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Abstract

If alien probes have colonized the whole galaxy, they could have formed an efficient galactic-scale communication
network by establishing direct gravitationally lensed links between neighboring systems. Under this scenario,
observing the positions opposite the nearest ecliptic stars represents a promising artifact SETT strategy that could
make it possible to “eavesdrop” on the emission of local probes to one of these stars. In this context, we present
here a first attempt to detect optical messages emitted from the solar system to the ecliptic star Wolf 359, the third-
nearest stellar system, based on observations gathered by the TRAPPIST-South and SPECULOOS-South robotic
telescopes. While sensitive enough to detect constant emission with emitting power as small as a few watts, this
search led to a null result. We note that the putative alien probes could be emitting “off-axis” and be located much
closer to the Sun than the start of the “solar gravitational line” at 550 au. We performed a search for such an off-
axis emitter in our data, whose result turned out negative too.

Unified Astronomy Thesaurus concepts: Astrobiology (74); Technosignatures (2128); Search for extraterrestrial

intelligence (2127)

1. Introduction

Gillon (2014, hereafter G14) hypothesized that if the Milky
Way had been colonized/explored by interstellar probes
(Freitas 1980; Valdes & Freitas 1980), they could have formed
an efficient and dynamical galactic-scale communication
network by direct links between neighboring systems, using
stars as gravitational lenses (GLs; von Eshleman 1979;
Maccone 1994). Under this hypothesis, alien Focal Interstellar
Communication Devices (FICDs) could be present in our solar
system, in the focal region of some of the nearest stars, at more
than 550 au from the Sun. Based on this hypothesis, G14
proposed a novel search for extraterrestrial intelligence (SETI;
Tarter 2001) strategy consisting in the intense multispectral
monitoring of the focal regions of the nearest stars, with the
hope of catching a communication leakage from the FICDs.
This strategy has been explored further by subsequent studies
(Gertz 2018, 2021; Hippke 2020a, 2020b, 2021; Kerby &
Wright 2021; Marcy et al. 2022). Notably, Kerby & Wright
(2021) examined the engineering requirements of the GL-based
interstellar communication method, showing that modern
propulsion systems should enable FICDs to maintain their
interstellar communication link over century-long timescales
provided that their host stars are relatively unperturbed (e.g., by
a stellar companion).

In this paper, we focus on the possibility of detecting the
interstellar messages from a specific FICD (vs. its local
communications with probes in the solar system, as was
recently attempted by Marcy et al. 2022). We identify Wolf
359, the third-nearest stellar system, as the best target for such a
search, and we present a first attempt to detect optical messages
emitted from the solar system to this star.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

2. Attempting to Detect an Interstellar Message from an
Alien FICD: Practical Considerations

A first element to consider for the envisioned search is the
spectral range. Because of the refractive and scattering effects
of its plasma, the solar corona acts on photons grazing the Sun
as a divergent lens opposing the effect of the solar gravity (von
Eshleman 1979; Turryshev & Anderson 2003; Galea &
Swinney 2011; Hippke 2021). This deflection effect is
especially strong for radio waves. It can be modeled by the
following formula relating the divergent deflection angle 6, to
the impact parameter b (in solar radius R) and frequency v of
the photons:

2
O (b, v) = (ﬂ) [2952b16 + 22856 + 1.1b72], (1)
12

where 1y =6.32 MHz (Turryshev & Anderson 2003). The
actual deflection angle of a light ray grazing the Sun is the sum
of 0,(b, v) and the gravitational convergent deflection angle
0o(b). Assuming that the spacetime around the Sun is well
described by the Schwarzschild metric, 04(b) is given by

4GM.,
Csz@ ’

ng(b) = ()
where G is the gravitational constant, c is the speed of light,
and M., is the solar mass (von Eshleman 1979). The opposite
directions of the two deflection effects make the lensing
impossible for frequencies below a critical value v, that
depends on the impact parameter b. It can be computed with
the following formula (Turryshev & Anderson 2003):

1
2 2
Ve 0) = | 1282 (2950515 4 20855 + 116 Y | . (3)
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This formula gives v ;; = 64 GHz for b = 1.1. Still, in practice,
latitudinal dependencies and fluctuations in the coronal electron
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Figure 1. Illustration of the Sun (black circle) as seen from the hypothesized
FICD. The blue circle represents the ER, i.e., the ring for which photons from
the FICD will reach the target receptor. Its actual thickness is a few centimeters.
The small red circles represent the laser beams emitted by the FICD in the
Sun’s plane. For this illustration, an impact parameter of 1.1 and a laser
wavelength and waist of 500 nm and 1 m, respectively, were assumed. Each
laser beam is ~2.5 times wider than Earth.

density will strengthen the divergent effect of the coronal
plasma, making it necessary to emit at frequencies beyond
1 THz (0.3 mm), to maximize the amplitude of the microlen-
sing effect and to place the FICD at the shortest possible
distance from the Sun (Turryshev & Anderson 2003). The
microwave range used by classical SETI experiments (~1-10
GHz) is thus not suited to a search for gravitationally focused
extraterrestrial communications.

A second element to consider is the strong geometrical
constraint for this special SETI strategy. Estimating it requires
taking into account that, for a given distance to the Sun of the
hypothesized FICD, only photons grazing the Sun within an
extremely narrow Einstein ring (ER) around the Sun’s disk will
be focused to the targeted nearby star (e.g., von Eshleman 1979;
Maccone 1994). Assuming a 100 m radius receiving antenna
around Alpha Centauri A, we performed 2D ray-tracing
computations based on Equations (1) and (2) for UV to IR
wavelengths (see Appendix for a description of the methodol-
ogy) that resulted in widths of a few centimeters for this ER.
We thus assume here that, for the sake of efficiency, the
assumed FICD transmitter is composed of an array of lasers
emitting narrow Gaussian beams centered precisely on the ER
(Figure 1), equivalent to a single more powerful laser emitting
an annular beam sculpted to cover the ER. In this hypothesis,
detecting an FICD’s emission to a nearby star can only be done
if the observer is within one of these narrow beams, putting a
stringent geometrical constraint on the project concept. For an
Earth-based observer, this means that Earth’s minimum impact
parameter has to be close to 1 as seen from the FICD and thus
also from the targeted nearby star. In other words, Earth has to
be a transiting (or nearly transiting) planet for one of the nearest
stars to give this SETI concept a chance of success, so the
target star has to be very close to the ecliptic plane. With its
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Table 1
Communication Efficiency and Gain as Derived by 2D Ray-tracing
Computations (see Annex 1 for Description) for Three Different GL-based
Communication Strategies: Using the Sun only as a GL, Using Wolf 359 Only,
or Using Both Stars

Sun Wolf 359 Sun + Wolf 359
Efficiency 5.4e° 1.5¢1° 2.7¢7°
Gain 7.5¢7 2.1¢° 3.8¢7

Note. In all cases, a power emission of 152 W was assumed.

nearly circular orbit and its semimajor axis 215 times larger than
the solar radius, Earth has a mean transit probability <0.5% for
any random star of the solar neighborhood (Winn 2011). We can
thus consider ourselves very lucky that the third-nearest stellar
system, Wolf 359, a very low mass red dwarf of spectral type
M6.0 V at a distance of 7.8 It-yr (Jenkins et al. 2009; Sebastian
et al. 2021), lies at only 0°2 of the ecliptic plane, in the Leo
constellation. For Wolf 359, Earth has a minimum impact
parameter of about 215 X sin0°2 = 0.75, i.e., it is a transiting
planet (Kaltenegger & Faherty 2021). Furthermore, Wolf 359 is a
single star, i.e., it does not undergo strong dynamical perturbations
that would make it necessary to change constantly the position of
a putative FICD in its vicinity (Kerby & Wright 2021). These
considerations make Wolf 359 an excellent target for a first
attempt to detect an alien interstellar communication from the
solar system.

A third element to consider is the sensitivity. To estimate it,
we assumed the following parameters for the communication
link from the solar system to Wolf 359:

1. The use of the Sun only as a GL. We performed again 2D
ray-tracing computations (see Appendix) to estimate the
extra gain that could be brought by using both stars or
only Wolf 359 as GLs. Our results, in stark contrast with
some previous papers (Maccone 2013, 2014), showed
that the communication gain (relative to a non-GL laser
communication) was a bit smaller when “closing the
loop” and using also Wolf 359 as a GL, and significantly
smaller when only Wolf 359 was used as a GL (see
Table 1). We thus assumed that the putative alien probes
would use the Sun only as a GL and would place the
receptor around Wolf 359 at the location of their choice.

2. A mean emission wavelength of 500 nm (600 THz) for
the lasers of the emitter. A much higher frequency than
the lower limit of 1 THz mentioned above makes sense,
so as to minimize the divergent impact of the Sun’s
corona. We adopted a wavelength of 500nm for
practicality purposes, as it lies in the optical range and
the emission could then be detected by a ground-based
telescope (as we attempted; see Sections 3.2 and 3.3).

3. A mass and radius of 0.11 M, and 0.14 R, respectively,
for Wolf 359 (Sebastian et al. 2021).

4. An impact parameter b of 1.1 for the light rays grazing
the Sun. For this impact parameter, our ray-tracing
computations lead to a distance to the Sun of 663 au for
the alien transmitter.

5. For the receptor around Wolf 359, a circular receptor with
a radius R, = 100 m.

6. For each laser, a waist (radius of the beam at its emission)
of 1 m, corresponding thus to a space telescope with a
2 m diameter.
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The Rayleigh length zg of a laser is the distance from the
emission source along the propagation direction corresponding
to the doubling of the area of the beam’s cross section.
Assuming a Gaussian beam, it is given by

Twy

IR = —) (4)
DY
where wy is the laser waist (Svelto 2010). Under the assumed
parameters, zg is ~6280km ~ 1 R,. The radius of the beam at
a radial distance d from its source is then given by Svelto

(2010):
d2

wd) =wo [1+ =. )
<R

At 663 au, w(d) is = 15,800kms ~2.5 Rg, i.e., it could
encompass Earth completely. To cover the whole ring of
impact parameter 1.1 surrounding the Sun (Figure 1), an array
of 152 lasers would be required. With bigger lasers (and thus
smaller Rayleigh lengths), the beams would be narrower, so the
global efficiency and the communication rate would be
improved, but more lasers would be required to completely
surround the Sun, resulting in an increase of the size but also of
the mass of the FICD, and thus of the energy required to keep
fixed its distance to the Sun. Of course, one could decide to use
only a fraction of the ER. A balance has thus been found
between the desired data transfer rate, the global efficiency of
the FICD, its size, and its energetic consumption. In this
respect, our assumed value of 1 m for the laser waist is nothing
more than a simple work assumption to estimate the potential
of detection of the FICD.

The global efficiency of the FICD is the fraction of the
emitted photons that will actually reach the receptor. Our 2D
ray-tracing computations (see Appendix) based on the
assumptions described above enabled us to estimate a width
of 13.3 cm for the ER. The FICD efficiency can be estimated as
the inverse of the ratio of the area covered by a laser beam in
the plane of the sky (17 x (15.8¢%)2 m?) and the fraction of it
falling in the ER (~2 x 0.133 x 15.8¢° m?). It leads to a value
of 5.4e—9, i.e., only 5.4e—7% of the emitted photons will reach
the receptor around Wolf 359. For comparison, one can
compute that the efficiency of the same laser without using the
Sun (or Wolf 359) as a GL is 7.15 x 10~ 7. The resulting gain
brought by the gravitational lensing is the ratio of these two
efficiencies: 7.5 x 10’ = 78.8 dB. This gain does not depend
on the number of used lasers, i.e., whether the whole ER is
covered or not.

At the core of the beam, the average intensity at a distance d
from the beam waist I.(d) can be estimated as twice the total
emission power P, divided by the area within the radius w(d):

Py
Twr(d)

I.(d)=2 x 6)
Assuming an emission at a mean power of 1 W per laser (152
W in total then for the whole laser array), 1.(d) is ~ 2.6 X 1071
W m™2, which corresponds to the intensity of a solar-type star
of visual magnitude ~17.6. The firm detection of such a source
can be achieved within a few minutes of integration with a
ground-based telescope with an aperture of a few dozen
centimeters equipped with a modern CCD camera. Computing
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the motion of Earth relative to the Sun as seen from the FICD
results in an average duration of 15 minutes for the crossing of
the laser beam. Assuming exposures of 55 s without filter with
the robotic 60 cm telescope TRAPPIST-South (Gillon et al.
2011; Jehin et al. 2011) at ESO La Silla, an effective seeing of
2", the target at air mass 1.5, and the Moon at phase 0.5 and at
50° from the target’s field of view, we computed a complete
noise budget (read-out, dark, photon, scintillation, background)
that led to an estimated signal-to-noise ratio of ~200 for the
detection of the emission after integration over the whole 15-
minute beam crossing. We thus conclude that the hypothesized
FICD targeting Wolf 359 could be detected with a modest-
sized optical telescope like TRAPPIST-South, assuming that it
emits constantly in the optical, even for very moderate
emission powers.

3. Attempting to Detect an Interstellar Message from an
Alien FICD: A First Try with TRAPPIST-South and
SPECULOOS-South

Based on the considerations described above, we performed
two searches for a GL-based communication from the solar
system to Wolf 359. The first search was carried out in 2015
using the TRAPPIST-South telescope at ESO La Silla
Observatory (Chile; Gillon et al. 2011; Jehin et al. 2011),
and the second one was carried out in 2018 using the telescope
Europa of the SPECULOOS-South facility at ESO Paranal
Observatory (Chile; Burdanov et al. 2018; Delrez et al. 2018;
Jehin et al. 2018; Sebastian et al. 2021). Both attempts were
done during a transit of Earth as seen from the putative FICD
(i.e., during an occultation of Earth as seen from Wolf 359).
Both were done in the optical range. These observations and
their analysis are described below (Section 3.2), but first we
present the methodology used to compute the astrometric
position of the FICD and its position relative to Earth during
the observations.

3.1. Computation of the Astrometric Position of the FICD and
Its Position Relative to Earth

Using as input the barycentric position (ICRS/J2016
system) and proper motion in R.A. (RA) and decl. (DEC) of
Wolf 359 as measured by Gaia (early DR3 release; Gaia
Collaboration et al. 2021), we computed the ICRS coordinates
of Wolf 359 at the time of each observation. To the obtained
R.A. and decl, we then added twice the product of the
corresponding proper motion and the distance to Wolf 359 in
light-years (Dly = 7.86 lt-yr) to compensate for the finite nature
of the speed of light. Indeed, in that star’s reference system, its
astrometric position corresponds to the location it occupied Dly
years ago. Furthermore, as a sniper aiming for a moving target,
the FICD has to aim for the position that Wolf 359 will occupy
Dly years from now (Figure 2). Given the high proper motion
of Wolf 359, the amplitude of this correction is significant:
—59”9 and —42”4 in R.A. and decl., respectively. Once this
correction was made, the barycentric equatorial coordinates of
the FICD were computed simply by removing/adding 180°
from the obtained R.A. and decl. We did not consider
aberration, as its effect is taken into account in the pointing
model of the telescopes.

We then computed the FICD coordinates as seen from Earth
and not from the Sun. First, a celestial transformation to the
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Figure 2. Illustration showing the geometry of the hypothesized communication link from the solar system to the Wolf 359 system. The distances and sizes are not to
scale. Wolf 359 is shown at three different positions. Position 1 corresponds to the time of the emission of the photons that we receive from it now. Position 2
corresponds to its current position. Position 3 corresponds to the time at which it will receive the photons emitted now by the transmitter T (R = receptor).

Figure 3. Left: 10’ by 10’ crop of the center of the stack (mean) of all images taken by TRAPPIST-South during the night of 2015 September 4-5. The position of the
hypothetical FICD (under the assumptions of Section 2) between 2015 August 26 and 2016 August 26 is shown in red. This large motion on the sky is due the parallax
effect combined with the compensation for the proper motion of Wolf 359. Right: 10” by 10” zoom-in on the path of the hypothetical FICD during the observations of
TRAPPIST-South on 2015 September 4-5 (yellow line). The red plus sign shows the position that should have occupied the FICD at the inferior conjunction of Earth
(i.e., in the middle of our planet’s transit as seen from the FICD). The bright spot at the east of the FICD location is a hot pixel cluster.

ecliptic system was applied to the barycentric R.A. and decl.
The ecliptic coordinates of the Sun at the time of each
observation were then computed, providing all the inputs
required to move to a geocentric system. A reverse transforma-
tion to the equatorial system led finally to the geocentric R.A.
and decl. of the FICD at the time of each observation. For each
observation, we also used the ecliptic positions of the FICD and
the Sun to compute the distance between the center of Earth
and the center of the Sun on the plane of the sky as seen from
the FICD (see Figures 3 and 5), so as to predict the entering of
Earth into and exiting of Earth out of the FICD beam under an
assumed communication strategy (impact parameter, wave-
length, laser waist).

3.2. TRAPPIST-South Observations

TRAPPIST-South is a 60 cm robotic telescope located at La
Silla Observatory (Chile) and dedicated to the observation of
exoplanet transits and small bodies of the solar system

(Gillon et al. 2011; Jehin et al. 2011). It has a Ritchey—Chretien
design and is coupled to a German equatorial mount. It is
equipped with a thermoelectrically cooled 2k x 2k CCD camera
with a field of view of 22’ x 22’ (pixel scale = 0”65) and a
quantum efficiency larger than 50% from 300 to 920 nm.
Pointing on the ICRS coordinates R.A. = 22"56™2081 and
decl. = —06%59™28%3 (computed as described in Section 3.1),
TRAPPIST-South observed during the whole night of 2015
September 4—5, from 234 UT to 10"3 UT, which
corresponded to the start of the transit of Earth as seen from
the putative FICD (Figure 3). To ease the confirmation of a
putative extra source in the images of the night, the same field
was observed again on September 5 and 8 for a few hours. All
these observations were carried out without any filter, so as to
provide a spectral coverage as wide as possible (from ~300 to
950 nm). An exposure time of 55s was used for all images. A
total of 536 images were taken on 2015 September 4, and 140
and 152 were taken on September 5 and 8, respectively.
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Figure 4. Evolution of the impact parameter of Earth as seen from the “solar
gravitational line” (SGL) of Wolf 359 around the TRAPPIST-South
observations of 2015. The red line corresponds to an impact parameter of
1.1. The green zone corresponds to the TRAPPIST-South observations. The
intersection of the red and black lines corresponds to the crossing of the
putative FICD’s beam by Earth.

For the three runs, a standard pre-reduction (bias, dark, flat-
field correction) was applied to the images, and then they were
aligned and combined. The resulting high signal-to-noise ratio
stack image was then plate-solved, and the expected position of
the FICD was overplotted (Figure 3). Comparing the stacked
image of the first night to the ones of the second and third
nights, a visual search for an extra source in the expected
position range of the FICD was performed. No extra source
could be identified.

Figure 4 shows the evolution of the Earth—Sun distance on
the plane of the sky during the night of 2015 September 4 as
seen from the putative FICD. Assuming a focal impact
parameter of 1.1, ie., to an ER with a radius of 1.1 R
(corresponding to an FICD—-Sun distance of 663 au; see above),
Earth should have crossed this ring around 2,457,270.82 JD =
7"40 UT. Under our assumptions on the laser waist described in
the previous section, and taking into account Earth’s orbital
speed of ~30 kms ™', the telescope should have remained in
the laser beam for ~8 minutes. Still, this simple estimate
neglects the fact that, as seen from the FICD, Earth’s transit has
a high impact parameter (0.73), and so Earth’s path is nearly
tangential to the focal annulus, which results in a much longer
time within the beam of ~25 minutes. Based on this estimate,
we combined the images of the night 10 by 10 and inspected
the resulting stacked images in search of an extra source
appearing at the expected position range of the FICD for one or
a few of them. We could not detect any transient extra source,
but we noticed that a very faint source (estimated g magnitude
~22) was located at the ICRS coordinates R.A. 22:56:20.77,
decl. —06:59:28.4, which corresponds approximately to the
position expected for the FICD during Earth’s transit
(Figure 4). Nevertheless, this source is also present in the
stacked images of the two other TRAPPIST-South runs, while
the FICD should have been at other positions because of its
large parallactic motion (see Figure 3). Furthermore, if this
source had been the searched FICD, it should have drifted
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Figure 5. Sky-subtracted light curve of the source located approximately at the
position of the hypothetical FICD in the TRAPPIST-South images. The points
in red have a significant flux excess. The first group of red points is due to the
passage of a g ~ 19.5 asteroid in the aperture. We attributed the other outlier to
a cosmic hit.

significantly on the sky during the night of 2015 September
4-5 (see Figure 3), again because of its large parallax, which
was not the case.

To ensure that this faint source could not have hidden the
emission of the hypothetical FICD, we studied its photometric
stability. For that purpose, we used IRAF/DAOPHOT
(Stetson 1987) to extract the fluxes within a circular aperture
with a radius of 6 pixels (4”) centered on its position in the
stacked image of the night. As this star is too faint to be visible
in individual images, we fixed the position of the center of the
aperture. We measured the background in an annulus extending
from 18 to 28 pixels from the center of the aperture. Figure 5
shows the resulting light curve. In addition to an increase of the
scatter at the beginning and at the end of the night, one can
notice several outliers with a significant flux excess. Examining
the individual images and a movie of them, we noticed that the
first group of outliers corresponds to the passage of an asteroid
(g ~ 19.5) right in the aperture. The other outlier corresponds to
a cosmic hit.

In a last step, we used the mean g magnitude of the faintest
stars registered in the Gaia early DR3 catalog visible in the
images stacked 10 by 10 to estimate the highest visual
magnitude for which a source would have been detected by
visual inspection. We reached a value of 21.8, much larger than
the magnitude of 18.3 that we estimated under the assumptions
described in Section 2. This magnitude corresponds to the one
of the source at R.A. 22:56:20.77, decl. —06:59:28.4. This
leads us to the conclusion that our observations had the
sensitivity to detect the communication of the putative FICD to
Wolf 359 under the assumptions described in Section 2.

3.3. SPECULOOS-South Observations

SPECULOOS-South is a facility composed of four 1 m
robotic telescopes located at Paranal Observatory, Chile
(Burdanov et al. 2018; Delrez et al. 2018; Jehin et al. 2018).
It is the core facility of the SPECULOOS project that aims to
explore all nearby ultracool dwarf stars (spectral type later than
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Figure 6. Same as Figure 3, but for the 150 first images taken by SPECULOOS-South/Europa of 2018 September 4-5. The whole stack of the images (left) is smaller
than 10" x 10’ because of the shift of the images due to the tracking problem experienced by the telescope during the night.

M6) within 40 pc for transiting planets (Gillon 2018; Sebastian
et al. 2021). Each of its four telescopes has a Ritchey—Chretien
design and is mounted on an equatorial mount with a special
design making it unnecessary to flip the telescope position at
meridian. All telescopes are equipped with a thermoelectrically
cooled deep-depletion 2k x 2k camera with a field of view of
12/ x 12/ (pixel scale = 0735) and a quantum efficiency larger
than 50% from 420 to 950 nm. The SPECULOOS-South
telescope Europa observed the whole night of 2019 September
4—5, from O h UT to 9"24 UT, which corresponded to the start
of the transit of Earth as seen from the putative FICD. All these
observations were carried out without any filter, so as to
provide a spectral coverage as wide as possible. An exposure
time of 50 s was used for the 492 taken images.

The same reduction and analysis procedures as for the
TRAPPIST-South data were applied. During the reduction, we
noticed that the tracking of the telescope performed poorly
during the night because of the use of a bad pointing model (at
that time, the telescope was still in commissioning phase).
Because of this bad tracking resulting in a shift of the stars of
~1" from one image to the other, we had to discard all images
taken after 2"55 UT, keeping only the first 150 images.
Fortunately, the crossing of the ER by Earth was supposed to
take place within the first 3 hr of the night, with a start of the
transit of Earth as seen from the FICD computed to happen
around 1"45 UT (Figure 6).

As for TRAPPIST-South, we examined the individual
images and the images stacked 10 by 10. We did not find an
extra source at the expected position of the FCID in any of
those images (Figures 6 and 7 are the SPECULOOS counter-
parts of Figures 3 and 4).

Using the same method as for the TRAPPIST-South
observations, we estimated the highest g-band magnitude for
which a source would have been detected by visual inspection
of the images stacked 10 by 10. We reached a value of 22.5,
high enough to ensure that the putative FICD would have been
detected under the assumptions described in Section 2.
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i \\/

0.54

Earth Impact Parameter b

—— Communication ring (b=1.1)
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Figure 7. Evolution of the impact parameter of Earth as seen from the
hypothetical FICD around the SPECULOOS-South observations of 2018. The
red line corresponds to an impact parameter of 1.1. The green zone corresponds
to the SPECULOOS-South observations.

4. Discussion

This search for an interstellar optical communication from
the solar system to Wolf 359 did not lead to any detection.
Assuming that the searched FICD does exist and emits
constantly toward Wolf 359 in the optical range and that we
were in its beam, because it beamed into either the entire ER or
just a portion that contained Earth, our derived upper limits on
its g magnitude (21.8 for TRAPPIST-South and 22.5 for
SPECULOOS-South; see previous section) correspond to
stringent upper limits on its total emitting power of 3.2 and
1.7 W (0.02 and 0.01 W per laser).

As usual for SETI null results, our nondetection could be
explained by a large collection of alternative hypotheses: our
solar system had never been reached by the probes from an
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alien technological civilization; such probes are well in our
solar system, but they do not use a GL-based communication
strategy; they do use this strategy, but they did not establish a
communication link between the solar and the Wolf 359
system; such a link exists, but the corresponding alien FICD
did not emit during our observations; it did, but it always
avoided one of its beams passing on Earth to remain hidden to
the local young technological civilization; it does not use
optical wavelengths for its message to Wolf 359; etc.

Assuming that the searched-for alien FICD does exit and
emits continuously, one could wonder whether the assumptions
presented in Section 2 represent the optimal strategy for such
interstellar communication. First, one could wonder whether
the assumed setup, i.e., using the Sun only as a GL, is optimal.
If we consider the alternatives of using Wolf 359 instead of the
Sun, or using both stars, the results of our 2D ray-tracing
computations (see Table 1) show that it is indeed the best
strategy in terms of communication gain. While using both
stars would result in a gain twice as small, the use of Wolf 359
only would result in a gain more than 60 times smaller. But this
would mean that the receptor around Wolf 359 would have to
point toward the Sun. At such a distance (~7.8 It-yr), the
angular separation between the ER and the Sun’s disk would
be ~390 pas, making the masking/nulling of the Sun’s disk
while preserving the ER’s signal an extremely challenging
technological problem. Nevertheless, this problem is much less
severe if one considers the use of lasers for the signal emission.
Indeed, as outlined by many works on optical SETI (e.g.,
Horowitz et al. 2001), the monochromatic and pulsed nature of
lasers enables us to compress the signal frequency and/or time
and to select a wavelength corresponding to a strong stellar
absorption line (even if very narrow), so as to have it standing
out easily against the stellar photons.

One could also question our choice of the optical range for
the communication. This choice was observational, i.e., it was
mostly dictated by our capacity to detect the putative emission
with our optical ground-based telescopes. From a purely
theoretical point of view, a shorter wavelength range (UV)
could be better suited for the task, at it would minimize even
further scattering of the signal by the solar corona
(Equation (1)) while increasing the efficiency of the commu-
nication by narrowing the size of the laser beams. On the other
side, for the same available energy, using extremely high
frequencies for the emitted photons (X and ~ ranges) could
negatively impact the possible complexity of the signal, as
fewer photons would be emitted per second. Based on these
considerations, it would be desirable to reproduce this SETI
experiment in the UV, which would require the use of a space-
based (or a balloon-based) telescope.

Another element to consider is the radial position of the
emitting probe relative to the Sun. In Section 2, we made the
assumption that it was composed of an array of 1 m waist lasers
located in-focus at a computed distance to the Sun of 663 au.
Nevertheless, nothing prevents these emitters from being
separated and independent, as well as off-center relative to
the focal line (Figure 8). In such a case, they could be much
closer to the Sun, which would bring two important
advantages: their beams in the Sun’s plane would be
significantly narrower, and they would receive much more
energy from the Sun per second. Nevertheless, there would be a
price to pay. Indeed, the light rays emitted by the laser would
reach the Sun’s plane with a different angle, except for those at
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Figure 8. Illustration of off-axis FICDs located closer to the Sun than the SGL.
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Figure 9. Communication gain relative to a non-GL emission as a function of
distance between the emitter and the Sun (663 au = in-focus), as computed
from ray-tracing simulations under the assumptions described in the text.

the exact center of the beam. Performing new 2D ray-tracing
computations confirmed a decrease of the gain for larger
distances to the focus (Figure 9). Still, the gain remains
significant down to very small distances to the Sun, and it is
more than compensated by the increase of the solar irradiation
with smaller distance. For instance, putting the emitter at the
distance of 10 au makes the ER’s width (and thus the gain)
shrink by a factor 33, while the stellar irradiation of the FICD
would increase by a factor 4400. A point to consider as well is
that parking the FICD closer to the Sun would also lead to
stronger gravitational perturbations from the planets that would
require more axial position corrections, and thus more energy,
to keep the FICD-Sun-target alignment (Kerby & Wright 2021).
A possibly interesting option could be to place the FICD close
to the outer edge of the Kuiper Belt, to avoid too strong
gravitational perturbations from giant planets while remaining
relatively close to a source of raw material (which could be
necessary to maintain the emitter in operational state over
thousands if not millions of years) and benefiting from a solar
irradiation still ~100 times larger than at the SGL.

Based on all the considerations above, we performed new
2D ray-tracing computations (see Appendix), this time
assuming one single laser (and not the full array required to
cover the whole EC) emitting with a power of 1 W at 50 nm
with a waist of 1 m at a distance of 66.3 au from the Sun. They
led to 2.5e9 photons reaching the 100 m radius receptor around
Wolf 359 per second, to be compared to ~1.35 x 10'° photons
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per second computed assuming an in-focus laser operating at
500 nm. This modest decrease by a factor 5 of the received flux
relative to an in-focus position could be more than balanced by
the 100 times larger irradiation of the FICD.

This alternative hypothesis assuming an FICD composed of
one to several off-center lasers located closer to the Sun makes
less appealing the search strategy used in this work, as it would
be highly unlikely that Earth would pass in the narrow
communication beam(s) of one of these few probes. Never-
theless, their closer distance to the Sun could make possible
their direct detection in reflected light. G14 computed a value
of 30.5 for the optical magnitude of an FICD with a payload of
1 ton and a sail surface density of 0.5 gm™~? located at 550 au.
This estimate was an absolute lower limit, as it assumed the sail
to be seen with a zero phase angle (i.e., from Earth transiting
the Sun as seen from the FICD), a Bond albedo of 1, and a
purely specular reflection. Assuming now a heliocentric
distance of 50 au, this estimated magnitude would shrink to a
value of 25.3, which is still out of reach of a 1 m class telescope
like those used in this work, but well within reach of the
biggest existing telescopes. For instance, we used the online
Exposure Time Calculator of the FORS2 instrument of the
ESO Very Large Telescope” to compute a signal-to-noise ratio
of 12 on a V=254 target, assuming a 1 hr exposure in Bessel
R filter and average observing conditions (air mass 1.5, Moon
illumination 0.5). In reality, a solar sail would not have a
perfectly specular reflection (even if built by more technolo-
gically advanced aliens), so its actual magnitude should be a bit
higher, but it could be compensated by observing without any
filter, using a bigger telescope like the upcoming E-ELT, using
adaptive optics to boost the contrast with the sky background,
etc.

It should also be noted that assuming such an off-center
architecture for the FICD increases significantly the uncertainty
on the possible positions of its laser+sail components.
Assuming an impact parameter of 1.1, a central transit of
Earth as seen from the GL focal point, and a distance to the Sun
of 50 au for its components, the surface to explore would not be
a point anymore but a circle of radius of ~0/65 = 39”.
Furthermore, 50 au for the distance is just an arbitrary value.
The laser(s) could be farther away, but they could also be much
closer to the Sun, making it necessary to explore a much larger
field of view (but easing the detection in terms of signal-to-
noise ratio).

While the detailed study of the potential for the direct
detection of such an FICD composed of off-center laser+-sail
units is beyond the scope of this paper, we performed a first
search based on this hypothesis in our data. This search for
faint moving targets was done using a synthetic tracking (or
“shift-and-add”) algorithm, a powerful and computationally
expensive method for searching for moving objects in
astronomical images by stacking the images according to all
the possible movements of the object (see, e.g., Cochran et al.
1995; Shao et al. 2014). To perform this search, we used the
Tycho Tracker’ software, restricting the search to objects
moving slower than 0”5 minute™". Upon completion of the
search, we could not reliably identify any objects that move
slower than 0”5 minute”' and that are brighter than our
estimated sensitivity upper limit of ¢ magnitude ~23.5. This

* hutps: //www.eso.org/observing /etc/bin/simu/fors_ima
5

° https://www.tycho-tracker.com
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limit would correspond to a 1 ton (payload) FICD located at
~20 au, close to the orbit of Uranus.

Unlike our attempt presented here to detect the communica-
tion from a putative alien FICD to Wolf 359, the search for the
reflected light signal from off-axis FICD does not necessarily
require the FICD (and thus its target star) to lie in the ecliptic.
Based on this fact, we have decided to perform a search
sensitive to objects up to magnitude ~26 for the 10-20 nearest
stars. This search is ongoing, and its results will be presented in
a forthcoming paper.
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Appendix
2D Ray-tracing Computations

Under the thin-lens and circular symmetry hypotheses, the
following 2D geometrical approach can be used to compute the
efficiency and gain of a GL-based communication link.

A.l. Using Two Stars as GLs

Figure 10 shows a 2D representation of the geometry of the
communication link between the two stars, under the thin-lens
approximation. The transmitter (T), the first star (S1), the
second star (S2), and the receptor (R) are all located on the
same line, with dr_g; the distance between the transmitter and
the first star, ds;_s, the distance between the two stars, and
ds> g the distance between the second star and the receptor.
For a selected impact parameter b, the orthogonal distances y,
and y, are bR, and bR,, respectively, where R; and R, are the
radii of both stars. The other geometrical elements of the
communication link can be derived using

@ = arctan(y; — y,) /dsi-s2 (AD)
a1 = Qevl — 2 (A2)

03 = Qgev2 + 2 (A3)
dr_s1 = y,;/tanqy (A4)
dsy r = y,/tanas, (AS)

where the deviation angles agey; and gy, are the sums of the
gravitational and scattering deviation angles for star 1 and star
2 as computed with Equations (1) and (2) and assuming an
impact parameter b.

At this stage, we fix the radial positions of the transmitter and
receptor (dr_s; and dsp_R), and we add small increments to y1 in
both directions, i.e., yI' = y; + 0y, iterating on d; until the
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Figure 10. Illustration showing the geometry of the GL communication link assuming that both stars S1 and S2 are used as GLs. See text for details.
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Figure 11. Illustration showing the geometry of the GL communication link assuming that only star S1 is used as a GL. See text for details.

computed ray does not intersect with the receptor R anymore. For
each tried value of y/, o] (from Equation (A16)) and cj,; (from
Equations (1) and (2)) are computed, and then oy (Equation (A9)),
y, (Equation (Al)), que» (Equations (1) and (2)), and aj
(Equation (A12)). Finally, the vertical position y3' of the light ray
at the radial position of the receptor R is computed as

!

Y3 = yz/ — dsp_g tan 04/3. (A6)

If |y3’| is smaller than or equal to the assumed radius of the
circular receptor Ry, then the emitted photon is considered to
be detected.

By iterating on yl/, one obtains the width of the ER Wgg.
Assuming that the intensity in the laser beam is homogeneous,
we can then compute the efficiency of the communication link
EcrLy (.e., the fraction of emitted photons reaching the
detector) by using the equation

2Werw(dg_s1)

s A7
Tw(dg—_s1)? AD

EcLcL =

where w(dg_g;)? is given by Equation (5).

To compute the gain, one has to compute the communication
efficiency without GEcy wi—gry (i.e., the fraction of photons
emitted by the laser that reach the receptor R without using any
star as GL) using the equation

WR}%

_— A8
mw(dsi—s2)? (A8

Ecrwi—gL) =

where w(ds;_s»)? is again given by Equation (5).
The ratio of the efficiencies Ecy L) and Ecpwi—cr) gives
finally the gain of the GL link.

A.2. Using only Star 1 as a GL

In the case in which only star 1 is used as GL (i.e., the star
hosting the transmitter T), the 2D geometry of the commu-
nication link becomes the one shown in Figure 11. The
geometric relationships to use are then

ap = arctan(y,) /dsi —s2 (A9)

Qp = Qgevi — (A10)
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Figure 12. Illustration showing the geometry of the GL communication link assuming that only star S2 is used as a GL. See text for details.
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Figure 13. Illustration showing the geometry of the GL communication link assuming that both stars S1 and S2 are used as GLs and the transmitter T is placed closer

to S1 and off-axis (relative to the SGL). See text for details.

dr_s1 = yl/tan . (A1)

The methodology to compute Wgg and Ecy qr) is the same
as in the previous case.

A.3. Using only Star 2 as a GL

In the case in which only star 2 is used as a GL (i.e., the star
hosting the receptor R), the 2D geometry of the communication
link becomes the one shown in Figure 12. The geometrical
relationships to use are then

oy = arctan(y,) /dsi—s2 (A12)
Q) = Qgev2 — Qi (A13)
ds)_r = yz/tan ). (A14)

The methodology to compute Wgg and Ecyp gy, is the same
as in the previous cases, except that the width of the laser beam
has to be computed for the distance ds;_s».

A 4. Off-axis Transmitter

If one assumes that the transmitter is placed closer to S1 and
off-axis (relative to the SGL), and assuming that both stars are
used as GLs, the geometry of the communication link becomes
the one shown in Figure 13. First, the radial position of the
focus relative to S1, dp_g, is computed as in case A.l. For a
selected radial distance dr_g; of the transmitter T relative to

10

star S1, its orthogonal position yt is then computed via

yr = (dp_s1 — dTSl)tan Q. (A15)

The radial distance of the receptor R relative to S2 is also
computed as in case A.l. Then, to estimate the width of the ER
Wer, one has to take into account that the light rays will
emanate from an off-focus position as shown in Figure 14.
Given yl/, @iy is computed using Equations (1) and (2), and
then aj, a, and y, are computed through

o/l = arctan(y]' - yT')/dT,S1 (A16)
) = Qhevi — (A17)
yz/ = yl/ — ds)_s» tan ;. (A18)

Parameter a;evl is then computed using Equations (1) and (2),
and then a3 and y, are computed using

sy = Qgeva’ + (A19)

y; =¥, — ds>_g tanaj. (A20)
The computation of the communication efficiency and the
gain are as in case A.l. The same methodology applies to the

cases where only S1 or S2 is used as a GL.
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Figure 14. Same as Figure 13, but for a slightly different impact parameter of the light ray, so as to illustrate how the width of the ER is computed.
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