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A B S T R A C T 

Searches for radio technosignatures place constraints on the prevalence of extraterrestrial transmitters in our Galaxy and beyond. 
It is important to account for the complete stellar population captured within a radio telescope’s field of view, or stellar ‘bycatch’. 
In recent years, catalogues from ESA’s Gaia mission have enabled the search for extraterrestrial intelligence (SETI) surveys to 

place tighter limits on extraterrestrial transmitter statistics. However, Gaia remains restricted by magnitude limits, astrometric 
uncertainty at large distances, and confusion in crowded regions. To address these limitations, we investigate the use of the 
Besanc ¸on Galactic model to simulate the statistical underlying stellar population to derive more realistic constraints on the 
occurrence of extraterrestrial transmitters. We apply this method to Breakthrough Listen’s Enriquez/Price survey, modelling 

6182 364 stellar objects within 1229 individual pointings and extending the search out to distances ≤25 kpc. We place limits on 

the prevalence of high-duty-cycle transmitters within 2.5 kpc, suggesting ≤(0 . 000995 ± 0 . 000002) per cent of stellar systems 
contain such a transmitter (for near-zero drift rates and EIRP min � 5 × 1016 W). In support of broader adoption, we provide 
a simple calculator tool that enables other researchers to incorporate this approach into their own SETI analyses. Our results 
enable a more complete statistical estimation of the number and stellar type of systems probed, thereby strengthening constraints 
on technosignature prevalence and guiding the analysis of future SETI efforts. We also conclude that SETI surveys are, in fact, 
much less biased by anthropocentric assumptions than is often suggested. 

Key words: extraterrestrial intelligence – radio lines: stars – submillimetre: stars. 
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 I N T RO D U C T I O N  

he search for extraterrestrial intelligence (SETI) – whether for 
ntentional beacons, accidental leakage, or relic signals from ex- 
inct civilizations – spans a vast and complex parameter space. 
his includes dimensions such as position on the sky, observing 

requency, total bandwidth, spectral resolution, temporal cadence, 
ignal modulation, and sensitivity, as discussed by J. T. Wright, 
. Kanodia & E. Lubar ( 2018 ). SETI surveys aim to reduce the
olume of unsearched multidimensional parameter space to tighten 
he bounds on the prevalence of extraterrestrial transmitters. 

Narrow-band single-dish SETI surveys typically search for signals 
cross a broad range of Doppler drift rates (e.g. ±4 Hz s−1 ) and
ossess a field of view at 1 GHz that spans several arcminutes. Each
ointing thus encompasses a significant number of background (and 
ccasionally foreground) celestial objects ( N∗) which are passively 
ncluded in the analysis of the integrated power spectrum. As a 
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esult, these surveys are sensitive not only to signals originating from
he nominal target star, but also to potential transmitters distributed 
cross the full field of view. Quantifying this ‘stellar bycatch’ –
he incidental population of stars within the telescope beam –
nables more realistic constraints to be placed on the prevalence 
f extraterrestrial transmitters probed by SETI surveys (see B. S. 
lodarczyk-Sroka, M. A. Garrett & A. P. V. Siemion 2020 ). 
ESA’s Gaia mission and its associated astrometric catalogue have 

nabled better estimates of the Galactic stellar bycatch for the original
reakthrough Listen surveys by J. E. Enriquez et al. ( 2017 ) and D.
. Price et al. ( 2020 ) (see B. S. Wlodarczyk-Sroka et al. 2020 ). This
ethodology has since been adopted by other studies, including those 

y J.-L. Margot et al. ( 2023 ), O. A. Johnson et al. ( 2023 ), and L. A.
ason et al. ( 2025 ). The inclusion of the stellar bycatch increases the

otal population of stars surveyed within a given pointing direction 
nd observational time frame. 

However, the latest Gaia data release includes only 1.8 billion 
alactic objects (Gaia Collaboration 2023 ) and remains limited by 
agnitude limits, astrometric uncertainties, and confusion in densely 

opulated regions. Catalogues derived from Gaia , such as those by
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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3  
. A. L. Bailer-Jones et al. ( 2021 ), represent a lower bound on the
rue stellar bycatch encountered in SETI surveys. 

By utilizing Galactic stellar population synthesis models, we can
ot only predict the number distribution of stars as a function
f distance for a particular cut through the Milky Way, but also
ield the range of stellar classes that a typical survey passively
ncludes. Even strictly ‘targeted’ single-dish SETI surveys nominally
ocused on specific stellar types (such as nearby main-sequence stars)
nvariably encompass a much broader array of spectral types through
heir incidental stellar bycatch. Without accounting for this broader
ontext, we risk underestimating the true extent and scientific reach
f SETI survey efforts. 
In this paper, we use the Besanc ¸on Galactic model (BGM) to

imulate stars within the field of view of SETI surveys in order to
lace better limits on the prevalence of extraterrestrial transmitters
n the Milky Way. In Section 2 , we discuss the limitations of using
aia alone to estimate the stellar bycatch population and briefly
utline the BGM’s simulation method. In Section 3 , we utilize the
GM to simulate the stellar population associated with the D. C.
rice et al. ( 2020 ) survey and compare the limits on prevalence
nd stellar population properties calculated against previous studies
tilizing Gaia by B. S. Wlodarczyk-Sroka et al. ( 2020 ). In Section 4 ,
e provide a public domain calculator that estimates the stellar
ycatch as a function of pointing position and field of view. In
ection 5 , we present our conclusions and evaluate the significance of
mploying simulations to estimate the stellar bycatch for future SETI
urveys. 

 M O D E L L I N G  T H E  M I L K Y  WAY  

.1 Limitations of Gaia 

SA’s Gaia mission has transformed our understanding of the Milky
ay by providing astrometric measurements for over a billion stellar

bjects. However, like all observational data sets, its completeness
nd reliability are subject to important limitations. 

The mission achieves high completeness for stars with apparent
agnitudes in the range 12 < G < 17, and can extend to G ∼ 20 in

egions of low stellar density. In contrast, heavily crowded fields with
ore than 400 000 stars per square degree see completeness drop to
 ∼ 18 (X. Luri et al. 2018 ). Distance estimates are also affected

y parallax uncertainties; for sources with a fractional parallax error
 > 0 . 2, geometric distance estimates such as those provided by C.
. L. Bailer-Jones et al. ( 2021 ) are preferred. In the cases of large or
egative fractional parallax errors, inferred distances are dominated
y modelling prior errors. This limits reliable distance estimation
ithin the Gaia catalogue (where 0 < f < 1) to within 10 kpc. 
The classification of stellar types in Gaia is typically inferred from

hotometric colour, using the difference GBP − GRP . However, in
rowded regions or for faint sources, background contamination and
onfusion – particularly from unresolved binaries – can significantly
egrade the accuracy of spectral classification (F. Arenou et al.
018 ). Distinguishing between nearby main-sequence stars and white
warfs, for instance, is often problematic in these regimes. 
To mitigate these issues, stringent quality filters are applied to

xtract clean stellar samples. Yet this comes at a high cost: only
bout 30 per cent of objects in Gaia Data Release 2 (DR2) pass
he recommended contamination filters (F. Arenou et al. 2018 ). As
 result, while Gaia provides an invaluable foundation for stellar
opulation studies, it offers only a lower limit on the true number of
tars intercepted by wide-field SETI observations. 
NRAS 545, 1–8 (2026)
.2 The Besanc ¸on Galactic model 

he BGM (A. C. Robin et al. 2004 ; O. Bienaymé, J. Leca & A.
. Robin 2018 ) is a dynamical self-consistent model of the Milky
ay. The model is used across astrophysics research, including

tudies of Galactic structure, stellar populations (in particular for
ow-mass stars), extinction mapping, and microlensing predictions
e.g. C. Reylé et al. 2009 ; M. A. Czekaj et al. 2014 ; D. Specht et al.
020 ; T. Ravinet et al. 2022 ). In the context of stellar population
ynthesis, the BGM has proven especially valuable for modelling
tar counts, kinematics, and photometric distributions across a range
f sky directions. 
The model divides the Galaxy into four subcomponents: the thin

isc, the thick disc, the bulge, and stellar halo. The thin disc has been
ivided into seven subpopulations based on age, each modelled by
n Einasto relation describing the 3D density distribution (J. Einasto
979 ). The thick disc is modelled by two isochrones, due to the
 Gyr long star formation period. The halo can be considered a
omogeneous population of stars with a short star-forming period. A
alpeter initial mass function (IMF) is assumed for the bulge, despite

he difficulty in constraining low-mass stars within the bulge (due to
rowding). 

The stellar densities are constrained by the Galactic potential
Poisson equation), velocity dispersion of each subcomponent (based
n the age–velocity dispersion relation), and the Galactic rotation
urve (to estimate the scale heights/axis ratio of each subpopulation).
he model is initially based on the stellar neighbourhood, before
caling outwards to the full extent of the Milky Way. 

The population of stars within each subcomponent of the Galaxy
an be estimated, given 

∗ =
∫ 

� ( m ) d m
∫ 

�( t) d t, (1) 

here � ( m ) is the initial mass function and �( t) is the star formation
ate (M. Haywood 1994 ). For a number of stars per age and mass
nterval, the BGM uses evolutionary tracks to evaluate further stellar
arameters. If interpolating along the evolutionary tracks results in
 solution, the star’s luminosity L , surface gravity g, and effective
emperature Teff are assigned; if not, the star is considered a ‘stellar
emnant’. For stars with assigned L , g, and Teff , the photometric
olour is estimated using an atmosphere model (BaSeL – Basel
tellar Library). Reddening is considered using 3D extinction models

o estimate the apparent magnitude of stars based on the line of sight
hrough the Galaxy. 

The BGM has been constrained against several surveys: Hip-
arcos /Tycho for the local vicinity/self-consistent densities, Gaia ,
AVE (RAdial Velocity Experiment), and 2MASS (Two Micron
ll-Sky Surve) for the outer disc scales [see M. A. Czekaj et al.

 2014 ), A. C. Robin et al. ( 2022 ), and B. Déforˆ et et al. ( 2024 ) for a
ample of the extensive updates to this Galactic synthesis model from
bservational data sets]. White dwarfs are modelled from cooling
racks, and classified into three broad populations: hydrogen-rich
hite dwarfs (labelled DA), helium-rich white dwarfs (labelled DB),

nd continuous spectrum white dwarfs (labelled DC). Asymptotic
iant branch (AGB) stars are added empirically, but brown dwarfs
re not modelled by the BGM. 

The BGM models the stellar population down to the hydrogen
urning limit of red dwarfs ( M > 0.12 M�). However, the assumed
MFs are poorly constrained for low-mass stars and likely contam-
nated by galaxies for V > 22 (A. C. Robin et al. 2004 ). Improved
D extinction maps remain limited for lines of sight of high density
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Figure 1. The sample of stars within a single pointing (in the direction of 
l = 276.05◦, b = −14.4◦) simulated by the BGM (in black) compared to the 
sample of stars from Gaia with accurate parallax measurements (in red). We 
compare the distribution in absolute magnitudes (right) and the distribution 
of distances (top). The BGM can be used to expand the stellar sample beyond 
the observational magnitude limitations of Gaia , as well as considering the 
full breadth of the Milky Way. 

Table 1. For increasing shells of EIRP min , the stellar bycatch population 
simulated by the BGM ( NB ) and observed by Gaia ( NG ) are compared, and 
the figure of merit, CWTFM, is estimated for each BGM population. The 
upper distance limits ( d ) have been calculated for a star within the centre of 
the beam (no offset correction applied). The stellar bycatch observed by Gaia 
has been subject to cuts based on fractional parallax uncertainty and restricted 
to distances < 10 kpc (see B. S. Wlodarczyk-Sroka et al. 2020 ). The BGM 

increases the stellar bycatch population for EIRP min > 1015 W. 

EIRP min (W) d (pc) NB NG CWTFM 

GBT 1014 290 1828 2599 3.56 
1015 930 36 071 25 192 1.80 
1016 2940 367 616 147 976 1.77 
1017 9310 3091 788 246 245 2.10 
1018 25 000 5115 832 246 492 12.71 

Parkes 1014 160 98 82 181.57 
1015 500 2019 695 88.13 
1016 1600 26 613 5225 66.86 
1017 5050 267 747 30 434 66.46 
1018 16 000 1178 528 40 592 150.99 

n  

d
 

o  

C  

e
f  

o  
nd insufficient completeness, such as within the Galactic Centre and 
piral arm tangents (D. J. Marshall et al. 2006 ). 

 APPLICATION  TO  C U R R E N T  SETI  SURV EYS  

.1 The Enriquez/Price survey 

. E. Enriquez et al. ( 2017 ) conducted a survey of 692 stars using
he 100-m Robert C. Byrd Green Bank Telescope (GBT) at L band.
he target sample was derived from the list proposed by H. Isaacson
t al. ( 2017 ) for the Breakthrough Listen initiative, which included
he 60 closest stars, a range of Hipparcos stars across various spectral
lasses, and a selection of exotic objects (e.g. white dwarfs, neutron 
tars, and asteroids). D. C. Price et al. ( 2020 ) extended this survey
y observing 1327 stars from Isaacson’s list, again using the GBT at
 band (1.10–1.90 GHz) and S band (1.80–2.80 GHz), as well as the
4-m CSIRO Parkes Telescope at 10 cm (2.60–3.45 GHz). 
Building on these efforts, B. S. Wlodarczyk-Sroka et al. ( 2020 ) re-

ned the constraints on the prevalence of extraterrestrial transmitters 
y incorporating additional stars within the field of view [defined 
y the full width at half-maximum (FWHM) of the telescope beam] 
rovided by Gaia DR2. This furnished a total of 288 315 stars across
he 1327 observed pointings: 251 983 at L band, 172 572 at S band,
nd 72 030 at 10 cm. 

We have extended the B. S. Wlodarczyk-Sroka et al. ( 2020 )
pproach by simulating the stellar bycatch population using the 
GM. For 1229 unique pointings from Price’s survey, a population 
f stars was generated without restrictions on the magnitude of stars
or distances up to 25 kpc. Two fields located along b ≈ 0◦ towards
he Galactic Centre were too dense to simulate using the web portal
or the BGM, taking too long to run, and so were excluded from our
nalysis. 

Fig. 1 illustrates the simulated stellar bycatch for a single pointing 
towards the target star Gaia DR2 5278042880077383040 –

enerated using the BGM, and compared against stars observed by 
aia . 
Our simulated stellar sample, derived from the 1229 pointings, in- 

ludes a total of 6182 364 stars. This represents a substantial increase
ompared to the 288 315 stars identified using Gaia in the study by
. S. Wlodarczyk-Sroka et al. ( 2020 ). We utilize the simulated BGM

ample to challenge the limitations of using observational catalogues 
o estimate the stellar bycatch and prevalence of technosignatures. 

.2 Extending the stellar bycatch 

or each simulated star, we calculate the minimum detectable 
quivalent isotropic radiated power (EIRP min ) based on the distance 
o the star and position with respect to the telescope’s field of view.

e restrict the field of view to the FWHM of the telescope beam,
epresented by a Gaussian response. 

The EIRP min values reported here correspond to the maximum 

ensitivity achieved when searching for signals with near-zero drift 
ates. For drift rates exceeding ±0 . 15 Hz s−1 , narrow-band signals
an become smeared across multiple frequency channels – depending 
n the survey’s spectral resolution and integration time – leading 
o a reduction in sensitivity to such signals (J.-L. Margot et al.
021 ). Neither the original analysis by D. C. Price et al. ( 2020 ) nor
he subsequent reanalysis by B. S. Wlodarczyk-Sroka et al. ( 2020 )
ccount for this effect. To enable a direct comparison with these 
arlier studies, we have similarly not applied a correction for Doppler 
mearing in the EIRP min or Continuous Waveform Transmitter 
igure of Merit (CWTFM) values presented here. However, we do 
ote that future surveys should correct their results for this effect, as
etailed in J.-L. Margot et al. ( 2021 ). 
Table 1 presents the number of stars simulated by the BGM and

bserved by Gaia for increasing shells of EIRP min , as well as the
WTFM. CWFTM is a widely used figure of merit in evaluating the
ffectiveness of radio SETI surveys, and depends on the EIRP min , the 
ractional bandwidth ( νrel = �ν/ν0 ), and the total number of stars
bserved ( N∗). Following J. E. Enriquez et al. ( 2017 ) and D. C. Price
MNRAS 545, 1–8 (2026)
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Figure 2. For GBT L -band and S -band observations, we plot a comparison 
of the EIRP min and transmitter rate determined from the sample of stars up to 
25 kpc using the BGM and up to 10 kpc from Gaia (B. S. Wlodarczyk-Sroka 
et al. 2020 ), for shells of increasing EIRP min . We plot the dashed vertical lines 
as a reference to a transmitter with EIRP min equivalent to Arecibo (1013 W), 
and a transmitter with equivalent power to a Kardashev Type I civilization 
(1017 W). This work to extend the stellar bycatch using the BGM challenges 
the current limits in survey sensitivity and scope, represented in a grey dashed 
line, referred to as ‘terra incognito’ (M. A. Garrett & A. P. V. Siemion 2023 ). 
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Figure 3. HR diagram comparing the BGM-simulated stellar population 
(background) with the subset of Gaia sources (superimposed in red) for 
which reliable effective temperatures and absolute magnitudes are available. 
The Gaia sample is restricted to within 1 kpc due to parallax accuracy, and 
most white dwarfs lack reliable temperature estimates. Utilizing the BGM 

enables consideration of the complete breadth of stellar types captured within 
the bycatch population, including bright main-sequence stars and minimal 
confusion between faint main sequence and white dwarfs. 
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t al. ( 2020 ), the CWTFM can be expressed as 

WTFM = ζA0 
EIRP min 

N∗ νrel 
. (2) 

ere, ζA0 is a normalization constant defined such that CWTFM = 1
orresponds to a benchmark survey: sensitivity to an Arecibo-class
ransmitter over 1000 stars and a fractional bandwidth of 0.5. 

The application of the BGM improves the stellar bycatch pop-
lation – and in turn, the CWFTM – for EIRP min ≥ 1015 W. By
everaging the BGM, we are able to account for a much broader
tellar population, thereby extending the searchable parameter space
o include potential high-power technosignatures originating from
cross the Milky Way. 

Considering how increasing the stellar bycatch improves the
IRP min –transmitter rate parameter space, we plot Fig. 2 for GBT’s
IRP min shells. Beyond 100 pc, application of the BGM improves the

ransmitter rate against increasing shells of EIRP min ; simulating the
tellar bycatch population beyond magnitude thresholds challenges
he limits of ‘terra incognito’ (M. A. Garrett & A. P. V. Siemion
023 ) and the current searched parameter space, in terms of volume
f sky searched and the sensitivity depth. 
The BGM provides a powerful framework for estimating the

nderlying stellar population and for simulating the total stellar
ycatch missed by Gaia . However, we note that within ∼100 pc,
he BGM simulates fewer stars along the 1229 pointings than those
etected by Gaia (see Fig. 2 ). Consequently, we underestimate the
umber of stars probed by the SETI surveys considered here for
ransmissions with EIRP min ≤ 1014 W. From these results, it looks
s though the BGM underestimates the number of stars simulated on
hese very limited spatial scales by a factor of ∼30 per cent. We also
ote that, when comparing against B. S. Wlodarczyk-Sroka et al.
NRAS 545, 1–8 (2026)
 2020 ), the population of stars with EIRP min ≤ 1014 W contains the
argets from the Enriquez/Price survey. 

Beyond this range, however, the BGM provides a significantly
ore complete representation of the underlying stellar population,

ncluding far-field stellar objects that might otherwise be filtered out
f observational catalogues due to significant astrometric uncertain-
ies. It is therefore the preferred tool for extending bycatch estimates
o larger Galactic volumes. 

.3 Diversity beyond observational magnitude limits 

alactic modelling also allows us to explore the true statistical
iversity of stellar types sampled in the Enriquez/Price surveys.
y plotting effective temperature against absolute magnitude in a
ertzsprung–Russell (HR) diagram (Fig. 3 ), we can examine the
hysical properties of the stellar populations simulated by the BGM.
he simulation extends coverage across both extremes of the main
equence and reveals a rich population of white dwarfs. We can avoid
hotometric confusion in spectral classification with Gaia (F. Arenou
t al. 2018 ), placing clear cuts between faint main-sequence stars and
hite dwarfs using the simulated bycatch. 
To assess how this spectral diversity varies spatially, we analyse the

istribution of stellar types as a function of Galactic latitude in Fig. 4 .
s expected, the greatest diversity and density of stellar types is found

n the Galactic plane. However, the overall ratio of spectral types
emains broadly consistent across latitudes. Restricting the sample
f pointings to Galactic latitudes within ±5◦ and Galactic longitudes
ithin ±5◦ of the Galactic Centre in Fig. 5 , we provide further

upport, on grounds of stellar density and diversity, for continuing
echnosignature searches toward the inner Galaxy, particularly the
alactic Centre (V. Gajjar et al. 2021 ). While we note that this region
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Figure 4. The distribution of stellar spectral types as a function of Galactic 
latitude for BGM simulations of the 1229 pointing positions. While the overall 
diversity peaks near the Galactic plane as expected, the relative proportions 
of stellar types remain broadly stable across all latitudes. 
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Figure 5. The distribution of stellar spectral types in relation to the Galactic 
plane. Upper panel: The number of stars per pointing per spectral type for 
b < | 5◦| . Lower panel: The number of stars per pointing per spectral type for 
l < | 5◦| . Both panels highlight the opportunistic bycatch towards the Galactic 
Centre for SETI endeavours. 
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ay not be the most conducive environment for the development 
nd sustainability of life, it remains probabilistically opportunistic 
or future SETI endeavours. 

This modelling also highlights the diverse range of stellar types 
hat are inadvertently included in single-dish SETI observations. 
ven when surveys are designed to focus on specific stellar classes,
uch as nearby G-type main-sequence stars, they inevitably include 
 broader array of stellar types as a by-product. As a result, single-
ish SETI surveys, regardless of their specific targets, implicitly 
mpose constraints on a wide variety of stellar types, including those 
ot specifically aimed at by the principal investigator. Given the 
alaxy’s environmental diversity and the limited understanding of 

he conditions under which technological civilizations might arise, it 
s important to recognize these implications and consider the valuable 
onstraints that SETI surveys inherently impose on a wide spectrum 

f stellar hosts. Using the BGM to estimate the stellar bycatch in SETI
urveys allows us to explicitly assess and constrain the prevalence of
xtraterrestrial transmitters across a diverse range of stellar types. 

.4 Estimating the prevalence of ETI 

 key goal of SETI surveys is to assess what their null detection
esults imply about the prevalence of extraterrestrial intelligence 
ETI) within the Galaxy. When considering the detection of a tech- 
osignature as an independent event, and given the large number of
tars encompassed within each pointing, the probability distribution 
f transmitter detections can be modelled as a Poisson process (C.
hoza et al. 2024 ). 
For a Poisson-distributed random variable, the probability of 

bserving k events, given an expected mean rate λ, is given by 

 ( k | λ) = λk e−λ

k ! 
. 

n the case of a null detection ( k = 0), this simplifies to 

 (0 | λ) = e−λ. 

o set an upper bound on λ at a given confidence level C, we require

 ( k ≤ 0 | λupper ) = e−λupper = 1 − C. 
earranging gives 

upper = − ln (1 − C) . 

or the commonly used 95 per cent confidence interval, C = 0 . 95,
nd thus 

upper ≈ − ln (0 . 05) ≈ 3 . 

his is the well-known ‘rule of three’ which allows us to estimate
he upper bound of the mean detection rate (N. Gehrels 1986 ) as 

≈ 3 

n 
, 

here n is the number of independent target stars surveyed (see J.-L.
argot et al. 2023 for alternative binomial derivation). 
Applying this to our data set, we find no evidence for continuous,

igh-duty-cycle transmitters within the stellar bycatch of the 1229 
nique pointings analysed. For distances up to 2.5 kpc, we simulate
 = 301 472 ± 549 stars, leading to an estimated prevalence of such
MNRAS 545, 1–8 (2026)
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Figure 6. Estimates of the prevalence of transmitters within the Milky Way, 
based on the upper bound of the 95 per cent confidence interval, assuming 
Poisson statistics for the detection of a technosignature and a continuous high- 
duty-cycle transmitter. By simulating the stellar bycatch, we vastly improve 
the stellar bycatch population and restrict the prevalence estimated using Gaia 
beyond 2.5 kpc. 
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ransmitters of 

tx ≤ 3 

n 
≈ (0 . 000995 ± 0 . 000002) per cent , 

or transmitters with EIRP min � 5 × 1016 W. 
By extending this analysis to concentric shells out to 25 kpc in

ig. 6 , we estimate the prevalence of high-duty-cycle extraterrestrial
ransmitters at increasing Galactic radii. Importantly, our simula-
ions of the stellar bycatch population provide a significantly more
onstrained estimate of transmitter prevalence beyond 2.5 kpc than
revious Gaia -based approaches, while accounting for a broad range
f stellar spectral types (see Appendix A ). 

 AP P LIC ATION  TO  F U T U R E  SETI  SURV E YS  

or the ease of application to future SETI surveys, we have developed
 simple calculator to run simulations via the BGM’s web service. 1 

he user runs the simulation, via the BGM web portal, 2 by providing
 pointing direction (in right ascension and declination) and a
elescope field of view (we chose to use the FWHM for the
eld of view but other values are possible) for simulations that
enerate ≤2 GB. There is a time delay between job submission
nd completion, depending on the line of sight for the pointing and
he population size to be synthesized. 

The BGM simulates the stellar population for a rectangular solid
ngle (in deg2 ), and our calculator then filters this down to only
nclude stars with the radial field of view requested by the user.
he BGM produces two output files: one containing the main stellar
haracteristics and another header file that records the parameters
sed for the simulation. The calculator extracts key stellar properties
NRAS 545, 1–8 (2026)

 The calculator code can be found at https://github.com/louisam11/SETI- 
tellar- Bycatch- Simulator. 
 Users are required to create an account to run BGM simulations, to enable 
ccess to the simulations through https://model.obs-besancon.fr/, as well as 
o receive an e-mail notification when the simulation is complete. 

s  

a  

s  

I  

T  

t  

M  
rom the results (in ASCII format), including position, magnitude and
olour, age, mass, effective temperature, and spectral classification.
n example of this is shown in Table 2 . The EIRP min for each star

s estimated given the inputted telescope’s system equivalent flux
ensity, spectral resolution, signal-to-noise ratio (SNR) threshold,
nd integration time. With a dechirping efficiency specified by the
ser, we consider the potential Doppler smearing (J.-L. Margot
t al. 2021 ) as a result of searching at high drift rates and correct
he EIRP min for the maximum sensitivity loss. The calculator will
enerate a plot of the stellar bycatch population captured within the
eld of view (see Fig. 7 for an example), and highlights the diversity
f spectral classes and luminosity types captured per pointing. 
Generating a population of stars without limitations on magnitude

nd within 25 kpc, the calculator subdivides the bycatch population
epending on their EIRP min . The EIRP min has been corrected for
he telescope’s response, assuming a 2D Gaussian profile across the
WHM of the beamwidth for a single-dish telescope. The calculator
enerates a table for increasing EIRP min shells of the estimated
ransmitter rate, based on the number of stars and the fractional
andwidth, and plots the bycatch sample in EIRP min –transmitter rate
arameter space. 
The calculator then subdivides the bycatch population by lumi-

osity class and spectral type, and estimates the prevalence per
tellar class for shells of increasing distance, up to 10 kpc (similar to
able A1 ). The breadth of diversity captured within the sample can be
isually represented through the HR diagram for the stellar bycatch
opulation simulated. Finally, the calculator estimates the prevalence
f technosignatures based on the upper bound of the 95 per cent
onfidence interval, assuming Poisson statistics for the detection
f a technosignature and a continuous high-duty-cycle transmitter
generating a plot similar to Fig. 6 ). 

 C O N C L U S I O N  

his paper builds on the approach of B. S. Wlodarczyk-Sroka
t al. ( 2020 ) by emphasizing the importance of including the
tellar bycatch for targeted radio SETI observations. By simulating
tars within the field of view using the BGM, we can overcome
he observational limitations of Gaia and improve upon statistical
stimates of the prevalence of extraterrestrial transmitters across a
roader stellar population, including lines of sight susceptible to
onfusion and crowding. 

We demonstrate the use of the BGM approach through reanalysis
f the Enriquez and Price surveys, simulating a sample of 6182 364
tars across 1229 unique pointings. The BGM significantly increases
he number of stars considered above EIRP min > 1015 W. We place
imits on the prevalence of high-duty-cycle transmitters within
.5 kpc, suggesting ≤(0 . 000995 ± 0 . 000002) per cent of stellar
ystems contain such a transmitter (for EIRP min � 5 × 1016 W).
his approach shows that single-dish surveys can place far stronger
onstraints on the prevalence of extraterrestrial transmitters across a
ide diversity of stellar types. By incorporating this diversity through
GM simulations, we find that SETI surveys are, in fact, less biased
y anthropocentric assumptions than often suggested. 
We provide a calculator that enables users to identify the simulated

tellar bycatch population for future single-dish SETI surveys. In
ddition, this approach is applicable to incoherent beamforming
urveys [such as COSMIC (Commensal Open-Source Multimode
nterferometric Cluster) on the VLA (Very Large Array) (C. D.
remblay et al. 2025 ) or BLUSE (Breakthrough Listen’s search for

echnosignatures using data from its User Supplied Equipment) on
eerKAT (D. Czech et al. 2021 )] and interferometric SETI (such as

https://github.com/louisam11/SETI-Stellar-Bycatch-Simulator
https://model.obs-besancon.fr/
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Table 2. An example output from the BGM, containing the first three stars simulated for pointing direction ( l = 0◦, b = 30◦) and a field of view of 5 arcsec. 
Other user input values assume the use of the GBT S -band receiver for 5 min observations, with dechirping efficiency of 16.5 per cent and SNR of 10. 

RA Dec. Dist MV mG 

G − V Age Mass Teff Spectral class Luminosity class EIRP min EIRP min , smear 

(◦) (◦) (pc) (109 yr) (M�) (K) (W) (W) 

240.6209 −10.9977 314.1 10.44 18.84 0.830 3.958 0.499 3516 M2 Main sequence 2 . 318 × 1014 1 . 405 × 1015 

240.6317 −10.9924 347.1 17.70 25.54 0.037 9.961 0.577 2324 WD DB White dwarfs 2 . 830 × 1014 1 . 715 × 1015 

240.6674 −10.9944 362.0 6.42 14.58 0.242 1.434 0.751 4687 K2 Main sequence 3 . 088 × 1014 1 . 872 × 1015 

. . . 
. . . 

. . . 
. . . 

Figure 7. A demonstration of a typical field-of-view plot, produced by the 
calculator for a stellar bycatch sample captured within a 5 arcmin field of view, 
in the direction of ( l = 0◦, b = 30◦). The diversity in spectral classes (colour- 
coded) and luminosity types (differentiated by marker) has been highlighted. 
Note that no supergiants or bright giants were found within this particular 
pointing. 
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. Wandia et al. 2023 ; L. A. Mason et al. 2025 ). Incorporating more
ealistic constraints on the prevalence of extraterrestrial life promotes 
est practice in quantifying the true extent of SETI’s uncharted 
arameter space and will help inform the design and interpretation 
f future surveys. 
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PPENDIX :  PREVALENCE  ESTIMATES  BY  

PE CTR A L  TYPE  

e consider the spectral diversity for shells of increasing dis-
ance (up to 10 kpc) for 1229 pointings. The prevalence is es-
NRAS 545, 1–8 (2026)

Table A1. We estimate the prevalence of ETI transmitters, p, for shells of individ

500 pc 1 kpc 
Type Class N∗ p (per cent) N∗ p (per cent) 

Bright giants G 0 – 0 –
K 0 – 1 –

Normal giants A 0 – 6 –
F 0 – 10 –
G 5 – 67 <4.5 ± 0.5 
K 3 – 80 <3.8 ± 0.4 
M 0 – 6 –

Subgiants B 0 – 0 –
A 0 – 10 –
F 23 – 305 <0.98 ± 0.06 
G 6 – 82 <3.7 ± 0.4 

Main sequence B 0 – 3 –
A 1 – 25 –
F 69 <4.3 ± 0.5 585 <0.51 ± 0.02 
G 257 <1.2 ± 0.1 1768 <0.170 ± 0.004
K 611 <0.49 ± 0.02 4258 <0.070 ± 0.001
M 6059 <0.050 ± 0.001 32 328 <0.009 ± 5 × 10

AGB 251 <1.2 ± 0.1 1316 <0.23 ± 0.01 
White dwarfs DA 310 <0.97 ± 0.06 2302 <0.130 ± 0.003

DB 236 <1.3 ± 0.1 1381 <0.22 ± 0.01 
DC 235 <1.3 ± 0.1 1412 <0.21 ± 0.01 

his paper has been typeset from a TE 

X/LA TE 

X file prepared by the author. 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reus
imated for spectral shells where N∗ ≥ 50, given that the uncer-
ainty in the number of stars is

√ 

N∗. Through the use of BGM
imulations, we consider a broader range of potential sources
or high-duty-cycle technosignatures when estimating the bycatch
opulation. 
ual spectral classifications and distances ≤10 kpc, where N∗ ≥ 50. 

5 kpc 10 kpc 
N∗ p (per cent) N∗ p (per cent) 

16 – 60 <5.0 ± 0.6 
25 – 57 <5.3 ± 0.7 

124 <2.4 ± 0.2 403 <0.74 ± 0.04 
216 <1.4 ± 0.1 669 <0.45 ± 0.01 
2035 <0.147 ± 0.003 8308 <0.036 ± 0.001 
2362 <0.127 ± 0.003 7561 <0.040 ± 0.001 

88 <3.4 ± 0.4 308 <0.97 ± 0.06 
39 – 106 <2.8 ± 0.3 

242 <1.2 ± 0.1 727 <0.41 ± 0.02 
10 169 <0.030 ± 0.0003 41 058 <0.007 ± 4 × 10−5 

2291 <0.131 ± 0.003 7101 <0.042 ± 0.0005 
91 <3.3 ± 0.3 315 <0.95 ± 0.05 

657 <0.46 ± 0.02 2044 <0.147 ± 0.003 
19 179 <0.016 ± 0.0001 75 744 <0.004 ± 1 × 10−5 

 54 715 <0.005 ± 2 × 10−5 207 808 <0.001 ± 3 × 10−6 

 125 692 <0.002 ± 7 × 10−6 501 400 <0.0005 ± 8 × 10−7 

−5 820 425 <0.0004 ± 4 × 10−7 2696 160 <0.0001 ± 7 × 10−8 

28 453 <0.011 ± 6 × 10−5 81 198 <0.004 ± 1 × 10−5 

 92 980 <0.003 ± 1 × 10−5 442 050 <0.0007 ± 1 × 10−6 

32 809 <0.009 ± 5 × 10−5 92 144 <0.003 ± 1 × 10−5 

32 711 <0.009 ± 5 × 10−5 91 644 <0.003 ± 1 × 10−5 
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