
test (Schmidt 1968) using 23 ASKAP and 20 Parkes FRBs, where

𝑉 is the volume within which each FRB source is distributed and
𝑉max is the maximum volume within which the source could be
detected under a certain detection threshold. They presented that
the 〈𝑉/𝑉max〉 of Parkes FRB is consistent with that predicted from
the evolution proportional to the cosmic star-formation rate density
while the ASKAP FRBs suggests faster evolution towards higher
redshifts. However, comparing the absolute values of 〈𝑉/𝑉max〉with
models might not be straightforward because of the complicated
detection threshold and selection functions depending on telescopes
(e.g. The CHIME/FRB Collaboration et al. 2021).

To mitigate the systematic uncertainty of each telescope,
Hashimoto et al. (2020b) used the𝑉max method and time-integrated
luminosity functions to investigate the relative number evolution
of FRBs within the homogeneous sample. They used 23 Parkes
FRBs to conclude that there is no significant redshift evolution
of the volumetric non-repeating FRB rate up to 𝑧 ∼ 2. Repeating
FRB population may similarly increase towards higher redshifts to
the cosmic star-formation rate density if the slopes of their time-
integrated luminosity functions at high-𝑧 are the same as that at
low-𝑧 (Hashimoto et al. 2020b). This work is also treating repeating
and non-repeating FRBs separately.

In this work, we update the relative redshift evolution of the
non-repeating FRB population tested by Hashimoto et al. (2020b)
using the new CHIME FRBs. This is about one order of magnitude
larger homogeneous sample than before. The energy functions (Fig.
6) and the volumetric rate of CHIME non-repeating FRBs (Fig. 7)
show clear decreasing trends towards higher redshifts regardless of
how the redshift bins are defined. There is no significant difference
between the volumetric non-repeating FRB rate and cosmic stellar-
mass density evolution with the 1% significance threshold, whereas
the difference to the cosmic star-formation rate density is statistically
significant (see Section 3.2 for details). This result is consistent with
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Figure 7. The volumetric rate of CHIME non-repeating FRBs as a function
of lookback time or redshift. The dark red stars and translucent red stars
correspond to the volumetric rates derived from redshift bin A and redshift
bin B, respectively. The volumetric rates are calculated by integration of
the best-fit Schechter functions to the energy functions. The integration
range is from log𝐸rest,400 = 39.0 to 41.5 erg. The horizontal coordinate
and horizontal error of each data represent the median redshift and the
median redshift error of the sample within each redshift bin, respectively.
The vertical errors are estimated by 10,000 iterations of the MC simulation
which take fitting uncertainties to the energy functions (Fig. 6) into account.
The volumetric rates of Parkes non-repeating FRBs are shown by grey stars
(Hashimoto et al. 2020b). The cosmic stellar-mass density evolution (López
Fernández et al. 2018) and the cosmic star-formation rate density evolution
(Madau & Fragos 2017) are shown by blue and yellow lines, respectively.
For comparison, these cosmic densities are adjusted at 𝑧 = 0.20 such that
the cosmic densities and the volumetric rate of CHIME non-repeating FRBs
(redshift bin A) are the same at this redshift. The label for the cosmic densities
is shown at the right vertical axis, which has the same logarithmic scale as
the left axis.

that by Hashimoto et al. (2020b) in the sense that the cosmic stellar-
mass density evolution is likely controlling the non-repeating FRB
rate, suggesting the old populations as the origin of non-repeating
FRBs such as (old) neutron stars and black holes.

The decreasing trend of the volumetric non-repeating FRB rate
is apparently different from that found by James et al. (2022). Two
possible reasons are as follows. One is the improved sample in this
work. James et al. (2022) mixed two different samples fromASKAP
and Parkes that show different redshift distributions (e.g. Locatelli
et al. 2019; Hashimoto et al. 2020b) and fit models to them all
together, whereas we use the homogeneous CHIME sample with
better statistics of 176 FRBs. Another reason would be the differ-
ence in approaches. The model fitting approaches (e.g. James et al.
2022; Arcus et al. 2021) parameterise the redshift evolution term.
However, the actual redshift evolutionmight not fit in the framework
of parameterisation. For instance, a significant decreasing trend of
the FRB population towards higher redshift might be difficult to
reproduce once the evolution is assumed to be scaled with the cos-
mic star-formation rate density. James et al. (2022) and Arcus et al.
(2021) do not test old population models. In contrast, our results do
not include any prior assumption on the redshift evolution of the
FRB population but show the redshift evolution as measured.

Zhang et al. (2021) tested the observed Parkes and ASKAP
samples on redshift distribution models tracking the two extremes

of evolving redshift distribution models (star-formation rate history
and compact binarymerger history). They concluded that the limited
data sample was consistent with both of those models. The compact
binary merger history, i.e., old population scenario, is not ruled out
by Zhang et al. (2021). Therefore, our result is consistent with that
found by Zhang et al. (2021).

Zhang & Zhang (2021) extended prior assumptions on the
redshift evolution to the cosmic stellar-mass density evolution and
the combination between young and old stellar populations. They
found it difficult for the cosmic star-formation rate density scenario
to simultaneously reproduce the observed distributions of disper-
sion measures and fluences of the new CHIME FRBs. The best-fit
scenario is either (i) a significant delay of FRBs (∼ 10 Gyr) with
respect to star formation or (ii) a hybrid model of young and old
stellar populations with the dominant component of the old stellar
population. Because both (i) and (ii) are dominated by old stellar
populations, their results support our hypothesis of old populations
as the origin of non-repeating FRBs. We note that Zhang & Zhang
(2021) used a 5% significance threshold to conclude that the energy
and dispersion measure distributions of the new CHIME FRBs are
not consistent with those predicted from the pure cosmic stellar-
mass density evolution. In this work, we use a threshold of 1% to
be more conservative.

4.3 Minimising the possible contamination of repeating FRB
sources

More or less, non-repeating FRB sources are likely contami-
nated by repeating FRB sources because repeating FRBs may be
missed by the limited observational time and limited sensitivi-
ties, which could lead to the misclassification of non-repeating
FRBs. Chen et al. (2022) utilised an unsupervised machine learn-
ing approach to classify the new CHIME FRBs. They found nine
clustered groups of FRBs, among which four groups of non-
repeating FRBs (other_cluster_1, other_cluster_2, other_cluster_4,
and other_cluster_6 in Chen et al. 2022) do not include any repeat-
ing FRBs. Such non-repeating FRBs are expected to be less con-
taminated by repeating FRB sources. In APPENDIX B, we use the
four groups of non-repeating FRBs to derive their energy functions
and volumetric rates. We found that the derived energy functions
and volumetric rates also show a similar trend to Figs. 6 and 7:
the energy functions and volumetric rates of non-repeating FRB de-
crease towards higher redshifts (see APPENDIX B for details). This
suggests that the possible contamination of repeating FRB sources
in the non-repeating FRB sample does not significantly affect our
results presented in Section 3.

4.4 Missing FRB population

As described in Section 2.3.6, we excluded FRBs with highly uncer-
tain selection functions. The excluded FRBs show high scattering
time (log 𝜏scat > 0.8 ms) or low fluence (log 𝐹𝜈 < 0.5 Jy ms).
The selection functions of these FRBs are very small, and thus
the weighting factors to correct for the selection could be very high
(& 20), though their uncertainties are large. Therefore, suchmissing
FRB populations may have a significant effect on the energy func-
tion. The CHIME/FRB Collaboration et al. (2021) found that there
could be a significant fraction of FRBs at log 𝜏scat > 1.0 ms where
the CHIME detection algorithm becomes insensitive. The energy
functions and volumetric FRB rates presented in this work are based
on the well-explored FRB populations with robust measurements
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and known selection functions. We note that energy functions and
volumetric rates of such missing FRB populations might show dif-
ferent redshift evolution from our results. Expanding FRB samples
to include large scattering times and lower fluences are important
to address the missing FRB population and to fully understand the
FRB progenitors.

5 CONCLUSION

The FRB energy function (the number density of FRB sources as
a function of isotropic radio energy) and their redshift evolution
provide us with a strong clue to constrain possible FRB progeni-
tors statistically. If the FRB progenitor is related to young stellar
populations, and thus, to the star-formation activity, the energy
functions and the volumetric FRB rates should increase towards
higher redshifts because the cosmic star-formation rate density in-
creases with increasing redshift up to 𝑧 ∼ 2. In contrast, the energy
functions and the volumetric FRB rates are expected to decrease
towards higher redshifts if old populations such as old neutron
stars and black holes are predominantly responsible for the FRB
mechanism. Previous works suffer from small sample sizes and
the heterogeneity of the FRB samples (i.e., FRB samples collected
from different telescopes), which hampers inferring a definite con-
clusion. The new CHIME FRBs are homogeneous in the sense that
they are detected with the identical instrument and sensitivity. The
new CHIME FRB catalogue allows us to overcome this problem
with a much larger and still homogeneous FRB sample. We use 164
non-repeating FRB sources and 12 repeating FRB sources selected
from the new CHIME catalogue to derive their energy functions.
The non-repeating FRBs in this work are about one order of mag-
nitude larger homogeneous sample than those in previous works.

In this work, the 𝑉max method is adopted, which allows us
to measure the redshift evolution of the energy functions as it is
without any prior assumption on the evolution, unlike model-fitting
approaches. We find that the energy functions of non-repeating
FRBs show Schechter function-like shapes to at least 𝑧 . 1. The
volumetric FRB rates are derived from the integration of the energy
functions over the energy. Both the energy functions and volumetric
rate of non-repeating FRBs show a clear decreasing trend towards
higher redshifts up to 𝑧 ∼ 2. This decreasing trend is more similar
to that of the cosmic stellar-mass density evolution than the cosmic
star-formation rate density evolution, suggesting old populations
as the origin of the majority of non-repeating FRBs: there is no
significant difference between the volumetric non-repeating FRB
rate and cosmic stellar-mass density evolution with the 1% signif-
icance threshold, whereas the cosmic star-formation rate scenario
is rejected with a more than 99% confidence level. These results
are based on the well-explored FRBs with robust measurements
and known selection functions. Our sample, therefore, does not in-
clude possible missing FRB populations with large scattering time
or lower fluence due to the large uncertainties of selection functions.
Such missing FRB populations have to be investigated via future
observations to fully understand the redshift evolution of the FRB
energy functions and volumetric rates.
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APPENDIX A: FRB CATALOGUE

In this work, we derived model-dependent physical parameters of
new CHIME FRBs such as redshift, 𝐸rest,400, and 𝜌corr. These
parameters are publicly available togetherwith the original observed
parameters (The CHIME/FRB Collaboration et al. 2021) as a single
catalogue. Here we describe the new columns added by this work
(see also The CHIME/FRB Collaboration et al. 2021, for other
column names).

• subw_upper_flag: width_fitb and logsubw_int_rest indicate
upper limits if 1. Otherwise 0. Different for sub-bursts.

• scat_upper_flag: scat_time indicates the upper limit if 1. Oth-
erwise 0. Common for sub-bursts with the same tns_name.

• spec_z: spectroscopic redshift if available. Otherwise −9999.
Common for sub-bursts with the same tns_name.

• spec_z_flag: spec_z is available if 1. Otherwise 0. Common
for sub-bursts with the same tns_name.

• E_obs (Jy ms Hz): fluence (Jy ms) × Δ𝜈, where Δ𝜈 is the band
width of 400MHz at observer’s frame. Common for sub-bursts with
the same tns_name.

• E_obs_error (Jy ms Hz): error of E_obs. Common for sub-
bursts with the same tns_name.

• subb_flag: 1 if the row belongs to multiple sub-bursts. 0 means
FRBs without sub-bursts. Common for sub-bursts with the same
tns_name.

• subb_p_flag: subb_p_flag=1 can be used when sub-burst pa-
rameters are used. All rows have 1.

• common_p_flag: common_p_flag=1 can be used when com-
mon parameters are used. For each tns_name, the first sub-burst
indicates 1. Different for sub-bursts.

• delta_nuo_FRB: (MHz) observed spectral band width. Com-
mon for sub-bursts. i.e., high_freq−low_freq for FRBs without mul-
tiple sub-bursts and max(high_freq)−min(low_freq) for FRBs with
multiple sub-bursts. The latter works because there is no frequency
gap between sub-bursts in the catalogue.

• z_DM: redshift derived from a dispersion measure. 50 per-
centile of the PDF. Common for sub-bursts with the same tns_name.

• z_DM_error_p: +1 𝜎 of z_DM. 84.135 percentile of the PDF
− z_DM. Common for sub-bursts with the same tns_name.

• z_DM_error_m: −1 𝜎 of z_DM. z_DM − 15.865 percentile of
the PDF. Common for sub-bursts with the same tns_name.

• E_obs_400 (Jy ms Hz): observed energy integrated over 400
MHz at emitter’s frame. 50 percentile of the probability distribution
function (PDF). Common for sub-bursts with the same tns_name.

• E_obs_400_error_p (Jy ms Hz): +1 𝜎 of E_obs_400. 84.135
percentile of the PDF − E_obs_400. Common for sub-bursts with
the same tns_name.

• E_obs_400_error_m (Jy ms Hz): −1 𝜎 of E_obs_400.
E_obs_400 − 15.865 percentile of the PDF. Common for sub-bursts
with the same tns_name.

• logsubw_int_rest: (ms) log rest-frame intrinsic duration of a
sub-burst in the logarithmic scale. 50 percentile of the PDF. Differ-
ent for sub-bursts.

• logsubw_int_rest_error_p: (ms) +1 𝜎 of logsubw_int_rest.
84.135 percentile of the PDF − subw_int_rest. Different for sub-
bursts.

• logsubw_int_rest_error_m: (ms) −1 𝜎 of logsubw_int_rest.
logsubw_int_rest − 15.865 percentile of the PDF. Different for sub-
bursts.

• z: spec_z if available, otherwise z_DM. Common for sub-bursts
with the same tns_name.

• z_error_p: spec_z error if spec_z is available, otherwise
z_DM_error_p. Common for sub-bursts with the same tns_name.

• z_error_m: spec_z error if spec_z is available, otherwise
z_DM_error_m. Common for sub-bursts with the same tns_name.

• logE_rest_400: (erg) radio energy in the logarithmic scale in-
tegrated over 400 MHz at emitter’s frame. 50 percentile of the PDF.
Common for sub-bursts with the same tns_name.

• logE_rest_400_error_p: (erg) +1 𝜎 of logE_rest_400. 84.135
percentile of the PDF − logE_rest_400. Common for sub-bursts
with the same tns_name.

• logE_rest_400_error_m: (erg) −1 𝜎 of logE_rest_400.
logE_rest_400 −15.865 percentile of the PDF. Common for sub-
bursts with the same tns_name.

• logrhoA: (Gpc−3 yr−1) the number density in the logarithmic
scale derived by the 𝑉max method and redshift bin A. Uncorrected
for the selection functions. Common for sub-bursts with the same
tns_name.

• logrhoA_error_p: (Gpc−3 yr−1) +1 𝜎 of logrhoA. 84.135 per-
centile of the PDF− logrhoA. Common for sub-bursts with the same
tns_name.

• logrhoA_error_m: (Gpc−3 yr−1) −1 𝜎 of logrhoA. logrhoA −
15.865 percentile of the PDF. Common for sub-bursts with the same
tns_name.

• logrhoB: (Gpc−3 yr−1) the number density in the logarithmic
scale derived by the 𝑉max method and redshift bin B. Uncorrected
for the selection functions. Common for sub-bursts with the same
tns_name.

• logrhoB_error_p: (Gpc−3 yr−1) +1 𝜎 of logrhoB. 84.135 per-
centile of the PDF− logrhoB. Common for sub-bursts with the same
tns_name.

• logrhoB_error_m: (Gpc−3 yr−1) −1 𝜎 of logrhoB. logrhoB −
15.865 percentile of the PDF. Common for sub-bursts with the same
tns_name.

• weight_DM: weight factor of DMobs. Common for sub-bursts
with the same tns_name.

• weight_DM_error_p: +1 𝜎 of weight_DM. 84.135 percentile
of the PDF − weight_DM. Common for sub-bursts with the same
tns_name.

• weight_DM_error_m: −1 𝜎 of weight_DM. weight_DM
−15.865 percentile of the PDF. Common for sub-bursts with the
same tns_name.
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• weight_scat: weight factor of 𝜏scat. Common for sub-bursts
with the same tns_name.

• weight_scat_error_p: +1 𝜎 of weight_scat. 84.135 percentile
of the PDF − weight_scat. Common for sub-bursts with the same
tns_name.

• weight_scat_error_m: −1 𝜎 of weight_scat. weight_scat
−15.865 percentile of the PDF. Common for sub-bursts with the
same tns_name.

• weight_w_int: weight factor of 𝑤int. Common for sub-bursts
with the same tns_name.

• weight_w_int_error_p: +1 𝜎 of weight_w_int. 84.135 per-
centile of the PDF − weight_w_int. Common for sub-bursts with
the same tns_name.

• weight_w_int_error_m: −1 𝜎 of weight_w_int. weight_w_int
−15.865 percentile of the PDF. Common for sub-bursts with the
same tns_name.

• weight_fluence: weight factor of fluence. Common for sub-
bursts with the same tns_name.

• weight_fluence_error_p: +1 𝜎 of weight_fluence. 84.135 per-
centile of the PDF − weight_fluence. Common for sub-bursts with
the same tns_name.

• weight_fluence_error_m: −1 𝜎 of weight_fluence.
weight_fluence −15.865 percentile of the PDF. Common for
sub-bursts with the same tns_name.

• weight:weight_DM×weight_scat×weight_w_int×weight_fluence.
Common for sub-bursts with the same tns_name.

• weight_error_p: +1 𝜎 of weight. 84.135 percentile of the PDF
− weight. Common for sub-bursts with the same tns_name.

• weight_error_m: −1 𝜎 of weight. weight −15.865 percentile
of the PDF. Common for sub-bursts with the same tns_name.

• weighted_logrhoA: (Gpc−3 yr−1) the number density in the
logarithmic scale (redshift bin A) corrected for the selection func-
tions. Common for sub-bursts with the same tns_name.

• weighted_logrhoA_error_p: (Gpc−3 yr−1) +1 𝜎

of weighted_logrhoA. 84.135 percentile of the PDF −
weighted_logrhoA. Common for sub-bursts with the same
tns_name.

• weighted_logrhoA_error_m: (Gpc−3 yr−1) −1 𝜎 of
weighted_logrhoA. weighted_logrhoA −15.865 percentile of the
PDF. Common for sub-bursts with the same tns_name.

• weighted_logrhoB: (Gpc−3 yr−1) the number density in the
logarithmic scale (redshift bin B) corrected for the selection func-
tions. Common for sub-bursts with the same tns_name.

• weighted_logrhoB_error_p: (Gpc−3 yr−1) +1 𝜎

of weighted_logrhoB. 84.135 percentile of the PDF −
weighted_logrhoB. Common for sub-bursts with the same
tns_name.

• weighted_logrhoB_error_m: (Gpc−3 yr−1) −1 𝜎 of
weighted_logrhoB. weighted_logrhoB −15.865 percentile of the
PDF. Common for sub-bursts with the same tns_name.

APPENDIX B: POSSIBLE CONTAMINATION IN THE
NON-REPEATING FRB SAMPLE

A non-repeating FRB is observationally defined by the one-off de-
tection of a radio burst for each FRB source. This does not necessar-
ily mean either the radio burst happened only one time in the past
or another burst will never happen. In this sense, the non-repeating
FRB sources are likely contaminated more or less by repeating
FRB sources. Here we try to reduce the possible contamination of
repeating FRB sources in our non-repeating FRB sample.

Figure B1. Same as Fig. 6(c) except for non-repeating FRBs selected from
an unsupervised machine learning (ML) approach by Chen et al. (2022). The
selected groups of non-repeating FRBs are clustered in the projected hyper-
dimensions of UMAP without any contamination of repeating FRBs (Chen
et al. 2022). The selected groups include other_cluster_1, other_cluster_2,
other_cluster_4, and other_cluster_6 (Chen et al. 2022). Redshift bin B is
utilised due to the relatively smaller number of sample than that in Section
2.3.1.

Chen et al. (2022) applied an unsupervised machine learning
classification to the CHIME new FRB catalogue (The CHIME/FRB
Collaboration et al. 2021) using observed parameters such as disper-
sion measure, fluence, intrinsic duration, scattering, spectral index,
spectral running, peak frequency, andminimum/maximum frequen-
cies together with model-dependent parameters derived in this work
(e.g. redshift and 𝐸rest,400). The Uniform Manifold Approximation
and Projection (UMAP) is utilised by Chen et al. (2022). They found
that the CHIME new FRBs show nine different clustering groups in
the projected hyper-dimensions of UMAP to identify three groups
including both repeating and (apparently) non-repeating FRBs.
Four isolated groups of non-repeating FRBs (other_cluster_1,
other_cluster_2, other_cluster_4, and other_cluster_6 in Chen et al.
2022) do not include any repeating FRBs, suggesting that they are
less contaminated by repeating FRBs. We use these groups of non-
repeating FRBs to derive their energy functions and volumetric rates
as a function of redshift. Because the feature importance of redshift
is low in the UMAP classification (Chen et al. 2022), the selection
effect on the redshift would be less significant, whereas the spectral
shape is the most important factor in classifying the non-repeating
and repeating FRBs (Chen et al. 2022). The analysis described in
Section 2.3 is applied to this sample.

Fig. B1 and B2 show the derived energy functions and vol-
umetric rates as a function of redshift. Both energy functions and
volumetric rates indicate the same trend as that found in Figs 6
and 7 in the sense that the energy functions and volumetric rates
decrease towards higher redshifts. This suggests that the possible
contamination from repeating FRBs might not significantly affect
the conclusion for non-repeating FRBs described in Sections 4.2 and
5. The best-fit parameters to the energy functions are summarised
in Table 1.
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Figure B2. Same as Fig. 7 except for non-repeating FRBs selected from
an unsupervised machine learning (ML) approach by Chen et al. (2022).
Note that the cosmic stellar-mass density and the cosmic star-formation rate
density are adjusted at 𝑧 = 0.24.Redshift bin B is utilised due to the relatively
smaller number of sample than that in Section 2.3.1.

APPENDIX C: DIFFERENT ASSUMPTIONS ON THE
MILKY WAY HALO AND HOST GALAXY COMPONENTS
OF DISPERSION MEASURE

The dispersion measures contributed from the Milky Way dark
matter halo (DMhalo) and an FRB host galaxy (DMhost) have not
been well understood. DMhalo and DMhost might be systematically
different from those assumed in Section 2.2.1 (e.g. Dolag et al. 2015;
Prochaska & Zheng 2019; Yamasaki & Totani 2020; Li et al. 2020).
Here we test how different assumptions on DMhalo and DMhost
affect our results in Section 3 and conclusions in Sections 4.2 and
5.

We test DMhalo = 30 pc cm−3 (Dolag et al. 2015) and
DMhost = 107/(1 + 𝑧) pc cm−3 (Li et al. 2020) to calculate the
energy functions and volumetric non-repeating FRB rates follow-
ing the analyses described in Section 2 and 3. The results are shown
in Figs. C1 and C2. In Figs. C1 and C2, we confirmed decreasing
trends of the energy functions and volumetric non-repeating FRB
rates towards higher redshifts. The 𝜒2 values to the cosmic stellar-
mass density are 4.9 and 3.3 for redshift bin A and redshift bin B,
respectively. The corresponding 𝑝-values are 0.03 and 0.07, indicat-
ing that the null hypothesis is not rejected with the 1% significance
threshold. The 𝜒2 values to the cosmic star-formation rate density
are 21.3 and 14.7 for redshift bin A and redshift bin B, respectively.
The corresponding 𝑝-values are 3.8e−6 and 1.3e−4, indicating that
the null hypothesis is ruled out with a more than 99% confidence
level.

We also test DMhalo = 65 pc cm−3 (Prochaska et al. 2019)
and DMhost = 107/(1 + 𝑧) pc cm−3 (Li et al. 2020), confirming
almost the same decreasing trend of the volumetric non-repeating
FRB rates towards higher redshifts as that presented in Fig. C2. The
calculated 𝑝-values to the cosmic stellar-mass density (the cosmic
star-formation rate density) are 0.02 and 0.06 (3.3e−6 and 8.6e−5)
for redshift bin A and redshift bin B, respectively. Therefore, we
conclude that the different assumptions on DMhalo and DMhost do
not significantly affect our conclusions in Sections 4.2 and 5.

Figure C1. Same as Fig. 6 (a) and (c) except for the assumptions on
DMhalo = 30 pc cm−3 (Dolag et al. 2015; Prochaska & Zheng 2019) and
DMhost = 107/(1 + 𝑧) pc cm−3 (Li et al. 2020) to derive the redshifts.

Figure C2. Same as Fig. 7 except for the assumptions on DMhalo = 30
pc cm−3 (Dolag et al. 2015; Prochaska & Zheng 2019) and DMhost =

107/(1 + 𝑧) pc cm−3 (Li et al. 2020) to derive the redshifts. The cosmic
stellar-mass density and the cosmic star-formation rate density are adjusted
at 𝑧 = 0.19.
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