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ABSTRACT

The Breakthrough Listen search for intelligent life is, to date, the most extensive technosignature
search of nearby celestial objects. We present a radio technosignature search of the centers of 97
nearby galaxies, observed by Breakthrough Listen at the Robert C. Byrd Green Bank Telescope. We
performed a narrowband Doppler drift search using the turboSETI pipeline with a minimum signal-
to-noise parameter threshold of 10, across a drift rate range of +£4Hzs™!, with a spectral resolution
of 3Hz and a time resolution of ~ 18.25s. We removed radio frequency interference by using an on-
source/off-source cadence pattern of six observations and discarding signals with Doppler drift rates
of 0. We assess factors affecting the sensitivity of the Breakthrough Listen data reduction and search
pipeline using signal injection and recovery techniques and apply new methods for the investigation
of the RFI environment. We present results in four frequency bands covering 1 — 11 GHz, and place
constraints on the presence of transmitters with equivalent isotropic radiated power on the order of
102 W, corresponding to the theoretical power consumption of Kardashev Type II civilizations.
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1. INTRODUCTION

The Search for Extraterrestrial Intelligence (SETI)
seeks to answer one of the most persistent and profound
questions faced by modern science: does life exist else-
where in the universe? The earliest searches for evidence
of technologically advanced life, or “technosignatures”,
began in the 1950s and 60s with the work of Cocconi &
Morrison (1959) and Drake (1961) and were restricted to
the domain of radio communications over narrow band-
widths. Techniques have since expanded to allow for
varied and innovative approaches to the search for ex-

Corresponding author: Carmen Choza

cgchoza@uchicago.edu
cgchoza@gmail.com

traterrestrial life, including in-situ sampling by space-
craft (Lorenz et al. 2018; Schwieterman et al. 2018),
the remote investigation of exoplanet atmospheres for
signatures produced by biological phenomena (Thomp-
son et al. 2022), and technosignature surveys at optical
(Zuckerman et al. 2023) and infrared wavelengths. Ra-
dio technosignature searches have remained popular due
to the low extinction of radio waves in the interstellar
medium, which allows a vast range of distances and ob-
jects to be observed. These searches have advanced to
cover far wider bandwidths and larger numbers of tar-
gets than ever before (Lacki et al. 2021; Czech et al.
2021) and continue to be powerful tools for SETI. Suc-
cessful detection of artificially structured radio emission
would unambiguously imply the existence of extrater-
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restrial, intelligent life, due to the lack of natural, astro-
physical confounders for these signal morphologies.

Since 2015, the Breakthrough Listen (BL) Initiative
has constituted humanity’s most significant effort to
date to search our skies for extraterrestrial technosig-
natures (Worden et al. 2017). BL operates at a wide
range of wavelengths spanning optical to radio, using
a wide variety of telescopes including the 100 m Robert
C. Byrd Green Bank Telescope (GBT) in West Virginia,
the Automated Planet Finder (APF) in California, and
the CSIRO Parkes ‘Murriyang’ 64-m radio telescope in
Australia. To date, BL has conducted numerous tech-
nosignature searches of nearby stars (Price et al. 2020),
known exoplanets (Franz et al. 2022; Traas et al. 2021),
and the Galactic Plane (Gajjar et al. 2021), in addition
to a variety of other targets.

The great distances to the nearest galaxies make suc-
cessful detection of emission much more difficult than
between nearby stars, requiring signals on the order of
10'° more powerful to be sent in order for us to detect
them on Earth. However, galaxies provide the opportu-
nity to observe billions of stars in a single observation
and to sample the brighter end of the artificial emitter
luminosity function. On the Kardashev scale (Karda-
shev 1964), these ten orders of magnitude correspond to
the leap between a Kardashev I and Kardashev II civi-
lization for typical sensitivities in our GBT observations.
A Kardashev Type I civilization would be able to utilize
the full energy resources of its host planet, whereas a
Kardashev Type II civilization would be able to utilize
the full energy of its host star. At present, humankind
has yet to reach a ranking of Kardashev Type I (Zhang
et al. 2023).

A successful detection of an artificial signal coming
from another galaxy could not only prove the existence
of an extraterrestrial intelligence but also the existence
of a civilization that possesses technology far greater
than that of humankind. Such a signal may be van-
ishingly rare. Despite the immense power required to
produce a signal that we could observe with our cur-
rent sensors, it is feasible that technology could advance
to sufficient levels, and the opportunity to observe bil-
lions of objects with varying size, construction, and age
makes such a search valuable and complements searches
of nearer objects.

Previous SETI studies have turned to maximizing stel-
lar number to expand the search parameter space, but
few have conducted searches for narrowband radio sig-
nals in galaxies with high resolution. Even targeted
searches of nearby stars contain significant “bycatch” of
more distant stars; Wlodarczyk-Sroka et al. (2020) ex-
tended earlier BL searches (Enriquez et al. 2017; Price

et al. 2020) significantly by calculating the stellar by-
catch. Surveys within the Milky Way can be specifically
designed to capture large numbers of stars by target-
ing regions of high stellar density (Gajjar et al. 2021;
Tremblay & Tingay 2020), and Gray & Mooley (2017)
observed the galaxies M31 and M33 at 21cm using the
Jansky VLA with < 1kHz spectral resolution, sampling
~ 102 stars and establishing one of the deepest con-
straints on the luminosity function of extraterrestrial
transmitters in the Local Group. Garrett & Siemion
(2022) and Uno et al. (2023) applied a similar analy-
sis to identify serendipitous observations of extragalactic
objects in GBT data. Their analyses of galaxies identi-
fied in those fields sampled ~ 10" and over 10'3 stars,
respectively, with a spectral resolution of 3 Hz, though
the greater average distance of their galaxy targets leads
to correspondingly higher power requirements and lower
sensitivity than the search of nearby galaxies that we
present here.

1.1. The Green Bank Telescope

All data analyzed in this work were collected using the
GBT, a 100 meter telescope located in West Virginia,
USA and operated by the Green Bank Observatory. The
telescope is capable of observing at frequencies between
0.2 — 116 GHz, depending on the receiver selected. We
collected data for this work using four receivers span-
ning the range from 1 — 11 GHz: the L-band receiver
from 1.10 — 1.90 GHz; the S-band receiver from 1.80 —
2.70 GHz; the C-band receiver from 4.00 — 7.80 GHz;
and the X-band receiver from 7.80 — 11.20GHz. A
user-selectable notch filter blocks the L-band between
1.20 and 1.34 GHz, which is used by BL observations.
A permanent notch filter blocks the S-band between 2.3
and 2.36 GHz. Table 1 provides band information as well
as the EIRP,,;, per receiver, calculated with each re-
ceiver’s system temperature and a signal-to-noise (S/N)
threshold of 33 (see Section 3.1).

1.2. Galazy sample

The BL nearby galaxy sample, detailed by Isaacson
et al. (2017), consists of 123 targets. Our sample of 97
is made up of those targets from Isaacson et al. with de-
clinations above —20°; targets below this declination are
observed by the BL program at Parkes. Together, they
compose a morphological-type-complete set of the near-
est ellipticals, dwarf spheroidals, irregulars, and spiral
galaxies like our own. The sky positions of the targets
are shown in Figure 1.

Distances to the 97 galaxies in the GBT sample range
from 60 kpc (the Ursa Minor Dwarf galaxy) to 29.2 Mpc
(NGC 5813). Therefore, even though each target is ob-
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Figure 1. Sky map of galaxy targets. The colored squares indicate whether the full source is covered by the GBT beam at all
four bands (see Table 1), three bands, two, one, or none. The blue dots are galaxy targets in the southern hemisphere that are
part of the Parkes Observatory sample for observation by Murriyang and are not discussed further here. At least one cadence
was taken per source per band (Tables 4 — 7). All “on” pointings in a given cadence were aimed at the center of the target

galaxy.

served with approximately uniform sensitivity, the min-
imum equivalent isotropic radiated power (EIRP) for a
transmitter in NGC 5813 to be detectable by our ob-
servations is five orders of magnitude brighter than for
a transmitter in the Ursa Minor Dwarf. A histogram
of minimum EIRPs for the 97 galaxies in our sample is
shown in Figure 2.

The half-power beamwidth of the GBT receivers is a
function of frequency; the L-band receiver covers a sky
area almost 40 times larger than the X-band receiver.
Of the 97 galaxies in our sample, 90 are small enough
in angular extent that they are entirely covered within
a single L-band pointing (see Figures 1 and 3). For the
remaining galaxies, we observe a single central pointing,
and some of the associated stars fall outside of the half-
power beam width. In future we plan to tile the outer
regions of some of these galaxies with further pointings
(see Figure 4). A total of 6161 pointings are needed to
completely cover all of the galaxies at X-band, which in-
cludes 3029 pointings dedicated to M 31 alone (the most
extended galaxy in our sample), making it impractical to
cover in a reasonable amount of time using our standard
observation procedure on the GBT.

1.3. Kardashev Type II Civilizations
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Figure 2. Histogram of the 97 galaxies in our sample binned
by the equivalent isotropic radiated power required for a
transmitter (with a bandwidth narrower than 2.79Hz) in a
given galaxy to be detectable in 300s in our GBT observa-
tions. The powers are computed using the characteristics of
the GBT’s L-band receiver. The S, C, and X band receivers
have slightly worse sensitivity and hence slightly higher EIRP
values.

The great distances to other galaxies pose a
formidable challenge for intergalactic communication.
For an isotropic beacon to be detectable from another



Table 1. Survey Parameters

Receiver  Frequency Cadences Hits Events CWTFM?* EIRPumin Transmitter
[GHZ] [10** W] ®  Limit [%]°
L 1.10 - 1.90 100 2186151 288 3793 2.31 3.7
S 1.80 - 2.70 156 853434 250 2828 2.61 3.7
C 4.00 - 7.80 106 1418492 650 3059 3.1 3.7
X 7.80 - 11.20 97 1576236 331 3686 3.46 3.7
Total 1.10 - 11.20 459 6034313 1519 - - -

& Continuous Waveform Transmitter Figure of Merit (CWTFM) is a figure of merit that describes the likelihood to

find a signal above the EIRP;, for that receiver.

b Minimum Equivalent Isotropic Radiated Power (EIRPyin) is a measure of the minimum necessary omnidirectional

power of a transmitter at each receiver to be detected.

¢ The transmitter limit is the maximum percentage of galaxies in each frequency range that possess a transmitter,
given that we find no signals for 97 targets (trials). This figure is discussed further in Section 3.
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Figure 3. Sky area of the 97 galaxies in our sample, as
determined from the major and minor axis values cataloged
in the NASA Extragalactic Database.

galaxy, it would need to be transmitted with power
equivalent to the output of an entire star. Even a Kar-
dashev Type II civilization, with technology capable of
capturing sufficient power, would likely still face the
physical limits of conventional dish antennas. Waste
heat is an inevitable byproduct of any substantial broad-
casting antenna, necessitating efficient heat dissipation
mechanisms to prevent structural failure. The amount
of waste heat that an ideal radiator of area A and tem-
perature T can dissipate can be calculated using the
Stefan-Boltzmann law:

Lwaste = 0SB * T4 -A (1)

For an order-of-magnitude estimate, if we assume that
about half the power is dissipated within the structure
as waste heat (Bonsall et al. 2019), an antenna capable
of transmitting 1 L would require a radiator capable
of dissipating an equivalent quantity of waste heat:

T A
6, OOOK)4( 1 km2) @

No currently known solid material can withstand tem-
peratures of 6,000 K, so such a radiator would have to be
sufficiently large to radiate 1 L without itself melting.
Since present-day Earth electronics generally function
at Earth temperatures or cooler, we can assume a ra-
diator would have to cool the antenna to temperatures
around 300K. The surface area of an ideal radiator ca-
pable of emitting an equivalent power to the sun at a
temperature of 300K would then be:

Lyaste = 74.5 TW(

Lasie 17 2
- =823%107km?,  (3)

74.5 TW (%)

Aradiator =

similar in size to the surface area of the sun. While
such a construction would require colossal expense and
effort, a Kardashev Type II civilization would require
a device of comparable or greater size to collect stellar
power. For a sun-like star and Earth-like electronics, a
Dyson swarm would have to be approximately the size
of a sphere of radius 1 AU, and a civilization capable
of constructing such a system would therefore likely be
able to replicate the feat. However, any construction of
significant scale could face gravitational instability.

A more feasible approach involves the construction of
a vast array consisting of numerous smaller transmitters
operating in concert. The accumulation of coordinated,
phase-aligned, weaker signals from many less powerful
beacons could also produce a sufficiently bright radio
signal. In the case of a system powered by a sun-like
star, the collectors themselves could serve the triple pur-
pose of energy collection, transmission, and heat dissi-
pation. A beacon would then take the form of a com-
plex of transmitters, with the scale of the array varying
from planetary dimensions, if highly focused, to encom-
passing an entire solar system, if isotropically radiating.
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Figure 4. Examples of pointings needed to tile extended galaxies at L-band (left column) and at X-band (right column);
S-band and C-band are intermediate in beam size between these two extremes. Small galaxies such as Sextans A (top row) can
be covered by a single pointing at some bands but may require multiple pointings to cover at other bands, whereas extended
galaxies (including M 31, the largest galaxy in our sample) require multiple pointings at all bands. Yellow circles show the
pointings, tiled so that they touch at the half-power point for a given receiver, required to fill the optical extent of the galaxy
(red ellipse, determined from the major and minor axis and position angle from the NASA Extragalactic Database). The sample
analyzed here consists only of the central pointing for each galaxy, shown here in cyan.

Arrays of highly beamed laser or microwave emitters
have been proposed as means of interstellar propulsion
(Parkin 2018), and some propulsion signatures may be
detectable from interstellar distances (Lingam & Loeb
2017).

We have based our considerations on isotropically
emitting, continuous beacons, but a beamed transmit-
ter would require far less power to achieve an equiva-
lent EIRP. By tightly focusing the beam, the Effective
Isotropic Radiated Power (EIRP) of a given antenna
can be significantly increased, harnessing the high gain
of large dish antennas. A more targeted array reduces
the power requirements considerably. In order to en-
compass the region within 10 kpc of the Galactic Center

from a distance of 10 Mpc, the required beam coverage
(£2) would amount to approximately 3.14 x 10~%sr or 37
square arcminutes. Should the transmitter solely target
that portion of the sky, the Equivalent Isotropic Radi-
ated Power (EIRP) would be 4 million times brighter
than its actual luminosity. Then the actual trasmitting
power of the array is approximately 2.5 x 1077 times
that of an isotropic beacon, or 1.9 x 102 W. The cor-
responding radiator (again applying Eq. 2) necessary
to keep the transmitter system operating would need to
have a collective surface area of 4.11 x 10! km?2, sev-
eral times the surface area of Jupiter but much smaller
than the Sun. Still, even a system designed to illumi-
nate the entire Milky Way, whether simultaneously or
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intermittently, would be much more affordable to con-
struct, and would represent a significantly smaller frac-
tion of a civilization’s power budget. Gray & Mooley
(2017) suggest that the Milky Way’s status as the sec-
ond largest in the Local Group could make it a prime
target for ETT attempting to communicate, and provide
a detailed treatment of some lower-power possibilities.

2. OBSERVATIONS

The BL backend on the GBT (MacMahon et al. 2018;
Lebofsky et al. 2019) enables the storage and analysis of
greater volumes of SETI data than ever before possible.
BL observations at the GBT employ a “cadence” strat-
egy, whereby a target in the sample (an “on” source)
is observed for five minutes, and then an offset loca-
tion is observed several beamwidths from the target (an
“off” source). The on/off pattern is repeated three times
with three separate “off” pointings observed for 5 min-
utes each, resulting in a 30-minute ABACAD cadence
(Lebofsky et al. 2019). Comparing the “on” and “oft”
scans allows us to discriminate between signals of inter-
est and close-by radio frequency interference (RFI), as
signals that are not localized on the sky are likely to be
accidental detections of anthropogenic sources. Signals
of interest are required to be present in all of the three
“on” scans and none of the “off” scans to ensure that the
signal is both localized and continuous. Signals not ac-
celerating relative to the Earth, i.e. those with Doppler
drift rates of 0Hzs™!, are rejected as they most likely
correspond to terrestrial radio interference (Sheikh et al.
2019).

The 459 cadences analyzed in this work repre-
sent 139.7 TB of fine-frequency resolution spectrograms
stored in HDF5 format, recorded by the BL backend at
the GBT. The number of cadences is greater than one
per object per band since some objects were observed
multiple times over the course of data collection. Only
cadences that had complete data across the frequency
ranges in Table 1 were selected; a summary of the data
sample is provided in Appendix A.

The BL backend records spectral data in 187.5 MHz
frequency chunks, with each chunk downsampled and
channelized into multiple time and frequency resolutions
by a separate compute node. The fine-frequency reso-
lution spectra have a frequency resolution of ~ 2.79 Hz
and a time resolution of ~ 18.25s. The data products
are described in detail by Lebofsky et al. (2019) and
MacMahon et al. (2018). Before early 2021, spectra
from separate compute nodes were spliced together to
form broadband spectra. Since early 2021, files were
instead left in their unspliced form to facilitate transfer
and parallel processing. The splicing state does not have

any effect on the following analysis. The sample spans
five years from early 2018 to late 2022, totalling 229 h
of observation time, and includes both spliced and un-
spliced data. Due to a mechanical issue with the GBT in
early 2023, we were unable to obtain complete cadences
for six objects at X-band; for these targets, we use X-
band observations for which one compute node failed to
record data during the observation in at least one scan,
leading to a gap of 187.5 MHz in the spectrum.

3. DOPPLER SEARCH

Each cadence was analyzed using the BL turboSETI
pipeline (Enriquez & Price 2019) to search for linearly-
chirped narrowband signals. The turboSETI method
FindDoppler identifies narrow-band Doppler-drifting
signals in the filterbank files. The bulk of the sam-
ple was processed using seticore!, a high-performance
implementation of core turboSETI algorithms; the two
pipelines produce the same outputs. The turboSETI al-
gorithm requires a minimum signal-to-noise (S/N) ratio
and maximum drift rate range to limit computational
expense and filter noise. Doppler shift has units of Hz,
and we describe Doppler drift rates in units of Hzs™!.
However, to generalize across the search bandwidth, re-
cent SETT studies such as Sheikh et al. (2019) have taken
to normalizing the drift rate by the “rest frequency”,
conventionally the center frequency or upper frequency
of the observing bandwidth, in order to discuss a nor-
malized drift rate that is independent of transmission
frequency. A normalized drift rate will correspond to the
spectrum of “true” drift rates dependent on the trans-
mission frequency that would be produced by an emit-
ter traveling at a single relative acceleration. Sheikh
et al. (2019) recommend that drift rates in the range of
+200nHz, equivalent to a drift rate of £200Hzs™! at
a center frequency of 1 GHz, should ideally be used to
search for narrowband signals in order to account for all
possible drift rates produced by observed objects and
exoplanets. Past studies have acknowledged this rec-
ommendation but chosen more conservative drift rates
to target Earth-like planets or limit computational re-
quirements. A recent study by Li et al. (2023, in re-
view) extended the work done by Sheikh et al. (2019)
to a larger sample and modeled the drift rate distri-
bution of exoplanets using NASA Exoplanet Archive
(NEA) data as well as a simulated population to ac-
count for ease-of-detection bias. The authors find that
a maximum drift rate of £47 nHz would be sufficient to
catch 99% of drift rates produced by the accelerations

L https://github.com/lacker/seticore



of known NEA exoplanets, while the simulated popula-
tion reduces maximum drift rate requirements at the 99
percent level to the £0.5nHz range. At our lowest ob-
serving frequency of 1.1 GHz, this value corresponds to
a non-normalized drift rate of 0.55Hzs™!; at the highest
observing frequency we cover, the non-normalized drift
rate is 5.6 Hzs~!. These results suggest that our chosen
drift rate range covers the majority of the parameter
space of interest.

Following Price et al. (2020) and Traas et al. (2021),
we adopted a minimum? signal-to-noise threshold pa-
rameter (pgset;) of 10; however, we note that this is dif-
ferent from the signal-to-noise threshold of our search
and will be discussed further in Section 3.1. We chose a
drift rate range of £4 Hzs™!, again for consistency with
past BL searches. This drift rate covers the range rec-
ommended by the exoplanet population simulations of
Liet al. (2023, in review) at L, S, and C bands, and 70%
of that range at X band. We refer to any signal detected
by the FindDoppler or seticore algorithm in a single
observational spectrum as a “hit”, and do not record
zero-drift hits. We pass the recorded hits through the
find event method of turboSETI, which removes any
hits for which an “off” observation contains a hit in the
range

Vors = v % 1] x 2(AT) (4)

(where v is the central frequency, © is the drift rate,
and AT is the total time of an observation) and com-
pares remaining hits across the “on” scans in a cadence.
Any collection of three hits forming a signal which ap-
pears in all of the “on” scans and none of the “off”
scans we flag as an “event”. Events were then plotted
with turboSETI’s plot_event method and inspected vi-
sually for RFI and false positives remaining after the
find_event step.

3.1. turboSETI Performance

As in other BL searches, we focus on continu-
ous, narrowband Doppler-drifting beacon signals. The
turboSETI pipeline searches for linearly chirped signals
in time-frequency spectra using an incoherent Taylor
“tree deDoppler” algorithm as described by Siemion
et al. (2013). The tree summation method is compu-
tationally advantageous and allows fast analysis of large
data volumes, but, as it is an incoherent method, the
detection efficiency for complex or high-drift signals is
influenced by the time-frequency resolution of the data

2 turboSETI’s dechirping efficiency is lower for high drift rate sig-
nals, resulting in a higher effective S/N limit. See Gajjar et al.

(2021), and Section 4 of this work.
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Figure 5. Top: The data distribution of a low-RFI coarse
channel, with DC spike removed, overlaid by the same dis-
tribution with the coarse channel roll off cropped out. Bot-
tom: the same data distribution time-summed, as is done in
turboSETI before noise calculation.

products. Signals with drift rates higher than the “unit
drift rate”, defined as Dy = %{, where Af is the fine-
frequency channel bandwidth and At is the length of a
single time integration, will smear across multiple fre-
quency channels in the same time integration, result-
ing in a reduced intensity in the Doppler-corrected inte-
grated spectrum. For the BL fine-frequency resolution
data products, Pynit ~ 0.153 Hzs ™.

Recent work has detailed resolution-dependent limita-
tions of the turboSETI algorithm. Margot et al. (2021)
conducted a signal injection and recovery analysis quan-
tifying turboSETI performance in noise-free constant-
power synthetic spectra, confirming that turboSETI
reaches peak efficiency at drift rates v < i, and de-
creases as 1/N with increasing drift rate, where N is the
number of frequency channels a drifting signal spreads
in At. Modifications to our search algorithms to com-
pensate for these effects are ongoing. To inform these
efforts, we conducted signal injection and recovery tests
to investigate turboSETI’s performance in real data as
a function of signal intensity and drift rate and its re-
sponse to detailed simulated technosignatures.

3.1.1. Signal Generation and Injection

Signals were simulated using setigen (Brzycki et al.
2022), a package developed for the generation of syn-
thetic radio observations in time-frequency spectra and
time-series voltage data. setigen allows sophisticated
control of signal morphology, grounded in physical prin-
ciples. For this analysis, we make use of the spectrogram
module method add_signal to inject linearly drifting,
time-constant, narrow-band signals. Signals were in-
jected with a sinc(f)? frequency profile to simulate the
effects of our pipeline’s Fast Fourier Transform (FFT)
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Figure 6. Top: The resulting data distribution of a coarse
channel treated with a 3o threshold, 5-iteration sigma clip-
ping process. Histograms for the data remaining at each
iteration are laid over the initial, untrimmed data. Bot-
tom: A histogram of the data remaining after trimming the
brightest and dimmest 5% of pixels over the histogram of
the untrimmed coarse channel. The vertical solid and dot-
ted lines mark the mean and +1o0 from the mean of the final
trimmed distribution. The sigma clipping method trims the
“tail”, while the 5% method crops out only a small portion
of the tail as well as a portion of samples within 1o above
the mean.

on a sinusoidal signal in voltage data. For ease of pro-
cessing, we split base files into Neogrse ~ 2.93 MHz wide
frames according to coarse channelization in the data
products, ran turboSETI on the frame with S/N = 10
and a drift rate range of +4 Hzs ™!, inserted N;,, signals,
and re-ran turboSETI on the saved frame containing
synthetic data.

3.1.2. Coarse Channel Response and Noise Calculations

We first measured the pipeline’s efficiency at detect-
ing signals at or near the S/N value, piseri, specified
by the user when running turboSETI, which revealed
discrepancies between injected and recovered signal to
noise ratios. The disagreement on S/N value between
turboSETI and setigen arises due to the different meth-
ods of noise calculation utilized by the two software
packages, as well as bias in injection and noise calcu-
lation stages due to the coarse channel response.

The roll-off in sensitivity due to the coarse channeliza-
tion process is well-known, but its impact on turboSETI
noise calculation has not been fully appreciated. Figure
5 shows a histogram of counts across a coarse channel,
which displays a bimodal profile. One peak corresponds
to the data distribution in the channel plateau, while the
lower intensity peak corresponds to the data distribution
of the coarse channel roll off. After summing the spec-
trogram along the time axis with no dedrifting (integrat-
ing across a full observation), the overlap of the two dis-
tributions creates a long low-intensity “tail”, while the
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Figure 7. The application of the sigma clipping method to
all pixels in the unsummed (non-integrated), 2D data array
for a coarse channel. Before the reduction in variance and
”spreading” of the data as a result of time integration, the
compactness of the distribution leads to overestimation of
the standard deviation attributable to the coarse channel
plateau when using a 3o clipping threshold.

Gaussian representing the data distribution in the chan-
nel plateau narrows. turboSETI version 2.3.2 searches
a coarse channel at a time and calculates the S/N of a
signal by time-summing the data array, discarding the
dimmest and brightest 5% of pixels, then calculating
the median and standard deviation directly from the re-
maining distribution using numpy (Harris et al. 2020)
methods. In contrast, setigen applies a sigma clipping
function which iterates five times at a 30 level to remove
outliers and arrive at a single-mode noise mean. Fig-
ure 6 shows the application of each method to one low-
RFT coarse channel, with trimmed data overlaid on the
untrimmed histogram. The 5% method discards only a
small fraction of the tail, as well as a portion of samples
within 1o of the mean of the remaining data, whereas
the sigma clipping approach eliminates most if not all of
the tail and returns a mean centered on the higher noise
peak and a significantly smaller standard deviation. The
factor of difference in the standard deviations produced
by the two methods varies according to the noise and
RFI present in a given frame, but for 1280 coarse chan-
nels across a full X-band observing bandwidth from 7500
MHz to 11250 MHz, has a mode of 3.25.

When full coarse channels are used for injection, the
overlap of the data distributions in the dynamic spectra
causes an initial overestimation of the standard devi-
ation, which results in an S/N greater than requested
in setigen frames. setigen calculates the intensity of
a signal for injection by multiplying a requested S/N
by the standard deviation of the full 2D array, then di-
viding by Ntl/ % to counteract the corresponding reduc-



tion in background noise and increase in variance of the
dataset when NV, time integrations are summed. Due to
the overlap of the peaks in Figure 5, the sigma clipping
process overestimates the standard deviation in the non-
integrated data (see Figure 7). As the noise of the full
array is used for signal injection, this results in injected
signals with greater power than intended. When the
final spectrogram is time-summed, the sigma-clipping
process then correctly calculates the standard deviation
of the distribution, and the result is an inflated S/N
after normalization.

3.1.3. Spectral Leakage

In order to observe systematic turboSETI behavior
in regions of sparse or dim RFI, we selected the fine-
frequency spectrum of a single node (Nepgrse = 64)
from an X-band observation of UGCA 127 taken on 2021
July 16. Due to reduced RFI density at higher frequen-
cies, turboSETI detected no signals above a piset; = 10
threshold pre-injection. All signals returned could there-
fore be clearly identified as resulting from the injection
process. We ran several injection tests at high con-
stant S/N and a drift rate of 0Hzs™! to investigate
the frequency dependence of signal injection and assess
noise floor levels. We selected central frequencies uni-
formly spaced across the coarse channel bandwidth in
even numbers to avoid interference from the central DC
spike, injecting ten signals per coarse channel for a to-
tal of 640 injected signals. Again, signals were injected
with a sinc?(f) frequency profile to simulate the effects
of our pipeline’s FFT and reproduce the subsequent fine
channelization response.

Small variations in recovered power did occur across
the bandwidth due to nonuniform noise, but two more
significant effects led to the loss of injected signal power.
First, turboSETI version 2.3.2 does not search for 0 drift
rate signals; signals inserted with a drift rate of 0 are
instead reported with the smallest drift rate turboSETI
searches. The first dedrifting iteration shifts the bottom
half of the spectrum by one pixel and results in a fac-
tor of two reduction for signals contained within a single
frequency bin. Second, the fine channelization process
of our data products leads to a variation in recovered
intensity at the fine-frequency scale. In our data, the
fine channel response is defined by a sinc?(f) distribu-
tion around the central frequency of the signal. The
detected intensity of a non-drifting signal will therefore
be attenuated depending on its central frequency with
respect to channel edges and the bandwidth of the sig-
nal, as

I; =1-sinc? (lij;J) , (5)
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where I is the total power of the signal, §f is the fre-
quency offset of the signal’s central frequency from the
central frequency of the nearest fine channel, Af is the
frequency resolution, and I; is the power that results in
data.

For a linearly drifting signal, power is spread continu-
ously across frequencies, and the apparent recorded in-
tensity becomes an integral of the response across the
range of frequencies a signal occupies during a time
integration. Figure 8 details the power reduction ex-
perienced by a signal with intensity both constant in
time and bandpass profile that occurs as a result of
the sinc(f)? response in spectral data, depending on
whether the signal is centered on a fine channel or its
edge. Figure 9 displays the integrated power recovered
as a function of offset and the interaction of offset with
signal bandwidth. As we have no a priori knowledge
of the power with which a signal is sent, understanding
these effects and how they present in the power recorded
in our data will allow us to more accurately determine
the characteristics of a signal and its transmitter in the
event of a successful detection, as well as to place more
accurate constraints on transmitter populations in the
event that no technosignatures are detected.

3.1.4. Doppler Smearing

To confirm and quantify turboSETI’s behavior in real
data as a function of drift rate, we again selected ten
uniformly spaced central frequencies across each coarse
channel bandwidth, aligned with fine channel central
frequencies to avoid offset attenuation, for a total of
640 signals. We chose an S/N value of 1000 to cap-
ture any sensitivity loss, and varied drift rates across a
range of +5Hzs ™!, wider than our search range, to fur-
ther test turboSETI performance with signals that are
outside of the user-inputted bounds. Signals were in-
jected with a frequency profile bandwidth of ~5.6 Hz,
equivalent to the width of two fine channels. The
setigen doppler_smearing routine reproduces the ef-
fect of Doppler smearing by averaging a given number
of copies of a signal between ¢t and ¢t + 1, spaced evenly
between center frequencies. The resulting “dechirping
loss” causes attenuation of a signal proportional to its
drift, spreading the total power of the signal across ad-
jacent frequency bins in a given integration.

The results of this experiment are shown in Figure 10.
Powers are normalized as described in subsection 3.1.2.
We find that 100% of injected signals were recovered
with greatly attenuated S/N at high drift rates, repro-
ducing the expected detection efficiency loss as a func-
tion of drift rate. We note that, for a signal that is
sufficiently smeared, turboSETI recovers signals with
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Figure 8. A side-by-side comparison of voltage- and spectrum-level signal injections in synthetic data for bin-centered and
offset (edge-centered) signals, stacked with time-summed, dedrifted, normalized power spectra. Each set of six injections consists
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Figure 9. The fraction of maximum integrated power re-
covered as a function of offset from the center of a frequency
bin for various signal bandwidths with a sinc?(f) distribu-
tion. All curves are computed for a signal drifting at the
unit drift rate. Assuming uniform intensity across the band-
width, signals with broader bandwidths are less susceptible
to partial power loss due to fine channel response, as inte-
gration over the same bandwidth as a signal drifts through
a bin will be higher-valued for broader profile centers.

real drift rates greater than its search bounds with in-
accurate drift rates and central frequencies. Provided
that the power of the signal is sufficient to overcome
its attenuation as a result of drift or frequency offset,
turboSETI successfully recovers narrow-band, constant-
power signals, including those with drift rates outside its
drift bounds. Though we search only a small fraction of

drift rate parameter space, this effect demonstrates that
the turboSETI pipeline is capable of detecting some hits
outside of its bounds.

3.1.5. Limitations and Countermeasures

The analysis in Sections 3.1.1-3.1.4 calls attention to
factors impacting the sensitivity of our search pipeline.
Methods to counteract the loss of sensitivity to high-
drift signals have been proposed. It is possible to par-
tially mitigate dechirping loss by progressively decreas-
ing the frequency resolution of the dynamic spectra by
a factor of two, an approach adopted by Sheikh et al.
(2023). The “frequency scrunching” approach allows
turboSETI to operate at near-maximum efficiency by
changing the unit drift rate, but also has the potential to
produce redundant hits, as each frequency-collapsed dy-
namic spectrum must be searched with a separate drift
rate range. Another approach proposed by Sheikh et al.
(2023) involves coherently correcting raw voltage data
before reduction, eliminating sensitivity loss at a spe-
cific drift rate but necessitating multiple copies of an
observation to cover all drift rates of interest. Price
et al. (2020) proposed to update the turboSETI algo-
rithm to employ a drift-dependent moving boxcar, av-
eraging N adjacent channels of the integrated spectra
to recover smeared power. Future work will implement
some of these solutions, and alternative avenues such
as machine learning are also being explored (Ma et al.
2023) as well as more computationally intensive overlap-
ping channelization schemes to combat the loss of power
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Figure 10. (Top) Distribution of drift rates reported
by turboSETI after injection. Signals were injected with
two-channel-wide bandwidths to mitigate response loss (see
Figure 9. (Bottom) Dechirping efficiency of turboSETI
as a function of Doppler drift rate. The region between
4+0.16 Hzs™ ! is shaded (orange), and the behavior outside
this region is approximated by an a% function (black) for
both negative and positive drift rates. Dots in orange mark
recovered signals with drift rates outside the search bounds.

due to spectral leakage. At present, no windowing func-
tion is applied during the fine channelization of BL: data
products; doing so could potentially improve channel
isolation and reduce spectral leakage. The results pre-
sented in this section highlight areas for improvement,
and provide useful metrics by which to examine both
the results of previous studies and any future technosig-
nature candidate detected using turboSETI.

We follow the methods of Enriquez et al. (2017) and
past BL papers to calculate EIRP values, using an No
minimum flux density where the theoretical RMS noise,
0, is determined using the radiometer equation and the
published GBT system equivalent flux densities for each
receiver (see Section 6.1) and N is the signal-to-noise
threshold of our search. In this work, though we ran
turboSETI with piset; = 10, we multiply our threshold
by the mode of the factor of difference described in Sec-
tion 6.1 when calculating minimum detectable source
powers. Our signal injection and recovery analysis indi-
cates that a psser; = 10 threshold for this and past stud-
ies conducted using turboSETI actually corresponds to a
detection threshold of 33 times the true noise in a given
spectrogram. Detection limits presented in this work
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account for the corrected threshold. For future injec-
tion and recovery projects and technosignature searches,
we recommend cropping or correcting for coarse chan-
nel shape before running setigen or another injection
method. Implementing sigma clipping or another im-
proved noise calculation process would ensure that the
desired threshold corresponds to a better measure of
spectrogram noise.

4. RESULTS
4.1. Signal Distribution

We ran turboSETI on 459 cadences, finding a total of
6,034,313 hits and 1,519 events across the four observ-
ing bands, distributed as shown in Table 1. The hit and
event frequency distributions are shown in Figure 11.
Histograms of the hit distribution as functions of drift
rate and S/N are shown in the right and left columns
of Figure 12. Although L-band observations only ac-
counted for 21.7% of the sample, the largest share of
hits were found in the L band, at 36.2%. The C and
X bands had similar numbers of hits, at 23.5% and
26.1%, respectively, followed by the S band at 14.1%.
Though the S band comprised the largest proportion of
cadences and has a historically cluttered RFI environ-
ment (see Figure 13), S-band observations contributed
the least fraction of both hits and events, with 16.5% of
the total events. The largest fraction of events (42.8%)
was recorded at the C band, double that at the X band
(21.8%) and L band (19.0%). For all bands, the number
of hits falls with S/N, though peaks appear at higher
S/Ns which likely indicate populations of RFI transmit-
ters that are either nearby to the telescope or intrin-
sically bright. While the statistics in Table 1 do not
include any zero-drift hits, a strong peak still appears
at drift rates near zero, as turboSETI still can recover a
signal with bandwidth sufficiently greater than a single
fine channel if the intensity is nonuniform.

4.2. Data Quality and RFI Environment

If we assume that all the hits found by turboSETI are
from human-created RFI, the spectral occupancy can be
used to assess the quality of the data as a function of fre-
quency. We compute spectral occupancy as the fraction
of observations that contain at least one hit in a given
1 MHz-wide frequency bin. This quantity is calculated
using a large ensemble of observations from the BL back-
end at GBT beginning in 2016, all of which have been
passed through turboSETI. A bin with a spectral occu-
pancy of one means that every observation recorded has
at least one hit (and in many cases more than one hit)
in that range, and a spectral occupancy of zero would
mean that no observation recorded a hit in that range.
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Figure 11. Number of hits (grey) and events (black) versus frequency. The colored regions demarcate the frequency bandwidths
of each GBT receiver used in this analysis. We exclude the (unshaded) notch filter regions (Lebofsky et al. 2019) at L and S
bands. Values for each band, with the number of cadences, are shown in Table 1. Note that there are a different number of
cadences at each band, so the number of hits and events plotted here should not be directly compared across bands. The version
of turboSETI used in this analysis does not search for zero-drift signals, so no zero-drift hits are included.

The targets used for the spectral occupancy analysis
include some of the observations of the galaxy sample
presented in Section 1.2, but also archival observations
of other targets in order to obtain more precise spectral
occupancy statistics. The observations cover L, S, C,
and X bands, with 2368, 5017, 3818, and 7863 obser-
vations, respectively. Each file corresponds to a single
five minute observation spanning the band’s observing
frequency range as defined in Table 1. The full-sky spec-
tral occupancy plots for L, S, C, and X band are shown
in Figure 13. These plots are similar to plots of re-
ceived power as a function of frequency that are often
used to determine how badly observations may be af-
fected by RFI, but are subtly different given that we are
using many observations to calculate the fraction of ob-
servations in which signals are detected as a function of
frequency.

The observation data were grouped by various pa-
rameters to qualitatively search for patterns in the hit
counts, including grouping by telescope altitude and az-
imuth and the local time of observation at the GBT.
The most apparent differences appeared when splitting
the azimuth angle into northern and southern halves of

the sky. The southern sky exhibited higher hit counts in
the C band frequency ranges of 4000-4200 MHz, caused
by the top of the C band geostationary satellite down-
link range, (see Figure 14) and X band frequency ranges
of 8100-8300 MHz, and 10700-11200 MHz, (see Figure
15). In all three cases, the increased hit counts appear
in bands with known satellite transmissions, given in
Table 2.

4.3. Assessing the False Positive Rate

Intermittent RFI can lead to false positive events
when it appears, by random chance, in three consec-
utive ON observations and is absent in the intervening
OFF observations. To estimate how often this occurs as
a function of frequency, we bootstrapped the individual
observations used in the TESS target search of Traas
et al. (2021), and re-ran FindEvent to create artificial
events. This was done by randomly selecting six files
(three on and three off targets) without replacement. In
general, the observation cadence is now ABCDEF, in-
stead of the usual ABACAD, and unlike for the standard
ABACAD cadences, the targets were not necessarily ob-
served consecutively in time. The list of files are then
passed into turboSETI’s find event pipeline with mod-
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Figure 12. Left Column: Histograms of drift rates of all hits (blue) and event hits (red) for each GBT receiver for the nearby
galaxy sample. Here we normalize the drift rate value by the center frequency of the hit, to produce a value in units of nHz
(e.g., 1nHz = 1Hzs™' at 1GHz). Right Column: Histograms of S/N of all hits (blue) and event hits (red) for each GBT
receiver. Note that different numbers of cadences were observed at each receiver. Zero-drift hits are not included; the spike at
0 corresponds to the smallest detectable drift rate, our drift rate resolution of +0.010204 Hzs™*.



14

L Band Spectral Occupancy: n = 2368 observations

Fraction with Hits

GNSS

notch filter region ATC MSS GNSS GOES PCS

il L) ‘ ]

1300 1400 1500 1600 1700 1800 1900

1100 1200
Frequency [MHz]
S Band Spectral Occupancy: n = 5017 observations
7] PCS GOES DSN MSS EES notg:h filter
:':I;:‘ 1.0 region
e
=
z
§0.51
-+
: L.
LLOO' .Lu \J |I{ nI“l il ) il et sl 4
1800 2000 2200 2400 2600 2800
Frequency [MHz]
C Band Spectral Occupancy: n = 3818 observations
v FSS FSS
z 1.0 1
<
=
z
§0.51
=
[}
°
“ 00' - T — T - l T T T T =
4000 4500 5000 5500 6000 6500 7000 7500
Frequency [MHz]
X Band Spectral Occupancy: n = 7863 observations
0 EES FSS
b 1.0 1
<
=
z
§0.51
)
9]
E 4
fol LA il | | MML
8000 8500 9000 9500 10000 10500 11000

Frequency [MHz]
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Figure 14. C band turboSETI hit counts (from the larger set of observations described in § 4.2) divided up into northern
(bottom panel) and southern (top panel) halves of the sky. Each horizontal line in these plots represents the number of hits
detected per 1 MHz bin in a given observation. The thousands of observations plotted here were taken over the course of several
years of the BL program at GBT. Noticeable differences in the hit distributions include increased hit counts in the range of
4000-4200 MHz which appear when the telescope was pointed towards the northern half of the sky and absent when pointed

towards the north.
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Figure 15. X band turboSETI hit counts (from the larger set of observations) divided up into northern (bottom panel) and
southern (top panel) halves of the sky. Noticeable differences in the hit distributions include increased hit counts around 8100-
8300 MHz and 10700-11200 MHz, both of which appear when the telescope was pointed towards the southern half of the sky
and absent when pointed towards the north.



16

Table 2. Radio Frequency Spectrum Allocations, for bands
with high hit densities (see Figure 13)

Band Federal Allocation

(MHz)

1164-1215 Global Navigation Satellite System (GNSS)
1350-1390 Air traffic control (ATC)

1525-1535 Mobile-satellite service (MSS)

1535-1559 MSS
1559-1626.5 GNSS

1675-1695 Geostationary operational
environmental satellite (GOES)

1850-2000 Personal communications services (PCS)

2025-2035 GOES

2100-2120 NASA Deep Space Network use (DSN)

2180-2200 MSS

2200-2290 Earth exploration satellite (EES)

4000-4200 Fixed Satellite Service (FSS)

4500-4800 FSS
8025-8400 EES
10700-11200 FSS

Modified and extended from Price et al. (2020),
FCC Table of Frequency Allocations”

a

https://transition.fcc.gov/oet/spectrum/table/fcctable.pdf

ified timestamps to appear as if the files all came from
a single observation cadence. As we do not expect a
technosignature candidate to be made up of hits coming
from different positions in the sky at different times, we
can be confident that any events found are false pos-
itives due to intermittent RFI. We performed 100,000
random draws for each observing band. Additionally,
the event occupancy was also calculated. The process
for calculating the event occupancy is identical to that
of spectral occupancy, with the key difference being that
only events are counted, as opposed to all hits detected
during an observation. The histogram showing the event
distributions can be found in Figure 16 and the event
occupancy in Figure 17. It can be seen that C and X
band had the fewest events resulting from chance, with
1033 and 216 events in 100,000 simulated observations.
L and S band had a much higher number of events with
407,636 and 32,547 events, respectively.

The frequency of chance events at L and S band is
higher than what is predicted by Equation 6 — 37% of
observations record an event in the 1626 MHz bin and
8.8% of observations record an event in the 2595 MHz
bin. These can be attributed to the high density of radio
transmissions at these frequencies, which is smoothed
over during the spectral occupancy calculation. The
spectral occupancy calculation treats any number of hits

greater than zero exactly the same, whether there is one
narrowband signal in the bin or many narrowband sig-
nals packed densely as seen in the examples shown in
Appendix D. With the higher number of hits per bin,
the detection of a higher number of events can be ex-
pected, resulting in an increased event occupancy.

4.4. FEvent Ranking

The spectral occupancy gives us the probability of ob-
serving a hit in a given frequency bin. Thus for an event
in an ABACAD cadence, we multiply the probability of
observing a hit in the “on” targets with the probability
of not observing a hit in the “oft” targets. We find that
the probability of an event is given by

Pevent(o(f)) = O(f)?)(l - 0(f)>3 (6)
where o(f) is the spectral occupancy for a given fre-
quency bin. As a result, we find that we are most likely
to find events at frequencies with a spectral occupancy
of 50%, at which a predicted maximum of 1.56% of ob-
servations yield events at that frequency. As the spec-
tral occupancy moves away from 50%, the likelihood of
an event decreases, with events being least likely at fre-
quencies with spectral occupancies near 100% or 0%.

With the prevalence of RFI and the frequency with
which it gets flagged as a potential extraterrestrial tech-
nosignature (Enriquez et al. 2017; Price et al. 2020;
Traas et al. 2021; Franz et al. 2022), we want a way
to tell us which events to inspect first. Equation 6 al-
lows us to use the spectral occupancy to quantify the
likelihood of detecting an event, but given the number
of events that are detected, it would be useful to have a
way to quantify which events should be looked at first.
One method is to look at the events that are least likely
to occur, specifically at frequencies that have a low spec-
tral occupancy. This can be achieved by adding a bias
term to Equation 6 to give a higher weight to frequen-
cies with low spectral occupancy and a lower weight to
those with higher spectral occupancy. Here we divide
Equation 6 by a cubic bias term, resulting in

Pweighted(o(f)) = (]' - O(f))s (7)
where o(f) is the spectral occupancy for a given fre-
quency bin. This can be interpreted as the uniqueness
of the candidate based on the likelihood of a signal not
appearing in the OFF observations. For example, an
event appearing in a frequency bin with a spectral oc-
cupancy of zero would be weighted as most interesting,
while an event appearing in a bin with a spectral occu-
pancy of one would be weighted as least interesting.

With the qualitative difference in the hit distributions
based on position in the sky such as those seen in Fig-
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Figure 16. Distribution of bootstrapped event detections (for the sample described in § 4.2) as a function of frequency. L
band: the highest number of events, 58,618 was detected in the 1626 MHz bin. S band: the highest number of events, 17,520
was detected in the 2495 MHz bin. C band: the highest number of events, 173 was detected in the 7500 MHz bin. X band:
the highest number of events, 56 was detected in the 9591 MHz bin.

ures 14 and 15, we divided the sky into three altitude
bins and four azimuthal bins, corresponding to widths
of 30° and 90°, respectively, and calculated the spec-
tral occupancy for each region independently. This has
the advantage of grouping hits that are nearby on the
sky, increasing their influence on the ranking of nearby
events and reducing their impact on events in a different
region. These grouped spectral occupancies have been
applied to the 1,519 events detected in the nearby galaxy

survey. The distribution of events can be seen plotted
against frequency and their ranking under Equation 7
in Figure 18.

5. EVENT GROUPING AND REJECTION

Vetting of events was primarily conducted visually,
using plots generated with plot_event_pipeline. To
avoid missing a signal, all 1,519 events found in the
nearby galaxy sample were inspected by eye. However,
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Figure 17. Distribution of bootstrapped event occupancy — the fraction of simulated observations in which at least one event
was detected — as a function of frequency. L band: The 1626 MHz frequency bin had the highest occupancy, with 37% of
simulated observations detecting at least one event. S band: The 2495 MHz frequency bin had the highest occupancy, with
8.8% of simulated observations detecting at least one event. C band: The 7500 MHz frequency bin had the highest occupancy,
with 0.16% of simulated observations detecting at least one event. X band: The 9591 MHz frequency bin had the highest
occupancy, with 0.056% of simulated observations detecting at least one event.

for comparison with spectral occupancy statistics and to
improve RFI characterization, we also grouped events
using the sklearn DBSCAN clustering algorithm (Es-
ter et al. 1996). DBSCAN deals well with outlier detec-
tion in noisy, few-parameter datasets. Here, its method
of calculating Euclidian distances between scaled data
points is effective at assembling populations of events
at similar frequencies and drift rates. Grouping was

conducted after masking frequencies outside the bands
shown in Table 1 as well as within the GBT L-band and
S-band notch filters. Event groups that align with high-
incidence regions of spectral occupancy are more likely
to correspond to ensembles of persistent known inter-
ferers than large collections of ETI beacons. Therefore
we can assess event groups with the localization crite-
rion as per Section 4.1 and add the context of correla-
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Figure 18. L band: The highest ranked event occurs at a frequency of 1502.993574 MHz, and was given a ranking of
S band: The highest ranked event occurs at a frequency of
2185.955996 MHz, and was given a ranking of 0.94, which corresponds to a spectral occupancy of 0.021. C band: The highest
ranked event occurs at a frequency of 7531.252936 MHz, and was given a ranking of 0.986, which corresponds to a spectral
occupancy of 0.0047. X band: The highest ranked event occurs at a frequency of 10710.079523 MHz, and was given a ranking
of 0.979, which corresponds to a spectral occupancy of 0.072.



20

Table 3. Event Cluster Characteristics

Cluster Events Drift Range Frequency Range Band

(Hz s71) (MHz)
1 363 [-0.17,0.11]  [1120.0, 2463.1] L, S
2 5 [-0.66,-0.60] [1374.3, 1600.3] L
3 55 [-0.30, -0.15] [1134.0, 1618.1] L
4 5 [-1.48,-1.43] [1420.6, 1626.4] L
5 11 [-0.49, -0.38] [1575.7, 1622.2] L
6 4 [-1.31,-1.24] [1618.2, 1626.1] L
7 12 [-0.52,-0.47] [2216.4, 2219.4] S
8 6 [0.14,0.16]  [2231.7, 2233.4] S
9 5 [-0.26,0.20]  [2233.1, 2277.5] S
10 5 [-0.01,0.01] [2610.0, 2614.3] S
11 612 [-0.03, 0.06]  [4003.7, 4202.5] C
12 14 [-0.01, 0.01]  [4500.1, 4786.0] C
13 10 [-0.03,0.01]  [7062.5, 7718.8] C
14 9 [4.07,4.13]  [7500.0, 7500.1] C
15 329 [-0.08,-0.01] [10710.1, 11188.3] X

tion with regions of high spectral occupancy and known
RFT allocations. We averaged drift and frequency val-
ues across each set of three event hits, clustered in fre-
quency and drift, then ranked outliers according to Eu-
clidean distance from the nearest cluster in parameter
space. We chose a value of ¢ = 0.075 for the maximum
neighborhood radius using the nearest-neighbors “elbow
method” for DBSCAN clustering (Rahmah & Sitang-
gang 2016). As we clustered in frequency and drift rate,
we followed the methods of Ester et al. (1996) for two-
dimensional datasets and chose the minimum number of
points per cluster to be twice the dimensionality of our
dataset, Npoints = 4.

Clustering resulted in 15 distinct clusters and 71
events flagged as outliers. The bounds and number of
events assigned to each cluster are reported in Table 3.
Three clusters (1, 11, and 15) comprised the vast major-
ity of events, with cluster 11 spanning the region from
4000-4200 MHz accounting for a full 58% of events. As
this frequency range corresponds with a region of high
spectral occupancy and an FCC allocation for geosyn-
chronous satellites, and visual inspection shows many
subgroups with similar modulation, we attribute those
events to RFI. The high rate of false positives result-
ing from this small range indicate that it may be valu-
able to time observations to avoid the geostationary belt.
Other clusters occur at high-spectral occupancy regions
and correspond to known RFT allocations; clusters 7-10
fall within the 2200-2290 MHz band used for spacecraft
tracking and telemetry, cluster 15 also aligns closely with
a fixed-satellite communications allocation in X-band,

and cluster 1 spans several navigational and telecom-
munications allocations (see Price et al. 2020) with a
distribution of drift rates close to zero. Cluster 1 rep-
resents a pitfall of clustering with a small number of
parameters that have significant range; Cluster 1 spans
both L and S band due to the close grouping of drift
rates, despite frequency interruptions such as the notch
filter and separation between bands. Inclusion of addi-
tional hit characteristics as clustering parameters, such
as kurtosis and bandwidth, could improve the accuracy
and information density of this clustering approach. Fu-
ture work will pursue clustering in a higher-dimensional
space, as well as expanded techniques in anomaly detec-
tion for the classification of RFI populations.

Outliers were re-inspected for anomalous structure.
Examples of the top-ranked outliers are shown in Ap-
pendix C. The majority of outlier events are stragglers
of other clusters that can be identified as part of easily
identifiable clusters of RFI, such as the Iridium satellite
constellation and the aeronautical navigation allocation
identified with cluster 7. Occasional high-drift features
are flagged as events due to wideband, nonlinear RFT.
Two C-band outliers, at 7499 MHz and 7514 MHz, re-
spectively, appear in “on” and ”off” scans and are likely
associated with meteorological satellites (e.g., RosHy-
droMet) transmitting at ~7500 MHz, alongside cluster
14.

Many signals appear visually in both the ON and OFF
scans of a cadence, but were not detected by the pipeline
because their S/Ns were below the threshold in the off
scans. This common pattern likely indicates a source of
interference local to the telescope itself, and could poten-
tially be mitigated by running the pipeline with a lower
S/N threshold for off scans and checking for continuity
before discarding hits as described in Section 3. Ulti-
mately, we determined that all events were attributable
to RFI.

6. DISCUSSION
6.1. Figures of Merit

The large and complex parameter space of SETI
searches makes it difficult to quantify the comprehen-
siveness of a study. Efforts to examine the rigor of large
surveys with respect to certain parameters or subsets of
parameters have resulted in the development of various
“figures of merit”. Here, we calculate the most widely
used figures of merit, comment on their caveats, and
provide values from other similar surveys to facilitate
comparison.

The Drake Figure of Merit (DFM; Drake et al. 1984)
is a well-known metric that endeavors to allow compar-
isons of physical survey characteristics. It is given by
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DFM =

where n is the number of sky pointings, Avi is the
total observing bandwidth, € is the full width at half
maximum of the receiver, and F,;, is the minimum de-
tectable flux density. As the DFM depends on antenna
characteristics, it must be calculated separately for dif-
ferent receivers; surveys using multiple detectors may
compute a combined figure as the sum of the DFM at
each. All else being equal, larger figures indicate more
comprehensive surveys. For our survey, we found the
DFM to be ~ 1.71 x 1032 for signals with drift rates <
0.16 Hzs™!, and ~ 1.46 x 1030 for the highest drift rates
we searched.

The DFM is a useful heuristic for comparing the
breadth of searches in frequency and geometric space,
but as discussed by Price et al. (2020) and Margot
et al. (2021), its focus on sky coverage and minimum
detectable flux density neglect potential nuances of ETI
transmitter distributions and stellar density as well as
other dimensions of survey sensitivity. Enriquez et al.
(2017) define one approach to an improved heuristic: the
Continuous Waveform Transmitter Rate Figure of Merit
(CWTFM), defined as

EIRP i

CWTEM = ¢a0 Nstars Vrel (9)
where v, is the fractional bandwidth, Nggars is the num-
ber of pointings times the number of stars per pointing,
and the EFIRP;, is the minimum detectable equivalent
isotropic radiated power (EIRP) in units of Watts. (a0
is a normalization constant such that the CWTFM is
1 for an EIRP equal to that of Arecibo. EIRP.;, de-
pends on the distance to the target as well as the min-
imum detectable flux density, and denotes the power
requirements on a putative transmitter located in the
most distant source in our sample.

Figure 19 shows the EIRP plotted against the trans-
mitter rate (defined as 1/Ngpars Vrel) alongside values
from other surveys for comparison. Figures of merit
were calculated using only unique pointings; that is,
counting each galaxy once. Estimates (Appendix B) for
the number of stars observed (to determine the transmit-
ter rate) were derived from K-band luminosities collated
by Isaacson et al. (2017), assuming the average mass of
a star is 1My, and calculating the percentage of each
galaxy covered by a GBT pointing at each band assum-
ing a uniform stellar density across the galaxy’s area.
Technosignature searches are compromises between sen-
sitivity (higher sensitivity towards the left-hand side of
the figure) and sky and bandwidth coverage (more stars,
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and/or wider fractional bandwidth coverage, towards
the bottom of the figure).

6.2. Transmatter Limit

Given our lack of a technosignature detection, we can
calculate the transmitter limit, or the maximum per-
centage of nearby galaxies that possess a transmitter de-
tectable with our system and search parameters. Price
et al. (2020) and Traas et al. (2021) calculate this limit
using a one sided 95% Poisson confidence interval with
a 50% probability of actually observing a signal if the
transmitter is present (Gehrels 1986a), interpreted as
a 97% Poisson confidence interval. Calculated in the
same manner for comparison, using the tables of Gehrels
(1986b), we find an upper limit of 3.8% at all four bands.
However, we offer an alternative method for determin-
ing upper limits on transmitter rates that we believe
to be more faithful to a frequentist interpretation. For
a Poissonian model, the cumulative distribution func-
tion gives the probability of detecting Ny = n events or
fewer, assuming some underlying model is true. To find
the upper limit on the the transmitting fraction f;,., we
must exclude all models such that

CDF(n;f,y) <1-p (10)

where p is the desired confidence level.

For our analysis, we choose a one-sided 95% confi-
dence interval, corresponding to a p value of 0.95. Since
we detected n = 0 events, Equation 10 gives an Ny
value of 3 for a Poisson distribution (Gehrels 1986b).
We count each galaxy once for a total of 97 targets,
so the maximum fraction of galaxies in our sample
which could possess a transmitter of sufficient power
is fir = 3/97 = 3.1%. With the caveats discussed in
Section 3 and Section 4, we report that a lack of a suc-
cessful detection at any of 97 distinct targets results in
an upper limit of 3.09% of targets at all four bands (L,
S, C, X), for narrowband, 100% duty cycle transmitters
with equivalent isotropic radiated power on the order of
10%* Watts.

6.3. Limits on Repeatability

Radio emission phenomena traveling significant dis-
tances in intergalactic and interstellar space are neces-
sarily subject to the effects of scattering and the fluctu-
ating density of free electrons along their paths. Scat-
tering can produce a number of observable phenomena,
but most significant to a narrowband search are spectral
broadening, which can spread signal power across adja-
cent frequency bins, and intensity scintillations, which
can help or hinder detection on characteristic timescales.
In the interstellar medium, the degree of broadening and
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Figure 19. A comparison of transmitter rate versus EIRPmin for this work with previous searches, where blue, red, green,
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Arecibo S-Band radar, the power level of a Kardashev Type I civilization, and the total power budget of a Kardashev Type
II civilization (i.e., the total solar luminosity) (Sagan & Agel 1975). Only the results for this work, here shown as six-pointed
stars, are corrected for turboSETI noise calculation methods and calculated using an S/N of 33 rather than an S/N of 10. We
note that the results of all other studies conducted with turboSETI (Uno et al. 2023; Garrett & Siemion 2022; Enriquez et al.
2017; Price et al. 2020) also represent searches off by a factor of ~ 3.3, but we have elected not to alter them here. We show
the lower bounds of the EIRP limit that results from the variation in dechirping efficiency extending from zero drift rate to the
maximum drift rate searched. The transparent six-pointed stars are included for comparison with past works, and represent
the EIRPin for this work if we take the parameter ptsets = 10 at face value as a 100 limit (in other words, with no sensitivity

correction for turboSETI’s noise calculation).

the timescale of scattering modulations are both depen-
dent on line of sight (LOS) relative to the Galactic plane,
distance traversed towards the Galactic Center (GC),
and total amount of scattering material along the LOS.
Though some of our LOS cut close to the Galactic plane,
the GC lies below the cutoff for our GBT sample (—20°
declination). However, our search targets the centers of
nearby galaxies, and therefore a signal would have to
pass through the densest portion of the host galaxy’s
ISM for us to detect it. Still, even in the worst-case sce-
nario of ~ 1Hz scatter broadening for the Milky Way
(Cordes & Lazio 1991), tests show turboSETI success-
fully detects signals with the correct modulation and
sufficient brightness. Therefore, scatter broadening can
still be neglected for our purposes.

The greater obstacle to a narrowband microwave SETI
search is intermittency. Cordes & Lazio (1991) demon-
strate that scintillation due to the ISM can modu-
late a signal above the detection threshold or attenu-
ate it below. The scintillated intensities follow an ex-
ponential distribution such that the signal is attenu-
ated most of the time. Scintillation occurs on longer
timescales farther from, and for shorter paths through,
the Galactic plane. Taking observations many charac-
teristic timescales apart can lead to non-repeatability
of signal detections if amplitude modulations are sig-
nificant enough, but the likelihood of detection for a
strongly scattered signal can be increased by taking
many repeated observations of the same location, sep-
arated by periods of time longer than a characteristic
scintillation timescale (Cordes et al. 1997). Work is on-



going to better understand the impact of scintillation on
narrowband radio SETT surveys and develop strategies
for the detection of scintillating signals (Brzycki et al.
2023). SETI surveys of the GC have applied the method
of repeated observations (Gajjar et al. 2021), but the ob-
serving overhead and storage requirements for this sam-
ple prevented its application for our survey. Neverthe-
less, we do have repeat data for a number of targets in
our sample.

Since our search deals with nearby galaxies, the inter-
galactic medium (IGM) and the ISMs of other galaxies
also contribute to scattering in our sample. Intergalactic
scattering has been comparatively less studied; studies
of extragalactic phenomena such as pulsars and FRBs
consider the effects of the ISM of the host galaxy as
well as passage through intervening galaxies (Ocker et al.
2022). As our sample consists of only the nearest galax-
ies and the beam of the GBT is sufficiently narrow, we
avoid the problem of overlapping galaxies, but we note
the possibility of further modulation and a shortening
of the scintillation timescale as a result of scattering in
the ISM of the host galaxy and the IGM between us and
each galaxy.

7. CONCLUSIONS

We searched for technosignatures originating from 97
nearby galaxies from the Isaacson et al. (2017) sam-
ple, using four receivers covering 1.10-2.7 GHz and 4.0-
11.2 GHz. We searched for narrow-band, Doppler drift-
ing signals with drift rates in the range +4 Hzs™!, with
intensities above a minimum S/N threshold of 33. After
algorithmic processing, correlation of signal character-
istics with known RFI populations, and extensive vi-
sual inspection, we found no compelling candidate sig-
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nals that were not attributable to RFI among the 1,519
events that passed our filters.

Our search marks the one of the largest and broadest
searches for radio evidence of extraterrestrial intelligence
ever undertaken, surveying trillions of stars at four fre-
quency bands. We cover the largest number of stars
of any targeted radio technosignature search to date,
and present the deepest search yet for high-power con-
tinuous beacons from nearby galaxies. Our fields also
contain background stars and galaxies not directly tar-
geted in this search, and accounting for their additional
stars in future work could result in even more stringent
constraints. Re-analysis of our sample using a mod-
ified pipeline or machine learning tools such as those
developed by Ma et al. (2023) could potentially reveal
technosignatures missed by our current tools. Never-
theless, we present new techniques for the identification
and investigation of the RFI environment, and docu-
ment sensitivity challenges for turboSETI to illuminate
the results of past surveys.

8. ACKNOWLEDGEMENTS

The Breakthrough Prize Foundation funds the Break-
through Initiatives which manages Breakthrough Listen.
The Green Bank Observatory facility is supported by the
National Science Foundation, and is operated by Asso-
ciated Universities, Inc. under a cooperative agreement.
We thank the staff at Green Bank Observatory for their
support with operations. CC was funded as a partic-
ipant in the Berkeley SETI Research Center Research
Experience for Undergraduates Site, supported by the
National Science Foundation under Grant No. 1950897.
CC thanks all of the 2022 Berkeley SETI interns for
their support and encouragement. S.Z.S. acknowledges
that this material is based upon work supported by the
National Science Foundation MPS-Ascend Postdoctoral
Research Fellowship under Grant No. 2138147.

REFERENCES

Backus, P. R., & Project Phoenix Team. 2004, in American
Astronomical Society Meeting Abstracts, Vol. 204,
American Astronomical Society Meeting Abstracts #204,
75.04

Bonsall, A., Watts, G., Lazio, J., et al. 2019, 51, 208.
https://ui.adsabs.harvard.edu/abs/2019BAAS...51g.208B

Brzycki, B., Siemion, A. P. V., de Pater, 1., et al. 2023, The
Astrophysical Journal, 952, 46,
doi: 10.3847/1538-4357 /acdee0

—. 2022, The Astronomical Journal, 163, 222,
doi: 10.3847/1538-3881/acbe3d

Cocconi, G., & Morrison, P. 1959, Nature, 184, 844,
doi: 10.1038/184844a0
Cordes, J. M., & Lazio, T. J. 1991, ApJ, 376, 123,
doi: 10.1086/170261
Cordes, J. M., Lazio, T. J. W., & Sagan, C. 1997, The
Astrophysical Journal, 487, 782, doi: 10.1086/304620
Czech, D., Isaacson, H., Pearce, L., et al. 2021, PASP, 133,
064502, doi: 10.1088/1538-3873/abf329
Drake, F. 1961, Physics Today, 14, 40,
doi: https://doi.org/10.1063/1.3057500
Drake, F., Wolfe, J. H., & Seeger, C. L. 1984, SETT science

working group report, Tech. rep.


https://ui.adsabs.harvard.edu/abs/2019BAAS...51g.208B
http://doi.org/10.3847/1538-4357/acdee0
http://doi.org/10.3847/1538-3881/ac5e3d
http://doi.org/10.1038/184844a0
http://doi.org/10.1086/170261
http://doi.org/10.1086/304620
http://doi.org/10.1088/1538-3873/abf329
http://doi.org/https://doi.org/10.1063/1.3057500

24

Enriquez, E., & Price, D. 2019, turboSETI: Python-based
SETI search algorithm. http://ascl.net/1906.006

Enriquez, J. E., Siemion, A., Foster, G., et al. 2017, ApJ,
849, 104, doi: 10.3847/1538-4357/aa8d1b

Ester, M., Kriegel, H.-P., Sander, J., & Xu, X. 1996, in
Proceedings of the Second International Conference on
Knowledge Discovery and Data Mining, KDD’96 (AAAI
Press), 226231

Franz, N., Croft, S., Siemion, A. P. V., et al. 2022, The
Astronomical Journal, 163, 104,
doi: 10.3847/1538-3881/ac46c9

Gajjar, V., Perez, K. 1., Siemion, A. P. V., et al. 2021, AJ,
162, 33, doi: 10.3847/1538-3881 /abfd36

Garrett, M. A., & Siemion, A. P. V. 2022, Constraints on
extragalactic transmitters via Breakthrough Listen.
https://arxiv.org/abs/2209.08147

Gehrels, N. 1986a, ApJ, 303, 336, doi: 10.1086,/164079

—. 1986b, ApJ, 303, 336, doi: 10.1086/164079

Gray, R. H., & Mooley, K. 2017, The Astronomical Journal,
153, 110, doi: 10.3847/1538-3881/153/3/110

Harp, G. R., Richards, J., Tarter, J. C., et al. 2016, AJ,
152, 181, doi: 10.3847/0004-6256/152/6,181

Harris, C. R., Millman, K. J., van der Walt, S. J., et al.
2020, Nature, 585, 357, doi: 10.1038/s41586-020-2649-2

Horowitz, P., & Sagan, C. 1993, ApJ, 415, 218,
doi: 10.1086/173157

Isaacson, H., Siemion, A. P. V., Marcy, G. W., et al. 2017,
Publications of the Astronomical Society of the Pacific,
129, 1. https://www.jstor.org/stable/26660103

Kardashev, N. S. 1964, Soviet Ast., 8, 217

Lacki, B. C., Brzycki, B., Croft, S., et al. 2021, ApJS, 257,
42, doi: 10.3847/1538-4365/ac168a

Lebofsky, M., Croft, S., Siemion, A. P. V., et al. 2019,
PASP, 131, 124505, doi: 10.1088/1538-3873/ab3e82

Lingam, M., & Loeb, A. 2017, The Astrophysical Journal,
837, 123, doi: 10.3847/2041-8213/aa633e

Lorenz, R., Turtle, E., Barnes, J., et al. 2018, Johns
Hopkins APL Technical Digest (Applied Physics
Laboratory), 34, 374

Ma, C.-P., Greene, J. E., McConnell, N.; et al. 2014, The
Astrophysical Journal, 795, 158,
doi: 10.1088,/0004-637X/795/2/158

Ma, P. X., Ng, C., Rizk, L., et al. 2023, Nature Astronomy,
doi: 10.1038/s41550-022-01872-z

MacMahon, D. H. E., Price, D. C., Lebofsky, M., et al.
2018, PASP, 130, 044502, doi: 10.1088/1538-3873/aa80d2

Margot, J.-L., Pinchuk, P.; Geil, R., et al. 2021, The
Astronomical Journal, 161, 55,
doi: 10.3847/1538-3881/abccT7

Ocker, S. K., Cordes, J. M., Chatterjee, S., & Gorsuch,
M. R. 2022, The Astrophysical Journal, 934, 71,
doi: 10.3847/1538-4357 /ac75ba

Parkin, K. L. 2018, Acta Astronautica, 152, 370,
doi: 10.1016/j.actaastro.2018.08.035

Price, D. C., Enriquez, J. E., Brzycki, B., et al. 2020, The
Astronomical Journal, 159, 86,
doi: 10.3847/1538-3881/ab65f1

Rahmah, N., & Sitanggang, I. S. 2016, IOP Conference
Series: Earth and Environmental Science, 31, 012012,
doi: 10.1088/1755-1315/31/1/012012

Sagan, C., & Agel, J. 1975, The Cosmic Connection: An
Extraterrestrial Perspective, A Dell Book (Dell
Publishing Company, Incorporated).
https://books.google.com/books?id=mhJAAQAATAAJ

Schwieterman, E. W., Kiang, N. Y., Parenteau, M. N.,
et al. 2018, Astrobiology, 18, 663-708,
doi: 10.1089/ast.2017.1729

Sheikh, S. Z., Wright, J. T., Siemion, A., & Enriquez, J. E.
2019, ApJ, 884, 14, doi: 10.3847/1538-4357 /ab3fa8

Sheikh, S. Z., Kanodia, S., Lubar, E., et al. 2023, The
Astronomical Journal, 165, 61,
doi: 10.3847/1538-3881/aca907

Siemion, A. P. V., Demorest, P., Korpela, E., et al. 2013,
The Astrophysical Journal, 767, 94

Thompson, M. A., Krissansen-Totton, J., Wogan, N., Telus,
M., & Fortney, J. J. 2022, Proceedings of the National
Academy of Sciences, 119, 2117933119,
doi: 10.1073/pnas.2117933119

Traas, R., Croft, S., Gajjar, V., et al. 2021, AJ, 161, 286,
doi: 10.3847/1538-3881/abf649

Tremblay, C. D., & Tingay, S. J. 2020, PASA, 37, €035,
doi: 10.1017/pasa.2020.27

Uno, Y., Hashimoto, T., Goto, T., et al. 2023, Monthly
Notices of the Royal Astronomical Society,
doi: 10.1093 /mnras/stad993

Wlodarczyk-Sroka, B. S., Garrett, M. A., & Siemion,
A. P. V. 2020, VizieR Online Data Catalog,
J/MNRAS/498/5720

Worden, S. P., Drew, J., Siemion, A., et al. 2017, Acta
Astronautica, 139, 98,
doi: 10.1016/j.actaastro.2017.06.008

Zhang, A., Yang, J., Luo, Y., & Fan, S. 2023, Scientific
Reports, 13, 11305, doi: 10.1038/s41598-023-38351-y

Zuckerman, A., Ko, Z., Isaacson, H., et al. 2023, AJ, 165,
114, doi: 10.3847/1538-3881/ach342


http://ascl.net/1906.006
http://doi.org/10.3847/1538-4357/aa8d1b
http://doi.org/10.3847/1538-3881/ac46c9
http://doi.org/10.3847/1538-3881/abfd36
https://arxiv.org/abs/2209.08147
http://doi.org/10.1086/164079
http://doi.org/10.1086/164079
http://doi.org/10.3847/1538-3881/153/3/110
http://doi.org/10.3847/0004-6256/152/6/181
http://doi.org/10.1038/s41586-020-2649-2
http://doi.org/10.1086/173157
https://www.jstor.org/stable/26660103
http://doi.org/10.3847/1538-4365/ac168a
http://doi.org/10.1088/1538-3873/ab3e82
http://doi.org/10.3847/2041-8213/aa633e
http://doi.org/10.1088/0004-637X/795/2/158
http://doi.org/10.1038/s41550-022-01872-z
http://doi.org/10.1088/1538-3873/aa80d2
http://doi.org/10.3847/1538-3881/abcc77
http://doi.org/10.3847/1538-4357/ac75ba
http://doi.org/10.1016/j.actaastro.2018.08.035
http://doi.org/10.3847/1538-3881/ab65f1
http://doi.org/10.1088/1755-1315/31/1/012012
https://books.google.com/books?id=mhJAAQAAIAAJ
http://doi.org/10.1089/ast.2017.1729
http://doi.org/10.3847/1538-4357/ab3fa8
http://doi.org/10.3847/1538-3881/aca907
http://doi.org/10.1073/pnas.2117933119
http://doi.org/10.3847/1538-3881/abf649
http://doi.org/10.1017/pasa.2020.27
http://doi.org/10.1093/mnras/stad993
http://doi.org/10.1016/j.actaastro.2017.06.008
http://doi.org/10.1038/s41598-023-38351-y
http://doi.org/10.3847/1538-3881/acb342

APPENDIX

A. TARGET LIST

Band Target Observations Time (MJD)

L AND.I 1 2019-12-15 5:02:24
L AND_II 2 2019-12-15 06:39:43 2021-07-10 12:20:53
L AND_X 1 2019-12-15 3:25:38
L AND_XI 1 2022-10-08 6:58:09
L AND_XIV 1 2019-12-15 6:07:29
L AND_XVI 1 2019-12-15 5:35:15
L AND_XXIII 1 2021-07-09 5:57:37
L AND_XXIV 1 2019-12-15 3:57:46
L BOL520 2 2018-07-07 10:58:31 2018-07-07 11:19:29
L CVNI 1 2021-08-01 2:42:40
L DDO210 1 2018-07-07 8:49:26
L DRACO 1 2018-12-05 15:12:07
L DW1 1 2022-10-08 4:41:05
L HERCULES 1 2020-02-13 16:29:29
L HIZSS003 1 2021-07-10 17:15:58
L 1C0010 1 2018-07-09 6:30:36
L 1C0342 1 2020-08-21 16:33:48
L 1C1613 1 2021-08-01 5:30:06
L LEOA 1 2021-07-10 18:23:37
L LEOII 1 2020-08-15 22:27:12
L LEOT 1 2021-07-08 23:58:02
L LGS-3 1 2021-07-10 11:14:34
L MAFFEIL 1 2022-10-08 5:45:38
L MAFFEI2 1 2022-10-08 5:13:17
L MESSIER031 1 2019-12-15 4:30:09
L MESSIERO033 1 2022-11-01 9:02:21
L MESSIER081 1 2020-02-06 17:40:46
L MESSIER101 1 2020-01-25 9:48:33
L MESSIER49 1 2021-08-14 16:43:07
L MESSIER59 1 2021-08-01 0:32:55
L MESSIER60 1 2021-08-01 1:37:18
L MESSIER84 1 2021-07-31 21:52:01
L MESSIERS86 1 2022-11-01 10:48:52
L MESSIERS7 1 2021-07-10 21:06:18
L NGCO0185 1 2019-12-15 2:53:25
L NGC0628 1 2021-07-10 13:27:05
L NGC0672 1 2021-07-10 12:54:11
L NGC1052 1 2021-07-10 14:32:34
L NGC1172 1 2021-07-10 15:05:06
L NGC1400 1 2022-11-03 2:39:43
L NGC1407 1 2021-07-10 15:37:52
L NGC2403 1 2022-10-08 6:19:19
L NGC2683 1 2021-07-10 17:50:45
L NGC2787 1 2020-02-06 18:45:07
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NGC3193
NGC3226
NGC3344
NGC3379
NGC4136
NGC4168
NGC4239
NGC4244
NGC4258
NGC4318
NGC4365
NGC4387
NGC4434
NGC4458
NGC4473
NGC4478
NGC4486B
NGC4489
NGC4551
NGC4559
NGC4564
NGC4600
NGC4618
NGC4660
NGC4736
NGC4826
NGC5194
NGC5195
NGC5322
NGC5638
NGC5813
NGC5831
NGC584
NGC5845
NGC5846
NGC596
NGC636
NGC6503
NGC6822
NGC6946
NGCT720
NGC7454
NGC7640
NGC821
PEGASUS
SAG_DIR
SEXA
SEXB
SEXDSPH

e S S S N T = T = S S S O T = T o T = T = S e e e T = T T T = T = S S e e = T T = T = SOy

2021-07-09 0:30:45
2022-11-19 6:13:36
2021-07-09 1:35:23
2020-02-13 8:24:27
2021-07-10 18:57:10
2021-07-31 21:19:26
2022-11-19 8:24:58
2020-08-16 1:40:59
2020-08-16 2:13:28
2021-08-14 17:15:18
2021-08-14 15:38:55
2021-07-31 22:24:10
2021-08-14 16:11:09
2021-07-31 22:56:15
2021-07-09 3:12:48
2021-07-10 20:34:05
2021-07-10 20:01:51
2022-11-01 11:21:08
2021-07-31 23:28:34
2021-07-09 3:45:24
2021-08-01 0:00:37
2021-08-14 17:47:45
2021-07-09 4:18:00
2021-08-01 1:05:10
2021-07-09 4:49:57
2021-08-01 2:09:45
2021-07-09 5:22:39
2020-01-25 10:21:15
2020-01-25 9:15:57
2020-02-13 13:47:38
2020-02-13 14:19:49
2020-02-13 14:51:57
2021-08-01 6:03:06
2021-08-01 3:48:21
2021-08-01 3:16:09
2021-07-09 9:20:06
2021-07-09 8:48:09
2022-11-01 9:36:28
2021-07-09 7:08:15
2020-01-25 1:10:41
2022-11-03 1:01:58

2018-07-07 09:53:52 2021-07-10 10:40:33

2019-12-15 2:20:50
2021-07-10 13:59:53
2018-07-09 7:35:41
2021-07-09 6:36:07
2022-11-01 10:15:24
2021-04-15 5:02:03
2021-07-08 22:52:44



L UGC04879 1 2021-02-02 1:37:01

L UGCA127 1 2021-07-10 16:43:25

L UMIN 1 2018-12-05 14:37:56

L WLM 1 2021-07-09 7:42:34

Band Target Observations Time (MJD)

S AND.I 8 2018-09-24 07:01:40 2018-09-24 10:37:10 2018-10-15 03:37:26
2018-10-21 06:12:34 2018-10-29 06:27:57 2018-12-02 02:49:54
2018-12-15 02:33:34 2019-01-19 23:47:51

S AND_II 2 2018-08-01 13:12:05 2018-09-02 11:31:15

S AND_X 1 2019-11-27 4:14:38

S AND_XI 10 2018-08-18 09:17:29 2018-09-24 06:25:47 2018-09-24 10:03:46
2018-10-15 03:02:30 2018-10-21 05:38:11 2018-10-29 05:54:03
2018-11-30 23:55:14 2018-12-02 02:14:44 2018-12-15 01:59:05
2019-01-19 23:12:53

S AND_XIV 10 2018-08-18 08:41:37 2018-09-24 05:49:34 2018-09-24 09:30:13
2018-10-15 02:28:58 2018-10-21 05:03:11 2018-10-29 05:19:48
2018-11-30 23:21:45 2018-12-02 01:38:42 2018-12-15 01:24:01
2019-01-19 22:37:00

S AND_XVI 3 2018-06-24 13:56:22 2018-08-01 12:03:45 2018-09-02 10:23:49

S AND_XXIII 1 2019-11-27 5:19:25

S AND_XXIV 1 2019-11-27 4:46:47

S BOL520 3 2018-06-24 14:30:48 2018-08-01 12:38:04 2018-09-02 10:57:42

S CVNI 1 2019-11-24 19:03:32

S DDO210 2 2018-06-10 05:00:46 2018-11-17 00:36:39

S DRACO 1 2018-04-24 8:38:21

S DW1 1 2019-11-27 2:03:33

S HERCULES 1 2019-12-04 19:22:58

S HIZSS003 1 2021-07-17 12:08:11

S 1C0010 1 2019-11-27 3:09:26

S 1C0342 2 2018-05-19 19:23:37 2018-06-15 16:12:59

S 1C1613 11 2018-09-02 12:38:43 2018-09-24 05:15:17 2018-09-24 08:56:05
2018-10-15 01:54:59 2018-10-21 04:28:56 2018-10-29 04:01:38
2018-11-30 22:47:49 2018-12-02 01:04:30 2018-12-15 00:49:48
2018-12-31 21:46:53 2019-01-19 22:02:46

S LEOA 1 2019-12-01 5:22:34

S LEOII 1 2019-11-22 16:12:09

S LEOT 1 2019-12-01 5:55:21

S LGS3 1 2018-09-02 12:04:56

S MAFFEI1 1 2018-05-05 17:49:58

S MAFFEI2 1 2019-11-27 2:35:55

S MESSIER031 1 2020-01-12 19:42:55

S MESSIER033 1 2019-11-27 5:51:54

S MESSIER081 1 2019-12-01 2:39:14

S MESSIER101 2 2018-10-11 19:15:09 2019-01-05 12:49:28

S MESSIER49 1 2019-12-30 15:06:35

S MESSIER59 1 2020-01-26 13:06:48

S MESSIER60 1 2020-01-26 14:11:03

S MESSIER84 1 2019-12-16 15:47:42
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MESSIERS6
MESSIERS7
NGCO0185
NGC0628
NGC0672
NGC1052
NGC1172
NGC1400
NGC1407
NGC2403
NGC2683
NGC2787
NGC3193
NGC3226
NGC3344
NGC3379
NGC4136
NGC4168
NGC4239
NGC4244

NGC4258
NGC4318
NGC4365
NGC4387
NGC4434
NGC4458
NGC4473
NGC4478
NGC4486B
NGC4489
NGC4551
NGC4559
NGC4564
NGC4600
NGC4618
NGC4660
NGC4736
NGC4826
NGC5194
NGC5195
NGC5322
NGC5638
NGC5813
NGC5831
NGC584
NGC5845
NGC5846
NGC596
NGC636

I e e e e i

[ T = T = S S e = T = T = T = S e i e e e T T T T S S st

2019-12-16 14:43:42
2019-12-16 13:07:46
2019-11-27 3:42:21

2020-01-12 20:16:01
2019-11-27 6:23:58

2021-07-17 10:29:54
2021-07-17 11:02:15
2019-01-20 3:49:18

2021-07-17 11:34:36
2018-06-15 18:55:30
2020-02-06 9:09:31

2022-11-07 15:11:49
2019-11-22 15:07:18
2019-11-22 14:35:04
2019-11-22 15:39:39
2019-11-22 14:02:32
2019-12-16 16:20:17
2022-11-07 15:51:03
2019-11-22 16:45:04

2018-09-24 15:17:23 2018-10-13 11:04:09 2018-12-05 10:40:54

2019-01-05 08:35:54
2019-12-30 16:43:57
2019-12-16 12:03:33
2019-12-30 14:34:51
2019-12-16 15:15:54
2019-12-30 15:38:40
2019-12-16 14:11:39
2019-12-16 13:39:45
2019-11-24 17:25:54
2019-12-16 12:35:45
2019-12-30 16:10:52
2020-01-26 12:02:54
2019-11-24 17:58:35
2020-01-26 12:34:55
2019-11-24 16:20:43
2019-12-16 16:52:42
2020-01-26 13:39:02
2019-11-24 18:31:04
2018-06-22 22:50:43
2019-12-16 17:25:20
2019-11-24 19:36:15
2019-11-24 20:08:39
2019-12-04 17:12:48
2019-12-04 17:45:19
2019-12-04 18:17:31
2022-11-11 4:13:05

2019-12-16 17:59:14
2019-12-04 18:49:32
2022-11-11 3:41:03

2022-11-11 3:08:46
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S NGC6503 1 2018-04-24 9:11:35

S NGC6822 1 2018-06-10 4:27:34

S NGC6946 3 2018-09-17 00:22:43 2018-11-09 22:59:52 2018-12-31 19:08:34

S NGCT720 1 2022-11-11 2:36:28

S NGCT7454 1 2022-11-11 5:19:45

S NGC7640 1 2022-11-11 5:52:43

S NGC821 1 2020-01-12 20:48:26

S PEGASUS 2 2018-06-24 11:34:33 2018-09-02 08:39:26

S SAG_DIR 1 2018-06-10 5:34:36

S SEXA 8 2019-12-30 11:20:07 2019-12-30 11:30:40 2019-12-30 11:41:14
2019-12-30 11:52:00 2019-12-30 12:02:32 2019-12-30 12:13:18
2019-12-30 12:24:12 2020-02-06 10:14:47

S SEXB 2 2018-05-16 00:38:02 2022-11-07 16:24:46

S SEXDSPH 1 2019-12-04 13:57:11

S UGC04879 1 2019-12-01 4:16:37

S UGCA127 3 2018-08-18 13:21:29 2018-10-29 10:21:02 2019-01-20 02:40:37

S UMIN 1 2018-04-24 8:04:27

S WLM 1 2022-11-11 4:46:24

Band Target Observations Time (MJD)

C AND._I 1 2021-07-24 3:13:54

C AND_II 1 2020-09-17 11:43:50

C AND_X 1 2018-03-08 18:14:42

C AND_XI 1 2018-03-08 17:09:14

C AND_XIV 1 2021-07-24 3:46:12

C AND_XVI 1 2020-11-21 7:51:55

C AND _XXIIT 1 2022-10-17 9:24:09

C AND_XXIV 1 2022-10-17 8:51:44

C BOL520 1 2018-03-08 15:48:40

C CVNI 1 2019-11-12 19:58:19

C DDO210 1 2019-11-13 0:06:08

C DRACO 1 2022-10-29 13:07:58

C DW1 1 2022-10-17 8:18:54

C HERCULES 1 2019-11-12 22:27:00

C HIZSS003 1 2018-03-17 0:09:51

C 1C0010 1 2020-04-17 1:01:35

C 1C0342 1 2019-11-08 11:30:07

C 1C1613 1 2019-11-13 1:12:39

C LEOA 1 2019-11-08 15:24:34

C LEOII 1 2019-11-12 17:48:32

C LEOT 1 2022-10-17 12:37:15

C LGS23 1 2018-03-08 19:37:18

C MAFFEI1 1 2019-11-08 12:38:17

C MAFFEI2 1 2019-11-08 12:02:41

C MESSIERO031 1 2020-11-14 22:28:49

C MESSIER033 1 2020-06-28 17:40:21

C MESSIERO081 1 2019-11-08 13:44:42

C MESSIER101 1 2019-11-08 10:23:39
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MESSIER49
MESSIERS59
MESSIER60
MESSIERS84
MESSIERS86
MESSIERS87
NGCO0185
NGC0628
NGC0672
NGC1052
NGC1172
NGC1400
NGC1407
NGC2403
NGC2683
NGC2787
NGC3193
NGC3226
NGC3344
NGC3379
NGC4136
NGC4168
NGC4239
NGC4244
NGC4258
NGC4318
NGC4365
NGC4387
NGC4434
NGC4458
NGC4473
NGC4478
NGC4486B
NGC4489
NGC4551
NGC4559
NGC4564
NGC4600
NGC4618
NGC4660
NGC4736
NGC4826
NGC5194
NGC5195
NGC5322
NGC5638
NGC5813
NGC5831
NGC584

e = T S S T S S I = T = S O S N R N B N R e N B S e T T S S T e e S T = T T e T e T O T S e N S e e e e e

2020-04-21 2:57:27

2020-04-21 6:21:31

2020-04-21 6:53:36

2020-05-16 4:40:45

2019-11-12 18:53:22

2020-04-21 5:17:03

2020-10-10 4:41:51

2020-11-21 07:19:01 2022-10-17 09:56:59
2020-09-17 11:11:24

2021-08-07 10:49:37

2018-03-16 23:05:10 2021-08-07 10:17:23
2021-08-07 9:44:45

2021-08-07 9:12:32

2022-10-29 13:42:10

2019-11-08 14:52:11

2018-03-17 1:17:43

2019-11-12 16:40:41

2019-11-12 16:08:27

2019-11-12 17:13:09

2019-07-28 19:09:45

2018-03-19 9:11:18

2019-11-12 18:21:41

2018-03-19 10:14:53 2020-05-16 03:04:03
2022-10-29 18:50:59

2019-11-08 7:37:55

2020-04-21 2:25:04

2020-04-18 6:41:52

2020-04-21 8:01:23

2020-04-18 7:14:21

2018-03-27 02:36:23 2020-04-21 08:33:32
2020-04-21 4:12:22

2018-03-15 06:50:38 2020-04-21 03:30:25
2018-03-14 06:31:25 2020-04-21 04:45:01
2018-03-14 7:34:16

2018-03-27 03:41:05 2020-04-21 05:49:15
2019-11-12 19:25:57

2020-04-21 7:28:47

2022-10-17 11:20:04

2018-03-27 5:51:15

2018-03-27 04:44:04 2020-03-28 09:59:13
2019-11-08 8:43:15

2022-10-17 11:52:45

2019-11-08 9:51:14

2019-11-08 9:19:05

2019-11-08 7:05:27

2018-03-19 11:42:44 2019-11-12 20:31:37
2020-03-28 10:32:17

2020-03-28 11:04:32

2021-07-24 6:53:47



C NGC5H845 1 2020-04-21 9:06:29
C NGC5846 1 2020-03-28 11:36:35
C NGC596 1 2021-07-24 7:25:39
C NGC636 1 2021-07-24 7:57:39
C NGC6503 1 2019-11-08 6:00:33
C NGC6822 1 2019-11-12 23:33:13
C NGC6946 1 2019-11-08 5:17:17
C NGCT720 1 2021-07-24 8:29:57
C NGC7454 1 2021-07-24 4:30:42
C NGCT7640 1 2021-07-24 2:08:42
C NGC821 1 2020-08-28 10:07:53
C PEGASUS 1 2021-07-24 5:03:20
C SAG_DIR 1 2019-11-12 23:01:10
C SEXA 1 2022-10-17 10:43:45
C SEXB 1 2019-11-12 15:03:00
C SEXDSPH 1 2019-11-12 15:35:23
C UGC04879 1 2020-08-14 14:15:50
C UGCA127 1 2021-08-07 11:23:47
C UMIN 1 2019-11-08 6:33:06
C WLM 1 2019-11-13 0:39:35
Band Target Observations Time (MJD)

X AND.I 1 2019-11-23 08:07:37
X AND_II 1 2022-08-29 06:15:02
X AND_X 1 2019-11-17 22:35:40
X AND_XI 1 2019-11-23 07:25:47
X AND_XIV 1 2019-11-23 05:43:31
X AND_XVI 1 2019-11-23 06:50:39
X AND_XXIII 1 2019-11-23 08:40:20
X AND_XXIV 1 2019-11-17 23:07:44
X BOL520 1 2019-11-23 06:18:56
X CVNI 1 2019-11-11 16:09:41
X DDO210 1 2019-12-24 21:42:42
X DRACO 1 2019-11-17 19:54:43
X DW1 1 2019-11-10 02:42:03
X HERCULES 1 2019-12-24 19:52:13
X HIZSS003 1 2021-07-16 15:26:11
X 1C0010 1 2019-11-18 00:17:01
X 1C0342 1 2019-11-10 04:22:36
X 1C1613 1 2020-01-11 01:55:56
X LEOA 1 2019-11-10 07:15:33
X LEOII 1 2019-11-10 09:38:33
X LEOT 1 2019-11-10 12:35:39
X LGS:3 1 2021-02-11 21:20:15
X MAFFEI1 1 2019-11-10 03:50:01
X MAFFEI2 1 2019-11-10 03:14:21
X MESSIERO031 1 2019-11-17 23:43:23
X 1

MESSIERO033

2020-09-20 11:06:59
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MESSIER081
MESSIER101
MESSIER49
MESSIER59
MESSIER60
MESSIERS84
MESSIERS86
MESSIERS7
NGCO0185
NGC0628
NGC0672
NGC1052
NGC1172
NGC1400
NGC1407
NGC2403
NGC2683
NGC2787
NGC3193
NGC3226
NGC3344
NGC3379
NGC4136
NGC4168
NGC4239
NGC4244
NGC4258
NGC4318
NGC4365
NGC4387
NGC4434
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B. GALAXY SAMPLE PROPERTIES

Galaxy Distance K Mag Type L-band Stars S-band Stars C-band Stars X-band Stars
(Mpc)
MESSIERO031 0.77 0.9 Spiral 3.26E+4-09 2.05E+09 2.17E+08 8.85E+07
MESSIER033 0.85 4.1 Spiral 6.34E4-08 4.00E+08 1.38E4-08 6.34E+07
Dwl 2.8 5.1 Spiral 1.58E+10 1.58E+10 1.58E+10 1.58E+10
Maffei2 2.8 4.5 Spiral 2.91E+10 2.91E+10 2.91E+10 5.82E+09
NGC2403 3.18 6.1 Spiral 7.61E409 2.28E+09 3.04E+08 1.62E4-08
1C0342 3.28 4.5 Spiral 4.12E+10 4.12E+10 4.12E+10 1.24E+410
MESSIERO081 3.63 3.8 Spiral 1.06E+11 3.14E+10 2.33E+09 2.23E+09
NGC4826 4.37 5.3 Spiral 3.44E410 3.44E+10 3.44E+10 3.44E+10
NGC4244 4.49 7.7 Spiral 3.21E4-09 3.21E+09 4.59E+08 2.14E+08
NGC4736 4.66 5.1 Spiral 4.86E+410 4.86E+10 4.86E+10 4.86E+10
NGC6503 5.27 7.3 Spiral 6.85E4-09 6.85E4-09 6.85E4-09 1.37E+09
NGC6946 5.89 5.3 Spiral 6.64E410 6.64E410 1.33E+10 7.38E4-09
NGC3344 6.85 7.4 Spiral 1.10E+10 1.10E4+10 1.10E+10 1.58E+409
NGC0672 7.2 8.5 Spiral 4.04E4-09 4.04E4-09 1.35E4+09 5.77TE408
NGC0628 7.31 6.8 Spiral 2.34E410 2.34E+10 2.34E410 3.34E409
NGC4600 7.35 9.8 S0 1.13E+09 1.13E4-09 1.13E409 1.13E+4-09
MESSIER101 7.38 5.5 Spiral 8.91E+10 8.91E+410 8.91E+10 8.91E+10
NGC2787 7.48 7.2 Spiral 1.64E+410 1.64E+10 1.64E+10 1.64E+10
NGC5195 7.66 6.2 S0 4.76E+10 4.76E+10 4.76E+10 4.76E+10
NGC2683 7.73 6.3 Spiral 4.39E+10 4.39E+10 4.39E+10 6.26E-+09
NGC4258 7.83 5.4 Spiral 1.12E+11 1.12E+11 1.12E+411 1.12E+11
NGC4136 7.9 9.3 Spiral 2.20E+09 2.20E+09 2.20E+09 2.20E+09
NGC7640 7.9 8.6 Spiral 4.47TE+09 4.47E+09 2.24E+09 6.39E+08
NGC4618 7.9 8.6 Spiral 4.47TE+09 4.47E+09 4.47TE+09 6.39E+08
NGC4559 8.1 7.5 Spiral 1.44E+10 1.44E+410 2.06E+09 6.86E+08
NGC5194 8.4 5.5 Spiral 1.18E+11 1.18E+11 1.18E+11 1.18E+11
UGCA127 8.5 8.3 Spiral 7.12E+09 7.12E+09 7.12E+09 3.56E+09
Malffeil 3.01 5.5 Elliptical 1.24E+10 1.24E+10 2.48E4-09 6.52E+4-08
NGC3379 11.12 6.2 Elliptical 1.08E+11 1.08E+11 1.08E+11 1.08E+11
NGC1400 24.5 7.8 Elliptical 1.21E+11 1.21E+4+11 1.21E4+11 1.21E+4+11
LeoT 0.42 14 Irregular 2.96E+404 2.96E+4-04 2.96E+4-04 2.96E4-04
NGC6822 0.5 6 Irregular 1.44E4-08 1.44E4-08 7.57TE+06 3.89E+06
LGS 3 0.65 124 Irregular 3.91E4-05 3.91E+405 3.91E+05 3.91E+4-05
1C0010 0.66 6.5 Irregular 1.60E+08 1.60E+4-08 2.28E+07 8.40E+06
1C1613 0.73 74 Irregular 8.00E+07 2.00E+07 2.96E-+06 1.63E4-06
Pegasus 0.76 9.8 Irregular 7.69E4-06 7.69E4-06 7.69E406 1.10E4-06
LeoA 0.81 10.4 Irregular 4.82E4+06 4.82E+06 4.82E+06 4.82E+06
DDO210 0.94 11.2 Irregular 2.97E+4-06 2.97E4-06 2.97E406 2.97E4-06
WLM 0.97 9 Irregular 2.96E4-07 2.96E4-07 9.86E4-06 5.91E4-06
Sag dIr 1.04 12.1 Irregular 1.49E+06 1.49E+06 1.49E+06 2.98E4-05
SexA 1.32 10.1 Irregular 1.91E+07 1.91E+07 1.91E+07 1.91E+06
SexB 1.36 9.5 Irregular 3.75E+07 3.75E407 3.75E+407 5.35E4-06
UGC04879 1.36 11.5 Irregular 4.94E4-06 4.94E406 4.94E4-06 4.94E406
HIZSS003 1.67 11.3 Irregular 9.51E+06 9.51E4-06 9.51E4-06 9.51E+06
UMin 0.06 7.6 Dwarf Spheroidal 3.83E+04 1.28E+4-04 5.36E+03 5.47E+03
Draco 0.08 6.6 Dwarf Spheroidal 1.54E+4-05 4.79E+04 2.96E+04 2.96E+04
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NGC3226 29.1 8.6 Elliptical 7.88E+10 7.88E+10 7.88E+10 7.88E+10
NGC5813 29.2 7.6 Elliptical 2.19E+11 2.19E+11 2.19E+11 2.19E+11

Table 8. Properties of the galaxy sample analyzed in this work, includ-
ing galaxy morphology and estimates for the number of stars captured
at each band. Modified from Isaacson et al. (2017); further properties
are recorded there. Stellar number estimates were calculated using the
K-band magnitudes listed, via the methods of Ma et al. (2014) (see
Equations 1 and 2). Stars were assumed to have a mass of one Mg.
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Figure 20. Dynamic spectra (waterfall plots) of 4 representative events from the 634 event sample. Each plot is a vertical stack
of the 6 scans making up an ABACAD cadence. The vertical axis shows the time since the start of each scan in the cadence,
and the horizontal axis shows the frequency offset from the event’s starting frequency.

D. DBSCAN CLUSTERS IN CONTEXT
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Figure 21. Dynamic spectra (waterfall plots) of events from clusters 1 and 13 (left column), zoomed out to show RFI context
(right column). Both events are accompanied by high-density ensembles of parallel signals across wide bandwidths. Cluster 1
spans several different sources of broadband RFI with close to zero drift, including the ensemble seen in the zoom-out of cluster
13, but with densely spaced broadband phenomena, lines brighter than the local environment can be selected for many drift
rates. The events depicted in (a) and (b) are in a frequency range used for satellite communications, and the events depicted in
(c¢) and (d) match the GNSS band in frequency range.
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Figure 22. Dynamic spectra (waterfall plots) of events from clusters 14 and 15, zoomed out to show RFI context. The two
events are close in frequency but far in drift rate, and part of collections of periodically drifting RFI. Both frequencies lie within
allocations for aeronautical radionavigation and mobile satellites for L-band.
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