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The aim of the search for extraterrestrial intelligence (SETI) is to find technologically capable life beyond Earth through
their technosignatures. On 2019 April 29, the Breakthrough Listen SETI project observed Proxima Centauri with the Parkes
‘Murriyang' radio telescope. These data contained a narrowband signal with characteristics broadly consistent with a techno-
signature near 982 MHz (‘blc1’). Here we present a procedure for the analysis of potential technosignatures, in the context of
the ubiquity of human-generated radio interference, which we apply to blc1. Using this procedure, we find that bic1 is not an
extraterrestrial technosignature, but rather an electronically drifting intermodulation product of local, time-varying interfer-
ers aligned with the observing cadence. We find dozens of instances of radio interference with similar morphologies to blc1 at
frequencies harmonically related to common clock oscillators. These complex intermodulation products highlight the necessity
for detailed follow-up of any signal of interest using a procedure such as the one outlined in this work.

ect performed observations to place limits on the prevalence

of radio technosignatures (non-human ‘objects, substances,
and/or patterns whose origins specifically require a [technological]
agent,, by analogy with biosignatures') in the direction of Proxima
Centauri (ProxCen). ProxCen is an astrobiologically fascinating tar-
get due to its proximity: it is the closest star to the Sun at 1.295pc
(ref. 2); it is host to Proxima b, the closest known exoplanet to the
Earth®*, which lies in the traditional habitable zone of ProxCen; and
it has even featured as the target of a proposed in situ search via
Breakthrough Starshot®.

We employed the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Parkes ‘Murriyang’ telescope with
the Ultra-Wideband Low receiver (UWL), across 0.704-4.032 GHz,
as part of the project ‘P1018: Wide-band radio monitoring of space
weather on Proxima Centauri’ (primary investigator A.Z.). These
observations were part of an international multi-wavelength cam-
paign to monitor ProxCen for stellar flares’, collaboratively car-
ried out using the BL Parkes Data Recorder backend in shared-risk
mode®. In parallel with the P1018 flare search, the BL team used
the data to conduct a technosignature search of ProxCen. Over
those six days, ProxCen was observed for a total of 26 h 9 min; data
are available at seti.berkeley.edu/blcl.

We searched for narrowband drifting signals in high-resolution
dynamic spectra'® with ~17s subintegrations and ~4 Hz frequency

F rom 2019 April 29 to May 4, the Breakthrough Listen (BL) proj-

resolution. We ran the turboSETI version 1.2.2 (turbo search
for extraterrestrial intelligence) narrowband search algorithm,
as described in a companion paper'’, and the pipeline returned
a narrowband event that appeared in two consecutive observa-
tions of ProxCen and did not appear in any reference ‘off-source’
observations towards astronomical calibrator sources between the
‘on-source’ ProxCen observations, even upon visual inspection.
This single event was named ‘blc1’ as shorthand for ‘Breakthrough
Listen candidate 1. We find ‘signal of interest’ to be a more appro-
priate categorization than ‘candidate’ (see, for example, ref. > and
Supplementary Discussion 1.1), but as ‘blcl’ is already in common
usage, we will continue to use it here. The blc1 signal is shown in
Fig. 1 and its properties are enumerated in Table 1.
The blcl signal is intriguing because:

1. Itis a ~Hz-wide narrowband signal, which cannot be created
by any known or foreseeable astrophysical system, only by
technology™.

2. It exhibits a non-zero drift rate, as expected for a transmitter
that was not on the surface of the Earth.

3. Its drift rate appears approximately linear in each 30 min ‘panel’
(one single-target observation from a cadence of observations
that makes up a waterfall plot such as Fig. 1), but the drift rate
changes smoothly over time, as expected for a transmitter in a
rotational/orbital environment.
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Fig. 1| A waterfall plot (dynamic spectrum) around 982 MHz depicting alternating observations of ProxCen and off-source positions from 2019 April
29. The horizontal axis shows the relative frequency offset from a start frequency, the y axis shows time progressing from top to bottom (and from left to
right, continuing from the end of the first column to the beginning of the second) and the colour bar shows detected power (linearly normalized). The blc1
signal is visible as the diagonal linear feature in ProxCen panels 1, 2, 3, 4 and 7. Data were not taken during the periods marked by purple panels, which are
primarily telescope slews.
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Table 1| Basic characteristics of blc1

Value

2019 April 29
13:17:35.232 UTC
18:19:26.400 UTC

Characteristic

Detection date
Time at first detection

Time at last detection

Length of persistence 5.03h

Signal frequency at first detection 982.0024 MHz
Signal frequency at last detection 982.0028 MHz
Initial drift rate 0.0326 Hzs™'
Average signal-to-noise ratio? 17.956

Signal bandwidth <3.81Hz

2 Average signal-to-noise ratio is calculated as the average of the signal-to-noise ratios from the
five 30 min observations in which blc1 appeared.

4. Itisabsent in the off-source observations (see ‘Initial investiga-
tion and parametrization of blc1’), as expected for a signal that
is localized on the sky.

5. It persists over several hours, making it unlike other interferers
from artificial satellites or aircraft that we have observed before.

For these reasons, especially Point 4 (by which we have ruled
out turboSETT outputs in previous searches, for example, in ref. '*),
blcl warranted an in-depth analysis beyond any event so far in the
course of the BL initiative.

Initial investigation and parametrization of blc1

We first ensured that the telescope and backend logs showed nor-
mal operation, mapped out the telescope pointings against the
local site and checked that the data recording was functioning cor-
rectly. Upon consultation with the observatory and the Australian
Communications and Media Authority, we found that there is
no catalogued radio-frequency interference (RFI) at the Parkes
Observatory at 982.002 MHz, nor registered transmitters at that
frequency in Australia. The band near 982 MHz is more broadly
reserved for aircraft.

A signal that is truly localized on the sky should be detected
only when the telescope is pointed at that location, if the off-source
positions are suitably chosen with regard to the sidelobe pattern of
the telescope. To ensure that the behaviour seen in the off-source
observations is consistent with a localized emitter in the on-source,
we must consider the cadence, off-source positions and off-source
luminosities, and perform a thorough search for highly attenu-
ated power on the off-source observations. The ProxCen campaign
employed a modified observing strategy that was different than the
usual BL procedures'*", to fulfil the projects primary goal, which
was to observe and characterize stellar flares from ProxCen. The
cadence was non-standard, consisting of 30min integrations on
ProxCen that alternated with 5min observations of the calibrators.
This cadence was chosen to maximize the on-source time. However,
the asymmetry in the observing lengths (30 min versus 5 min) causes
an associated asymmetry in the expected signal-to-noise ratio (S/N)

from the same signal in a turboSETT analysis by a factor of /32

In addition, the off-source positions were two quasars (and a
single pulsar, observed once) selected from the Australia Telescope
National Facility calibrator database. Off-sources for turboSETI are
usually chosen to be positions, usually stars, without a detectable
radio flux, for consistency when evaluating apparent S/Ns between
on-sources and off-sources. As these observations were being used
for flare detection, the off-sources were chosen as quasars for fre-
quent evaluation of the system temperature. The quasars, given
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their intrinsic radio emission, have a higher ‘noise floor’ that we
must contend with when searching for narrowband emission. From
ref. %, we find a flux of S(v) =10Jy at a frequency v of 982 MHz for
both PKS 1421-490 and PKS 1934-638. Given our system equivalent
flux density of ~38Jy from above, this leads to a total flux density of
48 Jy when observing on a calibrator.

Finally, the off-source positions were significantly farther from
ProxCen than in a normal BL observation. PKS 1421-490 is 12.57°
from ProxCen and PKS 1934-638 is 45.82°. These distances led to
the long slew times shown in Fig. 1, which can cause the temporal
RFI environment to change between the on-source and off-source
observations. There may also be a large spatial difference in direc-
tional RFI, especially when complicated by the telescope sidelobes.
Similarly, the position of ProxCen changed in sky coordinates by
30°, primarily in azimuth, from first detection to final detection.

In this case, the first two effects would downweight the
expected S/N of blcl in the off-source observations by a factor of

2 x 33 ~ 3, which should still be detectable in a de-drifted sum if

the signal were present in the off-source. We took all nine off-source
panels in Fig. 1 and individually examined their waterfall plots, con-
firming that there was no visible signal in the first eight. The ninth
and final off-source shows some power near 982.0028 MHz.

Highly attenuated signals in an off-source observation may
become apparent only after removing the expected drift rate. To this
end, we de-drifted each off-source panel to the nearest best-fit drift
rates (Supplementary Methods 2.1). The final off-source does show
a faint narrowband signal (S/N < 5), but the best-fit drift rate for this
signal is 0Hzs™, not 0.14 Hzs™". Although this could be interpreted
as blcl appearing in an off-source, we deemed it inconclusive given
the lack of appearance in the previous off-source observations, the
known presence of a 0 Hzs™" interference comb in the spectrum (see
‘Frequency comb’), the mismatch of the expected and measured
drift rate, and the low S/N.

Finally, to search for constant, highly attenuated power across
the off-sources, the panels can be individually summed across their
5min and 30min lengths to create integrated spectra, and those
spectra can in turn be summed to produce an incoherent sum across
every off-source observation. We saw no resulting signal (S/N > 5)
in the de-drifted spectra of any non-detection, nor any signal in the
incoherent sum of the nine off-sources. This indicates that either
the phenomenon was localized on the sky (either near ProxCen’s
location or near a source in the sidelobes of the telescope) or the
phenomenon had a duty cycle or brightness variation that matched
our chosen cadence particularly well.

Frequency comb. Using an auto-correlation function in fre-
quency, we find evidence for an RFI frequency comb, which is a
set of non-drifting signals regularly spaced in frequency with stable
amplitude, in the blcl observation (Supplementary Fig. 16).

The comb is present in the on-sources and the off-sources, has a
spacing of ~80.1 Hz and is present throughout the entire 128 MHz
sub-band, from 960 to 1,087 MHz. This implies that the comb is not
localized to the part of the spectrum around blcl, lowering the likeli-
hood that they are related phenomena. To investigate this further,
we searched for reappearances of the frequency comb in other UWL
observations (using the 7,000 observation data set described in ‘Other
Murriyang signals near 982 MHz’) and found that the comb appeared
occasionally, throughout the year, without any associated signals at
982 MHz. We did not detect the frequency comb in any of the 2020
November or 2021 April re-observations (see ‘Re-observations’).

We deem the comb to be independent of blc1 based on observing
the comb over the week of ProxCen observations and in unrelated
campaigns throughout the year in both on and off-sources (indica-
tive of RFI) without an appearance of blc1, on the lack of drift in the
frequency comb, and on a lack of correlation between the S/N over
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Fig. 2 | Drift characteristics of non-LEO satellites and deep-space probes
above the horizon during the event time. The green thin lines are GEO, the
magenta are MEO and the orange are other non-LEO satellites. The thick
lines are deep-space probes: Parker Solar Probe (blue), Gaia (orange), Juno
(green), New Horizons (red), Ryugu (purple) and Voyager 2 (brown). The
black data points show the blc1 data (Supplementary Table 1), where the
x-axis bars are the time of observation and the y-axis bars are 1o error bars.
The deep-space probes are closer to the correct order of blc1's drift due to
their unique status as near-sidereal sources, but none can explain blc1.

time of the comb and the S/N over time of the signal. However, the
RFI comb unfortunately complicates the measurement of param-
eters, especially the S/N, in observations of signals similar to blcl
with heavy interference.

Re-observations. Around 2020 mid-November, we began to
re-observe ProxCen during our scheduled observation time
at Murriyang, for sessions when it was above the horizon. We
re-observed ProxCen on November 19, 26 and 30, for 3-4h on
each occasion. These re-observations were performed with the
same UWL receiver, BL backend and outputted data product as the
original observation of blcl. However, we chose a more standard
cadence for the re-observations, 15min on-source on ProxCen and
15min off-source, with the off-sources chosen to be nearby stars at
different relative angles to the ProxCen-ground vector. No signals
of any drift rate were detected at v, +2kHz in any of these three
re-observations.

Two years after the original detection, from 2021 April 29 to May
3, we observed for 12h each day to replicate the relevant portion of
the initial ProxCen session in 2019. These re-observations were per-
formed with the same UWL receiver, BL backend, outputted data
product, local time and cadence as the original observation of blc1.
No signals of any drift rate were detected at 14, +2kHz in any of
these re-observations.

Constraining physical and electronic drift rates

Signals drifting in frequency are generated in one of two ways: a
transmitter accelerating relative to the observer, or an electronically
varying (deliberately or not) transmitter. Both means may be pres-
ent at any given time.

Strong ground-based RFI entering into a distant sidelobe may
remain detectable even when the telescope is pointed at different
parts of the sky. The sidelobe may downweight the signal by a fac-
tor of 10° (50 dB) or more®, but the signal may still be detected with
higher S/N than an intrinsically weak and/or distant signal com-
ing through the main lobe with as little as one millionth of the flux
density. For satellites, the main lobe and near-in sidelobes subtend
a very small area, so ‘direct hits’ from satellites are rare but can satu-
rate the receiver when they do occur.

1156

Accelerational drifts. For this analysis, we assume that the signal
from a transmitter near 982 MHz is leaking in through either a dis-
tant antenna sidelobe or the main beam. We seek to explain both the
drift morphology of the signal and the prevalence over a sufficient
length of time.

With the frequency fixed, we looked at drift rate characteristics
of transmitters undergoing various ‘normal’ motions. The drift is
proportional to the relative line-of-sight acceleration between the
receiver and transmitter, which can be produced via a change in
speed or relative direction. The drift due to just telescope motion as
it tracks an object is < 10~ %7, where ' is the signal drift of blc1, and
hence does not explain blc1’s characteristics.

Ground-based and aerial transmitters. A transmitter on the
ground may be stationary, or be on a moving platform in the
vicinity of the telescope, such as a car, train or other vehicle. In
the air, the transmitter could be on a plane, helicopter, drone, bal-
loon or other airborne object. To investigate these hypothetical
transmitters, we looked at a range of plausible routes around the
observatory (say, for someone walking or biking) and for a range of
velocities for vehicles along the nearby highway, as shown in
Supplementary Fig. 1, for a fixed frequency transmitter. Similarly,
we explored a range of plausible airplane velocities and routes
between various cities.

Supplementary Fig. 1 shows the primary issue with all of the local
signals described above, namely that speeds high enough to exhibit
the correct order of drift do not persist long enough; conversely,
for low enough speeds to persist, the drifts are too low. None of the
drift characteristics from local signals match the measurement, and
it is extremely difficult to construct a continual motion path that
could persist as exhibited by the measured signal, even by varying
the speed along the route.

Satellite transmitters. Next we considered artificial satellites orbit-
ing the Earth, which are broadly grouped as low-Earth orbit (LEO,
~90 min orbits), (2) medium-Earth orbit (MEO, ~12h orbits), and
(3) geosynchronous orbit (GEO, ~24h orbits). The short period of
LEOs implies that they cannot be responsible for the signal regard-
less of their drift characteristics, so we did not include LEO satellites
in our analysis. Conversely, we do include GEO satellites; GEO is
often referred to as ‘geostationary, implying true zero drift, but even
stable GEO satellites generally meander in a figure-of-eight motion.
There are a small number of satellites in other orbits as well, which
are encompassed by the following analysis.

To investigate these satellites, we downloaded orbital element
parameters for all known, active, non-LEO satellites for the date
in question (https://www.space-track.org). All satellites above the
horizon are plotted as the faint lines in Fig. 2. Even for geosynchro-
nous satellites (green lines), the drift characteristics vary too rapidly
to explain the signal characteristics.

Transmitters on deep-space probes. Deep-space probes are explor-
atory spacecraft that do not orbit the Earth, and are the most
celestially stationary sources produced by humans. Although their
radio emission can be strong relative to celestial sources, their dis-
tance generally makes them weak enough that they are not readily
detectable unless they happen to be in or near the main beam. To
investigate space probes, we obtained positional information from
NASA Horizons at https://ssd.jpl.nasa.gov/horizons.cgi. Figure 2
shows the drift of space probes above the horizon, although none of
them coincide with the main beam of the telescope. Their drifts and
positions are inconsistent with those of blcl.

We also considered—and dismissed—transmitters on asteroids
and reflections from Earth-bound radio transmitters off of asteroids
in the primary beam as a potential source of blcl (Supplementary
Methods 2.2).
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Electronic drifts. Finally, we considered electronically varying
signal generators. A modern signal generator can be programmed
to produce any drift rate; there are effectively no constraints, and
thus we cannot use this to inform our analysis. However, we can
constrain other causes of electronic drift related to the temperature,
aging and voltage of the oscillator; all oscillators exhibit some drift
with these parameters.

This type of RFI is prevalent, but typically the drifts are too low
(very good regulation) or too high and wandering (as in more typical
commodity devices) for them to be mistaken for an object moving
sidereally. They are also almost always seen in both the off-source
pointings as well as the on-source pointing. However, given their
prevalence, occasionally a device could potentially exhibit the
expected characteristics of a sidereal source, which would be dif-
ficult to ascribe to RFL

Astronomically expected drifts. We can also compare the drift rate
magnitude and morphology to the sidereal drift in the direction of
ProxCen, as well as known accelerations and orbital periods from
the planets in the ProxCen system. Defiance of expectations for
drift rates in a target system does not invalidate a signal, but a match
provides additional evidence in favour of an interstellar origin. In an
effort to be easily detected and discernable as ‘stationary, a distant
transmitter in the direction of the antenna pointing could electroni-
cally vary its transmission frequency to compensate for its motion
relative to the Sun, the Earth or the barycentre of the Solar System.
For the timescales relevant to our observation, the Earth’s rotation is
the primary contributor to the expected drift rate for ProxCen, and
is similar for all other sidereal sources in the beam (Supplementary
Discussion 1.2). Supplementary Fig. 2 shows the relevant geometry
of the Earth-Sun-ProxCen positions and the corresponding resid-
ual drift. We find that the drift rate of blcl is not consistent with
the barycentric motion expected from the direction of ProxCen, but
is consistent with the order-of-magnitude drift that could be pro-
duced in the system, based on the orbital and rotational motions of
its planets (Supplementary Discussion 1.3).

Searching for other instances of blc1

In parallel with the drift rate analysis, we performed a search for
reappearances of the signal of interest on other days and at other
frequencies.

Other Murriyang signals near 982 MHz. We searched for sig-
nals with the same frequency and same drift as blcl from both the
week-long ProxCen campaign and every archival observation from
standard BL Murriyang UWL observing of other stellar targets.

To find all appearances of blcl, even those that were too faint
or too masked by RFI to be flagged by turboSETI, we produced
output plots for visual inspection from every ProxCen on-source
and off-source observation from April 29 to May 4. We restricted
the plots to 982.002-982.004 MHz to begin with; a few plots were
extended up or down by 1kHz if there appeared to be interesting
behaviour near the upper or lower bounds.

We created and searched two kinds of output plots, namely
dynamic time-frequency spectra ‘waterfall’ plots (Fig. 1) and
‘butterfly’ plots, which display the power at each drift-rate-fre-
quency pair after use of a de-drifting algorithm (Supplementary
Methods 2.1). Examples of these output plots are shown in
Supplementary Fig. 17.

Through analysis of these diagnostic plots, we identified four
occurrences of blcl-like signals during the ProxCen observations,
which, through their low S$/Ns, had failed to reach turboSETTs
detection threshold. An example of one of these similar signals is
shown in Fig. 3; the rest are displayed in Supplementary Figs. 3-5.

We performed the same analysis with every archival observation
that BL had taken with the Murriyang UWL receiver. In total, this
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consisted of about 7,000 observations from 2019 to 2020, primarily
nearby stars in the Hipparcos catalogue'”' but also pulsars and qua-
sars used for calibration and, of course, ProxCen. Most of these files
had a standard duration of 5min, as opposed to the 30 min observa-
tions from the ProxCen campaign. In many of these observations,
we observed the same zero-drift frequency comb as detected in the
original blc1 observation (see ‘Initial investigation and parametriza-
tion of blc1’), giving more evidence that this comb is unrelated RFI.

We found 15 similar-looking features in these non-ProxCen
UWL observations. Visual inspection of the full cadences sur-
rounding these features shows that 14 of them are different from
the blcl-like signals in morphology, length, drift behaviour and/
or signal strength over time. However, one of the 15 features
is clearly RFI due to its persistence across both on-source and
off-source observations, appeared four days prior to blcl and looks
to be potentially a member of the set including blcl and the simi-
lar signals from the ProxCen campaign; this signal is shown in
Supplementary Fig. 6.

All five of these 982 MHz signals from different days are fainter
than blcl; three of them conclusively appear in the off-sources,
whereas two of them are inconclusive.

Different frequencies. Human-made communication technologies
often use multiple simultaneous frequency channels to send infor-
mation for improved redundancy and bit rate. It is possible that
extraterrestrial intelligence would do the same; it is also possible
that the appearance of a blcl twin at another frequency, if clearly
RFI, would allow us to determine that blc1 is also RFI.

To find signals similar to blcl at different frequencies, we cal-
culated the frequency-normalized drift rate (Znormalized = %) that
would indicate a signal that was drifting proportionally to blcl
in the first observation. This proportional drift is expected for
multi-frequency transmitters in the same accelerational environ-
ment, but also in multi-frequency transmitters that are drifting
electronically.

We then searched the catalogue of narrowband hits created
with turboSETI for signals that appeared at the same time as blcl
and were drifting proportionally in the first panel, plus or minus
the drift rate error proxy as given in the first row of Supplementary
Table 1. This search returned 112 hits: blcl itself and 111 signals that
turboSETT had identified as hits but then rejected as RFI at an early
stage in the pipeline due to their appearance in off-source observa-
tions. These hits were plotted in the context of all of the subsequent
panels of the ProxCen observation on 2019 April 29.

We visually inspected the 111 matches, looking for signals that
had the same morphology as that of blcl beyond the drift rate in
the first panel. To identify a signal with the same morphology, we
looked for monotonicity, a shallowing of the slope over time, a verti-
cal length that spanned multiple panels and the absence of complex
additional features (for example sinusoidal behaviour). We found
that 36 of the 111 turboSETI matches (32%) were blcl ‘lookalikes),
namely signals with morphology strikingly similar to that of blcl.
A subset of these lookalikes is shown in Supplementary Fig. 7,
and some examples of the ‘non-lookalikes’ are shown in
Supplementary Fig. 8.

The lookalikes have a range of variabilities over time, which
seem to indicate multiple transmitters producing unusually consis-
tent drifts. We then performed the same search as before but with
negative drift rates. We found 310 hits from RFI, of which 27, upon
visual inspection, were found to be mirrored lookalikes, with exactly
the same drift structure over time as blcl but flipped in morphology
across the frequency axis. A selection of these signals is shown in
Supplementary Fig. 9.

We can conclusively state that all lookalike and mirrored loo-
kalike signals are RFI due to their appearance in off-source
observations.
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Characterizing the blcl lookalike population. The presence of
this population of both positively and negatively sloped blc1 looka-
likes preliminarily suggests that all lookalikes (including blc1) share
a common origin. We can further assess this claim by examining
the similarity in the parametric distributions of the lookalike signals
and of blc1. We find that blc1 is consistent with the lookalike popu-
lation in absolute drift rate, frequency and S/N (Fig. 4).

Determining the origin of the blcl lookalike population. We can
further strengthen the claim that the lookalike population shares a
common origin if we can identify a frequency-shifting instrumental
or electronic effect in the data. One potential source of that effect
is instrumental harmonic distortion, which can produce replicas of
an original frequency f signal at 2f, 3f and so on. Another potential
source is intermodulation distortion, a superset to harmonic dis-
tortion, which can produce a near-arbitrarily complex sequence of
replicas that are integer multiples of the sums and differences of two
or more original signals.

Harmonic analysis. We investigated whether any of the positive-drift
lookalikes could be linked via a harmonic sequence. We generated
the first 20 harmonics of a range of fundamental frequencies start-
ing outside the bandpass at 100 MHz and progressing to 1,000 MHz
in 1kHz intervals. We defined a potential ‘harmonic sequence’
within the data as a set of two or more lookalikes (blcl included)
associated by the same fundamental frequency, within 1kHz of
their theoretical values. The blcl signal was not consistent with
being in a harmonic sequence with any of the observed lookalikes.
However, a harmonic sequence did interlink a set of other looka-
likes (Supplementary Table 2). This harmonic sequence contained
frequencies of the form #n+0.1m+0.099 MHz, where m and n are
integers; because of the constant term, we refer to this set as x.y99’

Intermodulation analysis. Some lookalikes showed additional fre-
quency structure that was not present in blcl. Two sets of looka-
likes, which we will refer to as ‘triple feature’ (TF) and ‘single feature’
(SF), were distinguishable from their morphology alone. An exam-
ple from the TF set is shown in Supplementary Fig. 10. TF and SF
contained both positive lookalikes and mirrored lookalikes. TF had
spacings that were integer multiples of 133.33 MHz. SF had a more
complicated relationship of spacings, primarily integer multiples of
15MHz but with an additional appearance of 128 MHz. In all cases
within both sets, these frequencies are consistent with common
clock oscillator frequencies used in digital electronics, with matches
within 1-1,000 Hz of the expected value.

The three initially identified sets, namely TF, SF and the harmonic
x.y99’ set (see ‘Harmonic analysis’), each have a transition region in
which the morphology of the signal flips, with positive lookalikes
on one side and mirrored lookalikes on the other (Supplementary
Fig. 11). If intermodulation effects were present, we predicted that
we should detect a strong, zero-drift interferer at a frequency within
the transition region, whose position is dictated by clock oscillator
frequencies previously identified in the set.

For TF, we find a strong interferer at the predicted central fre-
quency of 1,400 MHz, consistent to a single channel (+4 Hz). For
SE one central frequency consistent with the 30 MHz spacing is
1,200 MHz, where we also see a strong interferer consistent at the
Hz level. For x.y99, we predict a central frequency of 1,332 MHz
but see only an extremely faint interferer; we do see strong signals

at 1,330.0000MHz, 1,331.2000MHz and 1,332.1805MHz. This
inconsistency could be caused by additional transposition (from an
additional oscillator) present within the set, implying that one of
the three listed frequencies is actually the responsible interferer. We
conclude that these intentional-seeming separations seem likely to
have been produced by the intermodulation of at least one clock
oscillator with a strong interferer.

We found evidence for additional clock oscillator frequencies
affecting the lookalike population, including the sets displayed in
Fig. 5. As shown in Fig. 5a, we searched for patterns with integer
kHz offsets (as in ‘Harmonic analysis’) and uncovered two individ-
ual sequences with spacings consistent with a 2.000004 MHz clock
oscillator. Our data have a resolution of ~4Hz, so we expect that
the last digit has an error of +4, which will propagate in the integer
multiplication of spacings. In Fig. 5 we display the extra error at the
Hz level to illustrate that these spacings are clearly the product of
the same oscillator: not only are the general spacings consistent with
powers of 2.000004 MHz, but the errors on those spacings are con-
sistent with propagating errors on the order of +4 Hz, for example,
16.000038 MHz. In Fig. 5b, we see these exact spacings relating blcl
(within propagated error, on the order of 100 Hz) with three looka-
likes at ~712 MHz, ~856 MHz and ~1,062 MHz.

This numerical analysis indicates that blcl is an intermodula-
tion product produced by a ~2MHz clock oscillator that is mixed
with some other zero-drift RFI elsewhere in the band. We also find
that power at the blcl-companion lookalike frequencies from Fig.
5 is detected when the four archival signals at 982.002MHz are
detected, just like blc1, and is not detected when the archival signals
are not present (Supplementary Discussion 1.4).

This interpretation provides an explanation for the appear-
ance of the signal in a part of the spectrum reserved for avia-
tion and navigation: the source was not intending to transmit in
that frequency region, and the signal was instead generated by
the interaction of electronics within the transmitter, the receiver
or both. In this case, the underlying signals that intermodulate to
cause the lookalikes are likely from outside Murriyang’s receiver
system. Signals are digitized using three analogue-to-digital cards
inside the telescope focus cabin, with further processing done in
radio-frequency-tight cabinets in the telescope tower®. As the
lookalikes span across all three analogue-to-digital cards, they
are unlikely to be spurious signals generated within the receiver’s
digital systems.

The blcl signal cannot be the original signal because it is two
orders of magnitude weaker than the strongest signals in the set
and is not seen in the off-panels, which is not replicated across the
set. Evidently, blc1’s duty cycle or variability tracks the observing
cadence on ProxCen, leading to the apparent localization on the sky.
If blcl were always ‘on’ at its brightest power, it would have been
detected in all off-sources. Supplementary Figs. 7 and 9 reveal a
range of inter-panel brightness behaviours for the lookalikes; some
appeared in every panel, whereas some were as faint as blcl and
missing from all but the first panel. By the thresholding and on-
off selection mechanisms, turboSETT selected the most interest-
ing signal from a set of potentially hundreds of intermodulation
products. These large numbers speak to the particular pathology
of this case, as this behaviour had never been seen in over a year of
UWL observations.

RFI environment analysis is unfortunately complex, and
the RFI environment around most astronomical radio facilities

>
>

Fig. 3 | A waterfall plot around 982 MHz depicting a signal similar to blc1 that occurred on 2019 April 30. The signal is the bright sloping feature, but is
clearly overlaid on a non-drifting, comb-like signal (see ‘Frequency comb’). Both the signal and the comb underneath seem to be RFl as they appear in the
off-source observations. In Supplementary Table 1, we derived the S/N, drift rate and start frequency of each panel of the blc1 observation; we derived the
properties of this signal in the same manner (Supplementary Methods 2.1). The drift rate (median 0.021Hzs™"), S/N (median 6.9) and frequency range
(982.0021-982.0023 MHz) are consistent with those of blc1, and this signal is also unresolved.
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Fig. 4 | A corner plot showing the population of lookalikes and mirrored lookalikes compared to blc1 in start frequency, normalized drift rate and
signal-to-noise ratio. For the mirrored lookalikes, which have negative normalized drift rates, we took the absolute value for comparison. The heights of
the kernel density estimations are not to scale, as the population of blc1 points is so much smaller than the other two populations that it would otherwise
not be visible on these axes. The blc1 signal (x symbols and grey shading) is consistent with the signal-to-noise and normalized drift rate distributions
(blue dots and shading for lookalikes, and red dots and shading for mirrored lookalikes) and, although slightly higher in frequency than the peak of the
kernel density estimations for the lookalike population, is still consistent with that distribution.

is not well characterized at the frequency resolutions used for
the SETI work. In the case of blcl, the situation is more compli-
cated still, with mixing products that obscure the frequency and
character of the original, individual interferers. It is possible that
we could untangle the origins of this interference. However,
as the goal of this study was to determine whether blcl had an
Earth-based or interstellar origin, we find that this is appropriate for
future work.

Creation of a technosignature verification framework

The blcl signal is the first signal of interest from the Breakthrough
Listen programme that required extensive signal verification to be
undertaken. This case study led to a novel signal verification ‘tool-
kit’ for future SETI signals of interest. Similar frameworks have been
applied to searches for fast radio bursts' and gravitational waves
(for example, ref. %), but previous SETI programmes relied heavily

1160

on re-observation alone without the application of a thorough
checklist (for example, refs. **). We propose the following verifi-
cation checks for narrowband technosignature signals of interest,
once known astrophysical origins have been ruled out:

1. Verify that all instrumentation was functioning correctly.
Verify that the signal of interest was not present in the off-source
observations at a lower S/N threshold.

3. Check for catalogued RFI at the same frequency at the observa-
tory where the signal of interest was discovered.

4. Compare the drift rate evolution of the signal of interest to
known accelerational and electronic drifts from human-made
technology.

5. Compare the drift rate evolution of the signal of interest to the
expected drift rates and periods in the target system and the
Solar System.
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into three sets. a, Two sets of positive lookalikes found within the data,

originally identified by their position at 985kHz above an integer MHz in each appearance. The full spacings, to Hz precision, are shown to demonstrate

the set's consistency with mixing from a 2.000004 MHz clock oscillator. Re

call that the spacings have an inherent, multiplicative +4 Hz error from the

discrete frequency resolution. One spacing that we see in both sets, apparently resulting from this same oscillator, is 16.000038 MHz. The two sets
are both affected by the same oscillator, but they are not consistent with each other to a multiple of 2.000004 MHz, illustrating another complexity
within the data set. b, The blc1 signal (purple) shown in sequence with three additional lookalikes (red), which are consistent with integer multiples of
2.000004 MHz, including exactly 16.000038 MHz; this set of clock-oscillator-induced spacings is perfectly consistent with the spacings uncovered

inthe setsina.

Search for other potential instances of the signal of interest in
archival data from the same observatory.

Search for similar signals at other frequencies within the ob-
servation in which the signal of interest was detected. If found,
determine whether these signals have characteristics consistent
with RFL

Qualitatively or, if possible, quantitatively assess whether simi-
lar signals (from Steps 6 and 7 above) are generated by the same
phenomenon as the signal of interest.

If other signals are indeed from the same phenomenon as the
signal of interest, determine whether they are RFI using the
off-source observations or, if necessary, Steps 1-8.

Re-observe the target with both the same instrument and other
instruments to attempt to re-detect the signal of interest.

10.

The checklist as written is appropriate for persistent, narrowband
technosignature searches with single-beam, single-dish telescopes.
The procedure can be applied to multi-beam instruments by using
other beams as ‘reference pixels’ for the on-source beam, instead
of nodding to an off-source position. In addition, re-observation
(Step 10) may be performed earlier in the checklist if economical,
especially in cases in which the signal of interest would be expected
to be periodic or transient on long timescales (that is, synchronized
with the transit of an exoplanet).

Future work

The blcl signal has underscored that, when practicable, simultane-
ous observations of potential technosignatures should be conducted
at two different observing sites simultaneously. For ProxCen, simul-
taneous observing could be accomplished with MeerKAT (for
example, ref. *) and Murriyang, whose receivers share a frequency
overlap of about 1GHz including the 982 MHz region of blcl.
There is a ~4.5h window during which the source can be observed
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simultaneously at the two sites. Although re-observations are
resource-intensive, they are also scientifically meritorious in their
own right. ProxCen is still a uniquely fascinating SETI target for
all of the reasons described in the Introduction, and it will become
even better characterized by future astrobiology-oriented studies.

We are also investigating other ways to further characterize blcl
in both the hardware and software components of the pipeline.
Other Murriyang observers are monitoring for interference near
982 MHz, which could help us identify position-dependent RFI. To
characterize aliasing behaviour within the receiver, the sky signal
could be excluded by covering the feed with cryogenically cooled
radio-frequency-absorbing material that can be treated as a ther-
mal blackbody (known as a ‘cold load’). This poses engineering and
logistical challenges, but may allow us to identify the different com-
ponents whose mixing produces the intermodulation product at
982 MHz. To understand the particular pathology of variability pat-
terns such as those of blc1, we could perform noise-injection testing
on the lookalike population. Finally, this case study implies that tak-
ing data during slews in future single-dish SETT observations could
help us better understand signal localization and sidelobe behaviour
in future programmes.

The impact of blc1
Although we attribute blcl to RFI, the benefits from its unique
analysis will inform searches for years to come. This paper out-
lines a ‘checklist’ that provides thorough next steps for this type of
signal. We have developed new software that will be incorporated
into BLs analysis packages (for example, blimpy and turboSETI),
such that future signals of interest can be assessed more quickly and
efficiently.

The detection of blcl shows the success of the BL signal detec-
tion pipeline. From 26h of observations over billions of channels,
the turboSETT algorithm was able to retrieve a set of potential

astronomy
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signals of interest. The blcl signal was then easily identified from
this set upon visual inspection of the software outputs.

Conversely, this signal of interest also reveals some novel chal-
lenges with radio SETI validation. It is well understood within the
community that single-dish, on-off cadence observing could lead to
spurious signals of interest in the case in which the cadence matches
the duty cycle of some local RFI. The blcl signal provided the first
observational example of that behaviour, albeit in a slightly different
manner than expected (variation of signal strength over position
and time, which changed for each lookalike within the set). This case
study prompts further application of observing arrays, multi-site
observing and multi-beam receivers for radio technosignature
searches. For future single-dish observing, we have demonstrated
the utility of a deep understanding of the local RFI environment.
To gain this understanding, future projects could perform omni-
directional RFI scans at the observing site, record and process the
data with instrumentation with high frequency resolution such as
the various BL backends, and then use narrowband search software
such as turboSETT to obtain a population with which to character-
ize the statistics (in frequency, drift, power, duty cycle and so on) of
local RFL.

Finally, blcl encourages us to continue working at logistical
challenges that have traditionally vexed large radio SETT efforts.
In a project with an incredibly high rate of data inflow, how do we
work towards data analysis in real time? When raw voltage data
are exceedingly memory-intensive to store, how do we decide
pre-analysis which observations may need additional analysis in the
raw voltage products? For example, one solution to the data-storage
challenge is to store only ‘postage stamps™ of events with limited
time and frequency ranges. Here we have learned that neglecting to
consider the entire operable bandwidth of a receiver can have seri-
ous consequences, for example, losing the context that can be used
to show that a signal of interest is RFL

Data availability

All data used in this manuscript are stored as high-resolution fil-
terbank files, which are available through the Breakthrough Listen
Open Data Archive at http://seti.berkeley.edu/opendata. This
includes all observations from the original observing campaign in
2019 April, as well as the re-observations in 2020 November, 2021
January and 2021 April.

Code availability

The software tools used to read these files (input/output) and
perform the narrowband search are publicly available at https://
github.com/UCBerkeleySETI/blimpy and at https://github.com/
UCBerkeleySETI/turbo_seti.
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