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ABSTRACT

The objects that emit extragalatic fast radio bursts (FRBs) remain unidentified. Studies of the host galaxies and environments
of accurately localised (. 1 arcsec) FRBs promise to deliver critical insights into the nature of their progenitors. Here we
demonstrate the effects of observational selection biases on analyses of the distributions of FRB host-galaxy properties (including
star-formation rate, SFR, and stellar mass,𝑀∗), and on the distributions of FRB offsets from the centres of their hosts. We consider
the effects of “radio selection”, wherein FRBs with larger dispersion measures and scattering timescales are less likely to be
detected, and the effects of “optical selection”, wherein FRBs with fainter host galaxies are more likely to have unidentified or
mis-identified hosts. We develop a plausible, illustrative model for these effects in observations of FRBs and their host galaxies
by combining the output catalogues of a semi-analytic galaxy formation model with a recently developed algorithm to associate
FRBs with host galaxies (PATH). We find that optical selection biases are most important for the host-galaxy 𝑀∗ and SFR
distributions, and that radio selection biases are most important for the distribution of FRB projected physical offsets. For our
fiducial simulation of FRBs at 𝑧 < 0.5, the selection biases cause the median host-galaxy SFR to be increased by ∼ 0.3 dex,
and the median 𝑀∗ by ∼ 0.5 dex. The median projected physical offset is increased by ∼ 2 kpc (∼ 0.25 dex). These effects are
sufficiently large so as to merit careful consideration in studies of localised FRBs, and our simulations provide a guide towards
their mitigation.

Key words: galaxies: evolution — ISM: general — methods: data analysis — methods: statistical — radio continuum: transients
— scattering

1 INTRODUCTION

Substantial insights into novel classes of extragalactic transients are
gleaned from the properties of their host galaxies, and their locations
within their hosts. For example, a correlation between the locations of
long-duration 𝛾-ray bursts (LGRBs) and the UV light-distributions
of their hosts led Bloom et al. (2002) to associate LGRBs with the
deaths of massive stars. A finding of comparable explosion sites
between LGRBs and Type Ic core-collapse supernovae (CCSNe) in-
dicated a link between the two classes of explosion (Kelly et al. 2008),
but larger metallicities among the host galaxies of (broad-lined) Ic
supernovae and LGRBs suggested that only some of these super-
novae produce LGRB emission (Japelj et al. 2018). Like LGRBs,
superluminous supernovae (SLSNe) are typically associated with
the regions of densest star formation within their host galaxies (Lun-
nan et al. 2015), but the typically less massive hosts of SLSNe than
LGRBs again hint at distinct progenitor pathways (Taggart & Per-
ley 2021). Fong & Berger (2013) showed that short 𝛾-ray bursts are
typically offset from the star formation and stellar mass distributions
of their hosts, implicating an old progenitor population that migrates
widely from the birth sites. The extreme offsets of Calcium-rich gap
transients from the centres of light of their host galaxies present an
ongoing puzzle (De et al. 2020).

Studies of the host galaxies and environments of accurately lo-
calised fast radio bursts (FRBs) offer perhaps our best opportunity
to discern FRB progenitors.1 This is especially the case given the
absence of easily observable multiwavelength counterparts to FRBs
(Chen et al. 2020) and FRB sources (e.g., Law et al. 2021). The
first localised repeating FRB source (Chatterjee et al. 2017) and its
recently discovered analogue (Niu et al. 2021) originate from re-
gions of significant star-formation within dwarf galaxies, and are
associated with highly magnetised environments and persistent radio
sources. However, the remaining sample of localised repeating FRBs
originates in a diverse range of environments, from a globular clus-
ter (Kirsten et al. 2021), to potentially more prosaic locations and
galaxies (Marcote et al. 2020; Heintz et al. 2020; Ravi et al. 2021;
Fong et al. 2021; Bhandari et al. 2021). The first localisations of ap-
parently non-repeating FRBs revealed host galaxies that are similar
to the Milky Way (Bannister et al. 2019; Ravi et al. 2019), in marked
contrast to the host of the first localised repeating FRB (Chatterjee
et al. 2017). The subsequent sample of localisations of apparently
non-repeating FRBs (Prochaska et al. 2019; Macquart et al. 2020;

1 In this work, we only refer to FRBs with positions determined to better
than a few arcseconds as accurately localised.
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Law et al. 2020; Heintz et al. 2020; Bhandari et al. 2021) also re-
vealed a diverse selection of host galaxies and environments, ranging
over a few orders of magnitude in stellar mass (𝑀∗), star-formation
rate (SFR), and projected physical offset from the centres of light
(Bhandari et al. 2021). A Hubble Space Telescope study of the envi-
ronments of a sample of eight FRBs with sub-arcsecond localisations
revealed a link with spiral-arm structures, but generally unremarkable
underlying stellar-mass and SFR densities (Mannings et al. 2020).
Comparisons of the host-galaxy properties and projected physical
offsets2 of FRBs with populations of other extragalactic transients
and compact objects generally indicate similarities with LGRBs and
CCSNe, but little else (Bochenek et al. 2021; Bhandari et al. 2021).
The wide diversity in host galaxies and host environments within
the FRB population paints an inconsistent picture, possibly hinting
at multiple progenitor channels, or possibly implicating selection
biases in the observed FRB sample.

Here we demonstrate the potential effects of observational selec-
tion biases on the analysis of FRB host-galaxy properties and the
locations of FRBs within their host galaxies. Most transients dis-
covered in optical/IR and high-energy surveys are observable from
most locations within their host galaxies (although see, e.g., Jencson
et al. 2019), and in many cases spectroscopic redshift determination
of optical/IR transients/afterglows makes host-galaxy identification
unambiguous even at large offsets (e.g., De et al. 2020). FRB ob-
servations, on the other hand, are subject to two classes of selection
bias:

(i) Radio selection. Radio searches for FRBs are often incomplete
at large dispersion measures (DMs) and burst temporal widths (Keane
& Petroff 2015; Shannon et al. 2018; The CHIME/FRB Collaboration
et al. 2021; Chawla et al. 2021). For example, the Parkes and ASKAP
FRB-search pipelines are insensitive to > 50% of the expected FRB
population at DM & 1000 pc cm−3 (Shannon et al. 2018), and the
CHIME/FRB pipeline is likely insensitive to > 50% of the expected
FRB population for scattering timescales 𝜏 & 10 ms.3 Regions with
higher local SFRs within galaxies are likely viewed through larger
columns of interstellar medium (ISM) (e.g., Wuyts et al. 2011), which
implies larger values of DM and 𝜏 (Cordes et al. 2016). For example,
star formation in the nearby starburst galaxy M82 is mostly contained
within a kiloparsec-scale region with a diffuse-ISM electron density
of ∼ 10 − 100 cm3 (e.g., Seaquist et al. 1996); M82 dominates the
SFR within the local few-hundred cubic Mpc (Kennicutt et al. 2008).
Thus, if FRB progenitors are typically associated with ongoing star
formation, most FRBs in the local volume may well have DM &
104 pc cm−3 and 𝜏 & 104 ms.

(ii) Optical selection. Localised FRBs must be spatially associ-
ated with host galaxies, with the modest assistance of DM informa-
tion (Eftekhari & Berger 2017; Aggarwal et al. 2021). In the absence
of milliarcsecond-scale localisations, FRB-host associations are of-
ten statistical, relying on prior information on the expected hosts. In
studies of large FRB samples, incorrectly identified or missing host
galaxies may result in biases in the observed distributions of galaxy
properties, and FRB locations within their hosts.

In this manuscript, we develop plausible, illustrative models for
the population of FRBs and their host galaxies and environments,

2 We use the term “projected physical offset” to refer to the rest-frame dis-
tance in the plane of the sky between the transient location and the centre of
light of the host galaxy.
3 In this work, all scattering timescales 𝜏 are referred to a frequency of
1 GHz, assuming a scaling of 𝜏 ∝ a−4.

and simulate the effects of the radio and optical selections. Given
these models, our aims are to (a) quantify the effects of these selec-
tion biases on analyses of observed FRB host-galaxy properties and
FRB locations within their hosts, and (b) identify means by which the
selection biases can be more carefully quantified, accounted for and
mitigated in future studies of localised FRBs. The main result of this
manuscript is in Fig. 5, which shows the simulated effects of the radio
and optical selection biases on distributions of FRB host-galaxy prop-
erties and projected physical offsets. The manuscript is structured as
follows. In §2.1, we describe our models for the FRB population, and
in §2.2–§2.4, we outline the simulations that we conduct. Our results
are presented in §3, and we address our aim (b) in §4. We conclude
in §5. Throughout we adopt a flat cosmology (Planck Collaboration
et al. 2014) consistent with the galaxy-formation simulations we use,
with a Hubble constant of 𝐻0 = 67.3 km s−1 Mpc−1, Ω𝑏 = 0.0487,
matter-density parameter Ω𝑀 = 0.315.

2 SIMULATING CATALOGUES OF LOCALISED FRBS

In this section we begin in §2.1 by describing how we generate lists
of FRBs that are then “observed” according to the radio and optical
selections. We then outline the methods used to simulate the radio
and optical selections in §2.2 and §2.3 respectively, and finish with
a summary of the simulations we conducted in §2.4. We emphasise
that these methods are not intended to ideally match the observed
universe, but are instead intended as a plausible demonstration of the
effects of selection biases on FRB observations.

2.1 Simulating FRBs and host galaxies

We simulated the FRB population with the aid of a recent semi-
analytic galaxy formation model (L-galaxies; Henriques et al. 2015)
applied to dark-matter halo catalogues from the Millennium simula-
tion (Springel et al. 2005). Our technique is broadly similar to that
used by Safarzadeh et al. (2020), who generated their own galaxy
catalogues using semi-empirical relations between galaxy and halo
properties. Our choice of the 2015 version of the L-galaxies simu-
lation was motivated by the availability of pencil-beam output cat-
alogues of nearly 107 galaxies, including simulated spatial infor-
mation, in cones with 2◦ opening angles.4 We used the simulation
corresponding to the Bruzual & Charlot (2003) stellar populations,
and retrieved a catalogue of simulated galaxies, including their right
ascensions, declinations, 𝑟-band magnitudes, redshifts, angular and
physical disk sizes, inclinations, SFRs, and values of 𝑀∗. All galax-
ies with 𝑟-band magnitudes 𝑚𝑟 < 40 were retrieved, totalling 98.7%
of the full catalogue. We then implemented two schemes to choose
FRB host galaxies: one where the likelihood of a galaxy hosting an
FRB is proportional to SFR, and one where the likelihood is propor-
tional to 𝑀∗. We used a linear probability scale to randomly choose
a fixed number of FRB host galaxies (see §2.4 for simulation de-
tails) according to each scheme of weighting potential FRB hosts.
We also split our simulated FRB host-galaxy catalogues into three
redshift bins (𝑧 < 0.5, 0.5 ≤ 𝑧 ≤ 2, 𝑧 > 2), to better understand the
effects of cosmic evolution. In this manuscript, we focus on the low-
redshift FRBs, which may be more likely to be observed by current
surveys (Shannon et al. 2018; Rafiei-Ravandi et al. 2021), and are
not egregiously affected by optical selection effects for reasonable
assumptions on optical observations.

4 http://gavo.mpa-garching.mpg.de/MyMillennium/
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FRB selection biases 3

Upon choosing FRB host galaxies, the next critical step in our
simulation is to choose locations within the host galaxies. This en-
ables us to simulate the effects of the radio and optical selections.
We adopted a simple exponential model for the radial distributions
of both stellar-mass and SFR distributions within galaxies (identical
to Safarzadeh et al. 2020), with a fixed ratio of scale radii and heights
of 7.3 (Kregel et al. 2002). The distributions are described by the
form

𝑃(𝑟, 𝜙, 𝑧) = 𝐾 exp(−𝑟/𝑟0) exp(−𝑧/𝑧0), (1)

where 𝑟, 𝜙 and 𝑧 are the radial, azimuthal and vertical coordinates
respectively, 𝑟0 and 𝑧0 are the scale radii and heights respectively, and
𝐾 is a normalising constant. The scale radii were derived from the
simulation output catalogues. For each simulated FRB, we randomly
drew a position within the host galaxy according to the exponential
model.

For each FRB, we then estimated the DM (DMhost) and scattering
timescale 𝜏 contributed by propagation through the host-galaxy ISM.
We used the simulated inclinations of each galaxy, together with
a randomly chosen azimuthal orientation, to identify the sightline
through the galaxy. We modelled the electron-density distribution
within each galaxy as identical to the exponential distribution used to
model the stellar-mass and SFR density distributions, and integrated
the path length through the host galaxy to six scale lengths in both
radius and height. We normalised the electron-density distribution
through the following calculation. First, we used the Kennicutt (1998)
relation between the SFR and H𝛼 luminosity (assuming a dominant
DMhost contribution from ∼ 104 K gas and case B recombination):

𝐿H𝛼 = 1.26 × 1041SFR erg s−1, (2)

where the SFR is specified in solar masses per year. We then calcu-
lated the H𝛼 surface brightness of the galaxies, 𝑆H𝛼, according to
their physical scales, which we used to calculate the average emission
measure using

EMhost = 2.75
(

𝑆H𝛼

Rayleigh

)
pc cm−6, (3)

similar to methods in Tendulkar et al. (2017). Finally we were able
relate EMhost to the electron-density normalisation by integrating
over the exponential model of electron-density distribution.

We validated the simulation of DMhost by modelling the DM
contributed by the Milky Way ISM for sightlines to the Earth for
different inclinations. We compared our results with the NE2001
Galactic electron-density model (Cordes & Lazio 2002). We adopted
Milky Way parameters summarized in Licquia & Newman (2015),
including an SFR of 1.65𝑀� yr−1, a disk scale radius of 2.15 kpc,
and a distance to the Galactic center of 8.33 kpc. Our results are
shown in Fig. 1; we note that inclinations of < 90◦ correspond to
Galactic latitudes of 0◦ − 90◦ for a longitude of 0◦, and inclinations
of 90◦−180◦ correspond to the same range of Galactic latitudes for a
longitude of 180◦. Our model approximately reproduces the NE2001
values for most sightlines, although some discrepancies are evident
for low and high inclinations, which likely indicate more complex
structure close to the Galactic plane.

We simulate the total DM to an FRB as the sum of multiple
contributions:

DM = DMMW + DMIGM + DMhost
1 + 𝑧 , (4)

where DMMW is due to the Milky Way ISM and halo, and DMIGM
is due to the intergalactic medium. For a given redshift, we calcu-
late DMIGM using methods found in Yang & Zhang (2017). We add

a small amount of variation to DMIGM caused by sightline vari-
ations, approximately following (Dolag et al. 2015). We assign a
fixed DMMW = 80 pc cm−3, and note that our results are insensitive
to this choice. We do not consider any specific contributions from
dense ISM immediately surrounding FRB progenitors.

Finally, we relate the host-galaxy DM to the scattering timescale by
using the Milky Way DM-𝜏 relation from Oswald et al. (2021), and
assume no contribution from the Milky Way or intervening systems.
In addition to the redshift correction (𝜏 ∝ (1 + 𝑧)−3; e.g., Macquart
& Koay 2013; Simard & Ravi 2021), we multiply the host-frame
scattering time by a factor of 3 to account for the effects of geometry
(Cordes et al. 2016). For an observer at the edge of the host galaxy,
the scattering is distributed between the source and observer, while
for an observer in a distant galaxy the scattering all occurs in a thin
screen close to the source.

2.2 Radio selection

We make use of the careful analysis of survey completeness by
The CHIME/FRB Collaboration et al. (2021) to identify represen-
tative radio selection functions. We consider incompleteness in DM
and 𝜏 using functions that approximately match the CHIME/FRB
selections, and include hard cutoffs for DM > 5000 pc cm−3 and
𝜏 > 100 ms. These functions are shown in the top panels of Fig. 2.
We then use these selection functions to stochastically accept or reject
each simulated FRB from the radio-selected samples.

The bottom panels of Fig. 2 show an example of the radio selection
for a simulation of 𝑧 < 0.5 FRBs distributed according to SFR. Rough
similarity is evident between our simulations and the CHIME/FRB
results (Figures 16 and 17 of The CHIME/FRB Collaboration et al.
2021), both prior and post selection. This is not necessarily expected,
given the 𝑧 < 0.5 cutoff of our simulations, although Rafiei-Ravandi
et al. (2021) note that the majority of FRBs observed by CHIME
likely originate from these redshifts.

2.3 Optical selection

We now address the observational selection of FRB host galaxies
in optical/IR data. In order to simulate host galaxy associations we
need a process for using the location of an FRB and properties of
nearby galaxies to predict a likely host. Historically chance proba-
bility has been used for this exercise (Bloom et al. 2002; Eftekhari
& Berger 2017), wherein estimates are made of the false-association
likelihoods using simple models for galaxy number counts. For this
manuscript we decided to use a new method: Probabilistic Associa-
tion of Transients to their Hosts (PATH; Aggarwal et al. 2021). This is
a Bayesian algorithm that calculates the chances of association with
specific galaxies, given a set of priors on the nature of FRB progeni-
tors and their locations in galaxies. The priors include information on
the nature of the host galaxies, the distributions of projected physical
offsets, the probability of the host galaxy being unobserved in the
galaxy catalogue, and the FRB localisation ellipse. The ability of
PATH to weight probabilities between different galaxies, consider a
diverse set of priors, and consider unseen galaxies, makes it a much
more robust tool for our work. We used a slightly modified version of
PATH which allowed us to consider galaxy priors based on SFR and
𝑀∗; these are optimal for our simulations, because they accurately
reflect the means by which we simulate FRB host galaxies. We refer
readers to the original PATH paper (Aggarwal et al. 2021) for more
details.

For each simulated FRB, we used the positions and 𝑟-band mag-
nitudes of nearby galaxies (𝑚𝑟 ) from the output catalogue of the

MNRAS 000, 1–9 (2021)
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Figure 1. Comparison between our simulated Milky Way DM contribution according to a simple exponential-disk model for the Galactic ISM, and the modelled
NE2001 values.

Figure 2. The effects of incompleteness in DM and 𝜏 on the FRB population simulated with the FRB source density proportional to SFR. The top panels show
our adopted selection functions, intended to roughly reproduce the selections identified by The CHIME/FRB Collaboration et al. (2021) (their Figures 16 and
17). The bottom panels show normalised histograms of simulated FRBs at 𝑧 < 0.5 before (solid blue) and after (black lines) applying the selection functions.

L-galaxies simulation to attempt to identify the host galaxy using
PATH. We used a search radius of 30 arcsec. We adopted two-
dimensional Gaussian FRB-localisation error ellipses with full-width
half-maximum (FWHM) of 1 arcsec; although this is large compared
with some existing FRB localisations (Heintz et al. 2020), it enables
us to illustrate the effects of the optical selection.

Fig. 3 presents a few PATH runs showing how positive and negative
associations arise. The first effect is that with a magnitude limited
sample there are occasionally cases in which the true host galaxy
is not observed, and thus a negative association is definite. This is
shown in the left column of the figure. In the top-left panel, the
galaxy catalogue is limited to 𝑚𝑟 < 27, causing the true host galaxy
to not be present and thus a nearby galaxy is chosen as the host. In
the bottom-left panel, there is no magnitude limit on the sample and

thus PATH is able to correctly identify the host with high confidence.
With a magnitude limited sample the unknown prior (𝑃(𝑈)) becomes
necessary for PATH to perform best; this effect is shown in the right
column of Fig. 3, in which a different simulated FRB is used. The top
right panel, with 𝑃(𝑈) = 0.0 shows a PATH association in which the
true host galaxy is not present and a nearby galaxy is given a very high
association probability. The bottom-right panel shows the same run
as the top-right panel, but with 𝑃(𝑈) = 0.2, allowing PATH to lower
the association probability for all of the possible host candidates and
concluding that the host is most likely unseen. Based on examples like
this (see §4.1), we reject host galaxy associations with probabilities
below 0.7, and treat associations with higher probabilities as secure.
This reduces the bias due to low-probability associations when the

MNRAS 000, 1–9 (2021)
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Table 1. Simulation parameters

FRB distribution 𝑟 -band magnitude cutoff Redshift 𝑃 (𝑈 )

∝SFR 23.2 𝑧 < 0.5 0
∝ 𝑀∗ 25 0.5 < 𝑧 < 2 0.2

𝑧 > 2 0.4

true host galaxy is undetected in the optical galaxy catalogues. We
then have four different types of associations:

• False positives (FP), for which the PATH association was secure
but the identified host galaxy was incorrect,

• True positives (TP), where we correctly identify the host when
accepting the PATH association,

• False negatives (FN), where the correct galaxy is identified by
PATH with association probability below 0.7, and

• True negatives (TN), where an incorrect host galaxy is preferred
by PATH with association probability below 0.7.

We considered optical selection biases for magnitude limited sam-
ples of possible FRB host galaxies. For the purposes of this paper
we used two different magnitude cuts: one at the PanSTARRS 𝑟-
band limit (𝑚𝑟 = 23.2; Chambers et al. 2016), and the other set
at a more optimistic 𝑚𝑟 = 25. This limited the number of galaxies
available to PATH, causing potential errors in the FRB host-galaxy
identifications. The resulting effects are shown in Fig. 4. Here we
show 1,000 FRBs at 𝑧 < 0.5 distributed according to SFR that have
already passed the radio selection, but are affected by the optical se-
lection bias for a catalogue limited at𝑚𝑟 = 23.2. In the left panel, we
highlight FP host galaxy associations, which typically have higher
stellar masses and larger projected physical offsets than the true host
galaxies. In the right panel, we compare the properties of the host
galaxies identified by PATH (for both TP and FP associations) to the
properties of the true host galaxies of FRBs for which PATH finds
no secure host galaxy association (TN and FN associations). The
associations are biased towards galaxies with higher SFR, but there
is negligible bias in the projected physical offsets. The large number
of unassociated FRBs is due to our choice of 0.7 for the secure-
association cutoff probability, which results in our final catalogue
being more accurate but missing some reasonable associations.

2.4 Simulation details

For each redshift range introduced above, we first simulated 10,000
FRBs and host galaxies as described in §2.1. We then selected sam-
ples of 1,000 FRBs according to the radio selection functions de-
scribed in §2.2. For these samples, we simulated the procedures used
to identify FRB host galaxies as described in §2.3. We explored ev-
ery combination of simulation parameters listed in each column of
Table 1. The results that we focus on in this manuscript were for
both the SFR and 𝑀∗ FRB distributions, the PS1 magnitude cutoff,
𝑧 < 0.5, and 𝑃(𝑈) = 0.2. We used an exponential-distribution prior
for the offsets from host galaxies in PATH. The choice of the PS1
magnitude cutoff and 𝑧 < 0.5 is intended to roughly reproduce results
from the ASKAP FRB survey (Heintz et al. 2020) in the absence of
deeper optical imaging of each FRB localisation region.

3 RESULTS

Our main results are presented in Fig. 5. The figure demonstrates the
effects of the radio and optical selection biases introduced above on

simulated FRB populations at 𝑧 < 0.5 distributed by both SFR and
𝑀∗. The effects of the selection biases can be summarised as follows:

(i) The radio selection bias negligibly affects the observed redshift
distributions (panels (a) and (e)). The optical selection bias introduces
a few FP host galaxies at redshifts 𝑧 > 0.5. This is caused by the true
host galaxies being either un-catalogued or having low association
probabilities.

(ii) The radio selection bias negligibly affects the observed dis-
tributions of FRB host galaxies in SFR and 𝑀∗ for both means of
distributing FRBs among host galaxies (panels (b), (c), (f) and (g)).
Only a very small decrease in the number of low-SFR and low-𝑀∗
hosts is evident due to the radio selection. This is explained by the
greater relative probability that in smaller host galaxies the FRBs are
found closer to the centers, where the stellar/SFR density is highest,
as compared with larger host galaxies.

(iii) The optical selection bias significantly affects the observed
distributions of FRB host galaxies in SFR and 𝑀∗. We see increases
in the median host SFR of∼ 0.3 dex, and increases in the median host
𝑀∗ of ∼ 0.5 dex. The effect is more pronounced for smaller galaxies.
This is explained by the increased likelihood of non-association of
smaller host galaxies.

(iv) On the other hand, the distribution of projected physical off-
sets is most affected by the radio selection (panels (d) and (h)). An in-
crease of ∼ 0.2 dex in the median projected physical offset is evident.
A further increase of ∼ 0.05 dex is caused by the optical selection.
As expected, the selection bias is somewhat more pronounced for
smaller offsets. In general, the radio selection functions in DM and
𝜏 cause FRBs located near the centres of their host galaxies to be
less likely to be detected, because of the greater path lengths through
the host ISM. The effect persists at large offsets because FRBs with
larger true offsets are more likely to be in larger host galaxies with
larger path lengths through the hosts.

(v) For large projected physical offsets (& 10 kpc), the optical
selection causes a substantial further shift to larger values in the
cumulative distributions. This corresponds to FP associations for
FRBs that are further away from their hosts.

In Fig. 5, we also show example distributions, primarily in pro-
jected physical offset, of LGRBs, SLSNe, and CCSNe. We also show
the empirical distribution of FRB projected physical offsets presented
by Mannings et al. (2020). The purpose of this comparison is not to try
and reproduce any particular distribution with our simulations; our
simulated FRB distributions after accounting for the radio and opti-
cal selection biases are not consistent with the empirical distribution.
It is however clear that the possible shifts in the distributions caused
by the radio and optical selection biases are significant enough that,
if unaccounted for, incorrect conclusions may be reached regarding
the consistency between the FRB distributions and those of other
populations.

For the higher redshift simulations that we conducted (see Table 1),
we found that the effects of the selection biases were enhanced. The
factors that cause the optical selection biases to be enhanced are
clear: in general, fewer galaxies are observed at higher redshifts in
a magnitude limited sample, which increases the proportion of FP
associations. The radio selection biases are enhanced because the
increasing SFR densities of galaxies, combined with the increased
DMIGM, amplify the effects of the DM and 𝜏 selection functions in
our model.

MNRAS 000, 1–9 (2021)



6 Seebeck et al.

Figure 3. Simulated images of the sky showing possible host galaxies and their association probabilities calculated with PATH, with the FRB localisation ellipses
shown in orange. Correctly associated galaxies are outlined in green, incorrectly associated galaxies are outlined in red, and the true hosts are outlined in cyan.
Left column: misidentification of host due to lack of catalogue depth. In this figure, we consider optical galaxy catalogues with 𝑚𝑟 ≤ 27 and 𝑚𝑟 ≤ 40 (i.e.,
unlimited). Localisations are shown with the fiducial 1 arcsec diameter. Right column: the top-right panel shows a high-probability association of an incorrect
host due to ignoring the possibility that the host galaxy is undetected, with 𝑃 (𝑈 ) = 0. A small increase in the unknown prior to 𝑃 (𝑈 ) = 0.2 results in more
accurate association probabilities (bottom right). See text for further detail.

4 DISCUSSION

4.1 Tuning PATH

The purpose of simulating the optical selection bias was to illus-
trate the effects of a specific choice of mechanism for associating
FRBs to host galaxies. We used PATH in our simulations in order to
incorporate the most robust means in the literature to perform this
association, and to be able to easily simulate the effects of modify-
ing our assumptions. We simulated somewhat large FRB localisation
regions (FHWM of 1 arcsec), and shallow optical observations (the
PanSTARRS limit of 𝑚𝑟 = 23.2) in order to better highlight the ef-
fects of the optical selection bias; some FRBs used in current studies
(e.g., Bhandari et al. 2021) are better localised, and most have deeper

optical observations than are available from PanSTARRS. Current
samples are therefore not likely to be subject to optical selection bi-
ases as large as those we identify. However, we note that we have used
optimal galaxy priors in PATH, and that our models are specific to
FRB progenitors distributed among galaxies according to either SFR
or 𝑀∗. A substantially different means of distributing even a subset
of FRB progenitors (e.g., a preference for old stellar populations, or
low metallicities) may result in different optical selection biases. Our
results are also important for the case of the larger upcoming FRB-
localisation surveys (e.g., DSA-110, CHORD), and for observations
with more sensitive FRB-localisation instruments (e.g., MeerKAT,
DSA-2000, SKA), where a greater reliance on optical imaging sur-

MNRAS 000, 1–9 (2021)



FRB selection biases 7

Figure 4. Illustration of the effects of optical selection given a using PATH for a sample of 1,000 radio-selected 𝑧 < 0.5 FRBs distributed according to
host-galaxy SFR. We assume magnitude-limited optical data with 𝑚𝑟 < 23.2. Left panel: the effects of falsely associated (FP) hosts are shown. FRBs that have
true hosts indicated by red dots are falsely associated with hosts indicated by black dots. Dashed lines join the true and false hosts for each case. The FP hosts are
typically more rapidly star forming and located at greater projected physical offsets to the FRBs. Grey dots indicate the remainder of the sample. Right panel:
the effects of unidentified hosts (both TN and FN) are shown. Green dots represent the host galaxies of FRBs with secure associations in PATH, while grey dots
indicate the host galaxies of FRBs for which no secure associations were found.

veys may be necessary, and higher-redshift FRBs may form a larger
fraction of the observed population.

Given specific limitations on available optical data, the optical
selection biases are best mitigated with appropriate tuning of the
PATH algorithm. In the original PATH paper (Aggarwal et al. 2021),
the different performances of different choices for the offset and
galaxy priors were well examined. However, the effects of varying
𝑃(𝑈) were under-explored. The methods presented in this manuscript
allow us to explore the effects of varying 𝑃(𝑈) within the constraints
of our modelling of the FRB population, because we can simulate
a diverse population of FRB host galaxies. Here we quantify the
performance of PATH in terms of receiver operating characteristic
(ROC) curves.

In Fig. 6, we show results for simulated PATH associations of
1,000 𝑧 < 0.5 FRBs distributed among galaxies according to SFR,
where we vary 𝑃(𝑈) between 0 and 0.9. Results are shown for
three different magnitude cutoffs; we fix the secure association cutoff
relative probability at 0.7. We find that the optimal 𝑃(𝑈) (i.e. the
𝑃(𝑈) for which the TP and FP rates are closest to perfect, with
TP=1, FP=0) is characteristically large in our simulations, and as
expected appears larger for shallower optical data. In general, we
find that the optimal 𝑃(𝑈) value is close to the number of true FRB
hosts that are below the magnitude cutoff. For example, for 𝑚𝑟 = 25,
we find that 𝑃(𝑈) = 0.7 is preferred, and 65% of true host galaxies
have 𝑚𝑟 > 25. In the figure, we also display an ROC curve for
variations in the secure association threshold, where 𝑃(𝑈) was fixed
at 0.2. The optimal secure association threshold is near 0.7, which
motivated this choice elsewhere in the manuscript.

Although the variation of 𝑃(𝑈) has no effect on the correctness
of PATH, it does change the trustworthiness of the associations.
By correctness, we are referrring to the frequency with which the
galaxy identified as the most likely host by PATH is the true host
galaxy, regardless of the absolute likelihoods. In our brief investiga-
tion, deepening the magnitude of the optical galaxy catalogue tends
to increase the correctness of the algorithm. However, making the
catalogue too deep can cause lower association probabilities because
of crowding. This is especially true for FRBs at lower redshifts. For
studies of large samples of FRB localisations, we highlight the im-
portance of systematically identifying optimal PATH thresholds and

choices of prior, together with simulations like ours of the optical
selection biases.

4.2 Limitations and extensions of our work

We have presented a specific simulation of the effects of radio and
optical selection biases on observations of localised FRBs. We have
made specific assumptions regarding the distributions of FRBs in and
amongst host galaxies, the selection functions in DM and scattering-
timescale 𝜏, the FRB localisation accuracy, and the methods of asso-
ciating FRBs with host galaxies. Our simulations are also idealised.
For example, the methods of simulating values of DM and 𝜏 for dif-
ferent FRBs are based on the assumption of a universal radial profile
in stellar mass, SFR, and ionised ISM for all galaxies, and a universal
DM-𝜏 relation based on that of the Milky Way. We also use only a
single simulation of the galaxy population. Further, in attempting to
demonstrate the radio and optical selection biases for FRB samples
that are similar to the currently observed population (e.g., Bhandari
et al. 2021), we simply chose to focus on presenting results for 𝑧 < 0.5
FRBs. Variations in our assumptions and modelling procedures will
change the results we present (e.g., in Fig. 5) on radio and optical
selection biases in the distributions of host-galaxy SFR and 𝑀∗, and
the FRB projected physical offsets.

The optical selection biases can be observationally overcome with
FRB localisation accuracies of � 1 arcsec, coupled with sufficiently
deep optical follow-up and optimisation of FRB-galaxy association
algorithms like PATH. The latter will be particularly important as
FRB surveys reach greater sensitivities. We anticipate that careful
modelling of the unseen galaxy population based on established
galaxy distributions, together with the consideration of multiple pri-
ors on the nature of FRB progenitors, will enable corrections to be
made for optical selection bias in distributions of host-galaxy prop-
erties.

On the other hand, the magnitude of radio selection bias on the sim-
ulated distribution of FRB projected physical offsets is concerning.
This effect is harder to correct for than the optical selection bias. Be-
sides considering different priors on the nature of FRB progenitors,
such a correction would require an accurate simulation of the ISM
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Figure 5. Simulated distributions of FRB host-galaxy parameters and projected physical offsets. We show results for 𝑧 < 0.5 FRBs that have been distributed
between galaxies based on SFR (panels (a)–(d)) and stellar mass (panels (e)–(h)). We show results prior to any selection bias (light blue solid curves), after
simulating radio selection bias (black solid curves), and after simulating both the radio and optical selection bias (red solid curves). The full distribution of the
galaxy catalogue (before selecting FRB host galaxies) is shown in grey. We compare our simulation results with distributions of various transients (Taggart &
Perley 2021), including FRBs (Mannings et al. 2020). Panels (a) and (e) show distributions of FRB redshifts; because we are simulating only 𝑧 < 0.5 FRBs, the
high-redshift tail in the redshift distribution is due solely to FP associations. Panels (b,f) and (c,g) show cumulative distributions of the host-galaxy SFRs and
stellar masses respectively. Panels (d) and (h) show cumulative distributions of FRB projected physical offsets.

contents in and scattering contributions from FRB host galaxies. A
natural extension of our work would be to incorporate cosmological
hydrodynamical simulations that accurately resolve the distributions
of stars, SFR, and gas within galaxies (e.g., Nelson et al. 2018).
An attempt to predict the effects of scattering in host galaxies could
be made following the formalism of Simard & Ravi (2021). Such
simulations are also likely important to better understand the effects
of radio selection biases on other properties of the observed FRB
population, such as the relation between DM and 𝑧 (e.g., James et al.
2021). In our current simulation the effects of the DM and 𝜏 selec-
tion functions are comparable; however, observations at substantially
higher frequencies than CHIME/FRB may be able to mitigate the ef-
fects of scattering. Efforts at measuring survey completeness are
also of clear importance (e.g;, The CHIME/FRB Collaboration et al.
2021). We find that the radio selection bias is stronger for higher
redshift FRBs, primarily because of the increased DM contributed
by the IGM. In general, we caution against the use of distributions of
projected physical offsets of FRBs in investigating the nature of their
progenitors. Our simulations however suggest that the distributions
of FRB host galaxies in SFR and 𝑀∗ are relatively unaffected by the
radio selection bias.

5 CONCLUSIONS

We have simulated the effects of selection biases in the distributions
of FRB host-galaxy properties, and on the observed positions of
FRBs within their hosts. We consider radio selection biases caused
by survey incompleteness in DM and scattering timescale 𝜏, and
optical selection biases caused by unidentified or misidentified FRB
host galaxies (see §2.1 for details). We considered a specific galaxy
formation model (L-galaxies; Henriques et al. 2015) and distributed
FRBs in galaxies according to either stellar mass or SFR. We adopted
an idealised means of deriving host-galaxy contributions to DM and
𝜏. We simulated the use of a sophisticated algorithm for associating
FRBs with host galaxies (PATH; Aggarwal et al. 2021). The results
of our simulations for the distributions of FRB host galaxies in 𝑀∗
and SFR, and the distributions of projected FRB physical offsets
from their host-galaxy centers, are shown in Fig. 5.

We found that the optical selection biases were most important
for the host-galaxy 𝑀∗ and SFR distributions, and that the radio se-
lection biases were most important for the distribution of projected
physical offset. For a simulation of 𝑧 < 0.5 FRBs, the selection bi-
ases cause the median host-galaxy SFR to be increased by ∼ 0.3 dex,
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Figure 6. ROC curves indicating the effect of 𝑃 (𝑈 ) and the magnitude limit
of the optical survey on the TP and FP rates from PATH. All results were
derived for 1,000 FRBs distributed according to SFR at 𝑧 < 0.5. The symbols
show results for different 𝑟 -band magnitude cutoffs, as labelled, where 𝑃 (𝑈 )
was varied between 0 and 0.9 according to the colour bar. Optimal values of
𝑃 (𝑈 ) chosen according to a minimal distance to the point (0,1) (i.e., FP = 0,
TP = 1) are indicated by orange circles. The grey dashed curve shows results
for a variation in the secure association threshold between 0 and 1, with
𝑃 (𝑈 ) = 0.2 and a magnitude cutoff of 23.2.

and the median 𝑀∗ by ∼ 0.5 dex. The median projected physical
offset is increased by ∼ 2 kpc (∼ 0.25 dex). The magnitudes of these
effects, despite the simplicity of our simulation, motivate their care-
ful consideration in empirical studies of localised FRBs. The optical
selection biases are best mitigated with more accurate localisations
than we assume (i.e., < 1 arcsec), and with deeper optical observa-
tions than we assume in our fiducial simulation (i.e., deeper than
PanSTARRS). The quality of current observations is such that the
optical selection bias is likely minimal in existing analyses (e.g.,
Bhandari et al. 2021). We also demonstrate how algorithms such as
PATH can be optimised through a survey of their parameter space.
However, we caution against interpreting distributions of FRB pro-
jected physical offsets without accounting for the radio selection bias.
We anticipate that this bias is likely be an important limitation for
studies of large samples of FRB host galaxies and environments.
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