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Abstract

For about the last 60 yr the search for extraterrestrial intelligence has been monitoring the sky for evidence of
remotely detectable technological life beyond Earth, with no positive results to date. While the lack of detection
can be attributed to the highly incomplete sampling of the search space, technological emissions may be actually
rare enough that we are living in a time when none cross the Earth. Here we explore the latter possibility and derive
the likelihood of the Earth not being crossed by signals for at least the last 60 yr to infer upper bounds on their rate
of emission. Under the assumption that technological emitters are distributed uniformly in the Milky Way and that
they generate technoemissions at a constant rate, we find less than about one to five emissions generated per
century with 95% credible level. This implies optimistic waiting times until the next crossing event of no less than
60–1800 yr with a 50% probability. A significant fraction of highly directional signals increases the emission rates’
upper bounds, but without systematically changing the waiting time. Although these probabilistic bounds are
derived from a specific model and their validity depends on the model’s assumptions, they are nevertheless quite
robust against weak time dependences of the emission rate or nonuniform spatial distributions of the emitters. Our
results provide therefore a benchmark for assessing the lack of detection and may serve as a basis to form optimal
strategies for the search for extraterrestrial intelligence.

Unified Astronomy Thesaurus concepts: Search for extraterrestrial intelligence (2127); Astrobiology (74);
Technosignatures (2128)

1. Introduction

Searching for a needle in a “cosmic haystack” is a catchy
metaphor that vividly illustrates the difficulties encountered by
the search for extraterrestrial intelligence (SETI) due to the
vastness of the parameter space to be searched (Tarter et al.
2010; Wright et al. 2018). Hypothetical technological species
might indeed manifest themselves, either intentionally or not,
through electromagnetic emissions reaching our planet from
unknown locations in space and with wavelength, radiated
power, duration, and other transmission characteristics of
which we have no prior knowledge (Forgan 2019; Lingam &
Loeb 2021). To get an idea of the vastness of the search space,
Tarter et al. (2010) compared the fraction of parameter space
explored during the first 50 yr of SETI as equivalent to 1.6 cups
of water from Earth’s oceans. After a decade and many other
surveys, Wright et al. (2018) updated this estimate by replacing
the 1.6 cups of water with a small swimming pool; still a tiny
fraction of Earth’s oceans.

Despite over 60 yr of activity, it is thus not surprising that
the search for extraterrestrial intelligence, or more properly the
search for remotely detectable manifestations of technology
(also known as technosignatures), has so far ended up empty-
handed. The strategy behind SETI’s ongoing efforts, then, is to
continually improve the sampled search space through
increasingly comprehensive surveys, such as the Breakthrough
Listen initiative (Worden et al. 2017), or to consider
technosignatures more exotic than radio or optical (Sellers
et al. 2022) with the hope of eventually finding the long-sought
needle in the cosmic haystack, or at least placing even tighter

upper limits on its existence (Enriquez et al. 2017; Grimaldi &
Marcy 2018; Price et al. 2020; Wlodarczyk-Sroka et al. 2020;
Gajjar et al. 2021, 2022; Suazo et al. 2022).
Although the elusiveness of extraterrestrial technosignatures

might be justified by the aforementioned immense search space
to be explored, it is however also consistent with the possibility
that there are actually no technosignatures to be detected. This
does not necessarily mean that technological exo-civilizations
or their emitting artifacts are extremely rare or nonexistent
(Tipler 1980; Ward & Brownlee 2000); but, less categorically,
that we are looking for them during a time when our planet is in
a region of the galaxy devoid of technoemissions, even if other
regions are illuminated by them. This could be, for example,
the case of extraterrestrial emitters that have generated
electromagnetic radiations propagating in all directions at the
speed of light, but that have not yet reached our planet, or that
have ceased radiating in a past sufficiently distant that their
signals have already overcome the Earth and continue to move
away from it. If there is a nonzero emission rate, then this
scenario implies that while the signals that are moving away
from our planet will remain forever invisible to us, others are
heading our way and will be potentially detectable in the future
when they eventually cross the Earth.
Here, we investigate the consequences of assuming that the

Earth has not been crossed by any technosignal at least since
humanity began to actively search for them. Although sporadic
searches for (radio) signals predated the first modern SETI
experiment, conducted in 1960 (Drake 1961), we take a fiducial
period of 60 yr of nondetection as our working hypothesis. As
shown in the following, this strategy allows us to place upper
limits on the rate of technoemissions and to infer probabilistic
waiting times until the next crossing event, without recurring to
additional hypotheses about emission longevities or other
emission characteristics.

The Astronomical Journal, 165:199 (7pp), 2023 May https://doi.org/10.3847/1538-3881/acc327
© 2023. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
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.

1

https://orcid.org/0000-0001-7807-7073
https://orcid.org/0000-0001-7807-7073
https://orcid.org/0000-0001-7807-7073
mailto:claudio.grimaldi@epfl.ch
http://astrothesaurus.org/uat/2127
http://astrothesaurus.org/uat/74
http://astrothesaurus.org/uat/2128
https://doi.org/10.3847/1538-3881/acc327
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/acc327&domain=pdf&date_stamp=2023-04-13
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/acc327&domain=pdf&date_stamp=2023-04-13
http://creativecommons.org/licenses/by/4.0/


2. The Model

In what follows, we refer to an “emitter” as any
extraterrestrial source of artificial electromagnetic emissions,
regardless of whether the source is an actively transmitting
technological civilization, a robotic transmitter, or the bypro-
duct of some technological activity. We assume that such
emitters are independently and identically distributed in the the
Milky Way with probability distribution function (PDF) ρE(r),
where r is the emitter position relative to the galactic center.
Since here we are interested in a scenario where the Earth is in
a region of space devoid of technoemissions, hereafter referred
to as the void space, we do not specify characteristics such as
wavelength, intensity, duty cycle, etc., and only assume that the
emissions are generated at a constant (i.e., time-independent)
rate per unit volume Γρ(r), where Γ is the emission birth rate in
the entire Galaxy. We defer the discussion about the validity of
this approximation to the end of this section.

Let us first treat the case of isotropic technoemissions, since
the case of directional, anisotropic emissions can be derived
directly from the isotropic one, as shown in Section 3.4.

Examples of isotropic technoemissions are the infrared glow
generated by hypothetical mega-structures, such as the Dyson
spheres (Dyson 1960), the radio or optical emissions from
beacons sweeping the entire galaxy, or leaked electromagnetic
radiations produced by technological activities. In principle,
this list could also include remotely detectable industrial
pollution in the atmosphere of exoplanets (Lin et al. 2014;
Kopparapu et al. 2021), although searches of this kind have not
yet been carried out.

We model the region of space filled by an isotropic emission
process lasting a time interval L with a spherical shell centered
at r and having outer radius ct and thickness cL, where c is the
speed of light and t is the time elapsed since the beginning of
the emission process (Smith 2009; Grimaldi & Marcy 2018).
As mentioned above, the emissions are generated at a constant
rate, so at any given time the galaxy is filled with a certain
number of spherical shells with uniformly distributed outer
radii. We make the further reasonable assumption that the
durations of the emission processes (or, equivalently, the
thicknesses of the spherical shells) are independently and
identically distributed random variables with PDFs given by
ρL(L).

We now focus on the aforementioned scenario where none
of the emissions present in the Galaxy crosses the Earth. As
shown in Figure 1, we can identify two types of shells for this
to happen: the incoming and the outgoing shells. The shells of
the first type have an outer radius that is larger than the distance
of the Earth from their point of origin, as the shell generated by
the emitter A in Figure 1. Since the outer shell radii are
expanding at the speed of light, the incoming shells will reach
the Earth at some time in the future. The second type of shells,
the outgoing shells, are such that the Earth is located within
their “hole,” as in the case of the shell generated by emitter B in
Figure 1. In this case, the outgoing shells are steadily moving
away from our planet and have overlapped the Earth at some
time in the past.

To estimate the typical time interval between two crossing
events, and therefore the typical time during which the Earth is
located in a void space, we resort to a method similar to that
used in soft matter to characterize the void or pore space in
porous media or, more generally, in two-component materials
(Torquato 2002). Namely, we treat the Earth as if it were the

center of a test sphere of diameter δ� 0 and consider the
probability that none of the spherical shells overlaps the test
sphere:

P e , 1d = h d-( ) ( )( )

where η(δ) denotes the average number of shells overlapping
the test sphere. Since P(0) is the probability of the Earth being
in the void space, P(δ)/P(0) gives the expected fraction of the
void space available to the test sphere, also known as the
cumulative pore-size distribution function (Torquato 2002).
Now, P(δ)/P(0) is also equivalent to the probability that the

outer radius of the nearest incoming shell and the inner radius
of the nearest outgoing shell are each at a distance not smaller
than δ/2 from the Earth and, consequently, for a given
emission rate the time interval between successive overlaps has
a probability

P P c P e0 2c0t tG º = h h t-( ∣ ) ( ) ( ) ( )( ) ( )

of being greater than τ= δ/c.
We calculate η(cτ) as described in the Appendix A to find:
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where θ is the unit step function, ro is the vector position of the
Earth, and L dL L LLò r=¯ ( ) is the average longevity of the
emission processes, a key factor in determining the probability
of contact (Lares et al. 2020; Kipping et al. 2020; Balbi &
Ćirković 2021).
A first critical result is that, since L0h = G( ) ¯ , the average

longevity cancels out in P(τ|Γ). This is beneficial for the
analysis that follows because L̄ is an utterly unknown
parameter whose value has been the subject of much
speculation since the early days of SETI (Shklovskii &
Sagan 1966; Gott 1993; Wright et al. 2021).

 

Figure 1. Spherical shell model of isotropic technoemissions. The two annular
regions are a two-dimensional representation of the space covered by the
isotropic radiations originating from emitters A and B. The thicknesses of the
annuli are proportional to the emission longevities, whereas the outer radii are
proportional to the time elapsed since the beginning of the emission processes.
The arrows indicate the direction of propagation at the speed of light c of the
outer and inner edges of the annuli. The dashed circle represents a test sphere of
radius δ/2 and with center at Earth’s position. The time interval between
successive overlap events between the shells and the test sphere is greater than
τ = δ/c.
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After eliminating L̄, two unknowns are left in P(τ|Γ): the
emission birth rate, Γ, and the spatial distribution of the
emitters, encoded by ρE(r) in Equation (3). In modeling the
latter, we assume that the emitters do not occupy a special
region of the galaxy and adopt for ρE(r) an axisymmetric PDF
that reproduces the distribution of stars in the thin disk of the
Milky Way (see the Appendix A.3 for more details).

Figure 2(a) shows P(τ|Γ) as a function of τ for several values
of the emission rate Γ calculated numerically from
Equations (2) and (3) using ro= 27 kly. As shown in the
figure, P(τ|Γ) closely follows

P e d cfor 2 , 4at tG t-G ( ∣ ) ¯ ( )

P e d cfor 2 , 4bd c2t tG >t-G +( ∣ ) ¯ ( )( ¯ )

where r r r rd d E oò r= -¯ ( )∣ ∣ is the average distance of an
emitter from the Earth, which is about 31.08 kly for the emitter
distribution here considered. Therefore, as long as
τ 6.2× 104 yr (vertical gray line in Figure 2(a)) P(τ|Γ)
essentially coincides with the probability of the waiting time
between events of a Poisson point process with rate
parameter Γ.

Our minimal model of uniform distribution of emitters in the
Galaxy can be generalized to consider other density profiles,
such as the annular galactic habitable zone of Lineweaver et al.
(2004), which gives essentially the same results of Figure 2(a),
or much less uniform ones, such as those describing emitters
that are clustered in more or less localized regions of the
Galaxy. For the sake of illustration, Figure 2(b) shows the
conditional probability P(τ|Γ) calculated by adopting for ρE(r)
a Gaussian of dispersion σ and mean rE, such that
|ro− rE|= 50 ly. When the emitter distribution localizes more
tightly around rE (small σ), the conditional probability
approaches the piecewise functional form of Equation (4a).

At this stage, a few remarks should be made about the
assumption of a stationary birth rate of technoemissions. This
assumption has often been questioned on the basis that the
habitability of the Galaxy is, itself, a function of time
(Lineweaver et al. 2004), so that it is reasonable that Γ also
varies with t (Ćirković M. M 2004; Balbi & Ćirković 2021),

albeit over an unknown timescale tE. Here, we do not delve into
speculation about what the temporal dependence of Γ(t) might
be, but rather estimate the timescale tE such that the temporal
dependence of the birth rate can be neglected. To this end, we
expand Γ(t) up to the first order in t, Γ(t); Γ(1+ t/tE) (Balbi
& Grimaldi 2022), and calculate the resulting P(τ|Γ) as
outlined in the Appendix A.2. We find that P(τ|Γ) reduces to
the stationary limit as long as both d c¯ and the average
longevity L̄ are much smaller than tE. For a uniform
distribution of the emitters (d c 31¯  kyr) a stationary birth
rate is thus a good approximation when tE is greater and L̄ is
smaller than about d c10 300¯  kyr, as shown by the
numerical results plotted in Figure 2(c).

3. Results

We now turn to the implications of assuming that the
fruitless efforts during the ∼60 yr history of SETI are actually
due to the absence of Earth-shell overlaps for at least
τo= 60 yr, rather than to a highly incomplete sampling of the
search space. Keeping in mind the caveats in the previous
section, in the following we consider the emitters to be
generated at a constant rate and uniformly distributed over the
Milky Way.

3.1. Inferred Emission Rates

We start by inferring the posterior probability distribution of
Γ using Bayes’ theorem:

p
P p

d P p
, 5o

o

oò
t

t
t

G =
G G

G G G
( ∣ ) ( ∣ ) ( )

( ∣ ) ( )
( )

where p(Γ) is the prior PDF of Γ representing some initial
hypothesis about the emission birth rate and
P(τo|Γ)= P(cτo)/P(0) is the likelihood that the time interval
between overlaps is greater than τ0, given Γ. We use
Equation (4a) for P(τo|Γ), which is justified by the small value

Figure 2. Likelihood P(τ|Γ) of Earth-technosignal noncrossing time being greater than τ. a: black solid lines represent the conditional probability P(τ|Γ) calculated
numerically from Equation (A5) for different values of the emission birth rate Γ and assuming that the emitters are distributed uniformly over the thin disk of the Milky
Way. For τ smaller than and greater than about d c2 62¯  kyr (vertical gray line), P(τ|Γ) is well approximated by exp t-G( ) (blue dashed lines), and

d cexp 2t-G +[ ( ¯ )] (red dotted–dashed lines), respectively. (b) P(τ|Γ) calculated for emitters that are normally distributed around a distance of 50 ly from Earth for
different values of the standard deviation σ. The vertical gray line denotes d c2 100 yr=¯ . c: The solid lines are the likelihoods in the stationary limit for Γ = 10−3 and
10−2 yr−1 (as in panel a), whereas the dashed lines are the corresponding likelihoods computed in the nonstationary case for tE = 300 kyr and L 100=¯ kyr. The solid
and dashed lines encompass the results for all values of L 100<¯ kyr and tE > 300 kyr.
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of τo:
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which shows that values of Γ much greater than 1/τo∼ 0.02
yr−1 are strongly disfavored. This implies that it is unlikely that
far more than two shells per century are emitted from the Milky
Way and that, consequently, an a priori optimistic view
asserting a high rate of emissions must be significantly
reconsidered.

To place more quantitative upper bounds on Γ, we adopt
three different functional forms of the prior that reflect distinct
shades of optimism toward the possible emission rate: a prior
PDF uniform in Γ, a prior uniform in G , and a prior uniform
in the logarithm of Γ. All three priors are defined in the interval

10min
5G = - yr−1 to 10max

2G = yr−1 (and 0 otherwise). The
uniform in Γ and uniform in G priors represent, respectively,
an optimistic and a moderately optimistic belief about the
emission birth rate, as they assert, for example, that Γ< 10−2

yr−1 is respectively 100 times and 10 times less likely than
Γ< 1 yr−1. Conversely, the log-uniform prior is in principle
uninformative, as it implies almost complete ignorance of even
the scale of Γ (Spiegel & Turner 2012). However, the lower
limit of Γ set at 10−5 yr−1 assumes the presence at any time of
at least ∼1 spherical shell within the galaxy (Grimaldi 2021),
making even the log-uniform prior at least marginally
optimistic.

Figure 3(a) shows the posterior probability of the emission
rate being larger than Γ, P(Γ|τo), calculated by integrating
Equation (6) from Γ to maxG . Depending on the degree of
optimism transpiring from the priors, the assumption that no
technoemissions have crossed the Earth during (at least) the
entire history of SETI implies that Γ is less than about 0.05
yr−1 (optimistic), 0.03 yr−1 (moderately optimistic) and 0.01
yr−1 (marginally optimistic) with a credible level of 95%.
Overall, this translates into an upper bound of about one to five
emissions per century generated throughout the galaxy, roughly
corresponding to the inferred rate of supernovae in the Milky
Way (Rozwadowska et al. 2021).

This estimate does not change much even in the extreme
case of emitters strongly localized at only 10 ly from Earth, in
which case we infer using Equation (4b) an upper bound on Γ
of about two to seven emissions per century.

3.2. Waiting Time

Having established that we can infer information on Γ
directly from the 60 yr long absence of Earth-shell overlaps, we
now show that this can be used to inform us about the waiting
time Δτ until the next overlap event. To this end, we take the
conditional probability of no overlap during a time interval of
at least τo+Δτ years, given that no overlap has persisted for at
least τo years: P P expo ot t t t+ D G G = -GD( ∣ ) ( ∣ ) ( ). Margin-
alization over p(Γ|τo) yields:

P d e p
d e p
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oò
ò
ò

t t tD = G G =
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G G
t

t t

t
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from which we derive that the median of P(Δτ|τo) is about
60 yr (optimistic), 170 yr (moderately optimistic), and 1800 yr
(marginally optimistic). Even in the most optimistic case there
is a decent 20% probability that the next crossing event will
occur not sooner than 240 yr (Figure 3(b)), whereas we can be
confident that in the least optimistic scenario the waiting time
does not exceed about 105 yr (95% credible level). This is due
to our choice of setting 10min

5G = - yr−1 for the minimum
emission rate, which prevents the log-uniform prior to diverge
as Γ→ 0. Smaller values of minG (hence more pessimistic log-
uniform priors) would result in longer waiting times than those
inferred from the marginally optimistic case of Figure 3(b).
A word of caution is in order regarding the fallacy of

interpreting Δτ as the expected waiting time until a possible
future detection. In fact, P(Δτ|τo) gives the temporal scale
associated to the nonoverlap with technoemissions, regardless
of whether detectors on Earth actively search for them. Because
of the aforementioned vastness of the search space, perspec-
tives on the actual detection of technosignatures, therefore,
pertain to timescales that are necessarily larger than those
predicted by P(Δτ|τo),

3.3. Inferred Longevities

So far we have assumed that no spherical shell has
intersected the Earth for at least 60 yr. But how likely is this
scenario in light of the emission rates inferred in Section 3.1?
To find it out we consider the probability of the test sphere not
crossing any shell signal, given in Equation (1). Neglecting
again the integral term in Equation (3) we obtain

Figure 3. Posterior probabilities from the 60 yr long absence of technosignals at Earth. a, Posterior probability of the emission rate being greater than Γ (solid lines)
inferred from three different priors (dashed lines): optimistic (PDF uniform in Γ), moderately optimistic (PDF uniform in G ), and marginally optimistic (PDF
uniform in logG). b, Posterior probability of the next crossing event occurring not sooner than Δτ calculated from Equation (7) for the three optimistic cases. c,
Posterior probability of the average emission longevity L̄ calculated from Equation (8).

4

The Astronomical Journal, 165:199 (7pp), 2023 May Grimaldi



P c Lexpo ot t= -G +( ) [ ( ¯)], where the exponential drop with L̄
reflects the narrowing of the voids as the signal longevity
increases. Marginalization over the posterior PDF of Γ gives

P L d e p
d e p

d e p
, 8o

L
o

L2
o

o

oò
ò
ò

t t= G G =
G G

G G
t

t

t
-G +

-G +

-G
( ¯∣ ) ( ∣ )

( )

( )
( )( ¯)

( ¯)

which is plotted in Figure 3(c) for the three different priors
considered. We found that for L 2 120 yrot =¯ the non-
overlap probability P L ot( ¯∣ ) is over 25% (optimistic), 48%
(moderately optimistic), and 80% (marginally optimistic).
Interestingly, technoemissions need not be short-lived to allow
for a nonoverlap period of >60 yr, as their longevity can reach
1100 and 16,600 yr with an appreciable 20% probability for the
moderately and marginally optimistic cases, respectively
(Figure 3(c)). However, as a consequence of assuming

10min
5G = yr−1, even the least optimist scenario rules out

average longevities greater than about 105 yr.

3.4. Anisotropic Emissions

Now, we elaborate on the possibility that a fraction q of
technoemissions is given by more or less long-lived directional
signals, such as collimated radio beams or optical and infrared
laser signals (Townes 1983; Tellis & Marcy 2015). In this case,
the total emission rate can be written as Γ= Γiso+ Γani, where
Γiso and Γani are respectively the rates of isotropic and
anisotropic technoemissions with corresponding average long-
evities given by L iso¯ and Lani¯ , and q= Γani/Γ. Since the space
filled by the radiation of a directional signal is smaller than that
occupied by an isotropic emission of similar longevity, we
expect an increased average size of the void regions as q≠ 0 .
To see this, we model the anisotropic emissions by narrow
conical beams of angular aperture α= 2π and beam axis
orientations distributed uniformly over the unit sphere. This
model is in principle suitable for describing directional signals
aimed at targets other than Earth, but that could accidentally
illuminate it. As shown in Appendix B, Equation (4a) still gives
the probability of the time interval between overlaps being
greater than τ, provided that we adopt for Γ the effective rate
Γ

*

= Γχ, where χ= [(1− q)+ qα2/16]� 1 accounts for the
enlarged space available to the test sphere (Grimaldi 2021).

The use of the likelihood function * *P expo ot tG = -G( ∣ ) ( )
allows us to compute the posterior probabilities along the same

lines described above for the isotropic case. As summarized in
Figure 4(a), the posterior probability of Γ increases as q> 0
(with α held fixed at 2 arcmin ;6× 10−4 rad) for the three
optimistic scenarios considered. For example, assuming that
half of the emissions are generated by randomly oriented
narrow beams (q= 50%), the inferred total emission rate turns
out to be less than 0.02–0.1 yr−1 (from the least to the most
optimistic scenarios) with a credible level of 95%, thus
doubling the probabilistic upper bounds found for totally
isotropic technoemissions.
The increase in the posterior probability of Γ, however, has

virtually no effect on the posterior probabilities of Δτ and L̄ in
the optimistic and moderately optimistic scenarios
(Figures 4(b) and 4(c)), because such an increase is almost
completely compensated by the decrease of the anisotropy
factor χ. The compensation becomes complete if we take

0minG = yr−1 and maxG = ¥, for which we find
P(Δτ|τo)= τo/(Δτ+ τo) and P L L 2o o ot t t= +( ¯∣ ) ( ¯ ) in the
optimistic case and P o o ot t t t tD = D +( ∣ ) ( ) and

P L L 2o o ot t t= +( ¯∣ ) ( ¯ ) in the moderately optimistic case.
On the contrary, the divergence of the log-uniform prior PDF
for Γ→ 0 makes the posteriors of Δτ and L̄ still dependent of
the anisotropy factor χ (Figures 4(b) and (c)).

4. Discussion and Conclusions

We have presented the results of the hypothesis that our
planet has not been crossed by extraterrestrial technological
emissions for at least 60 yr, corresponding to the period when
SETI has been actively (albeit intermittently) searching for
technosignatures. Although the lack of detection to date can be
justified by the highly incomplete sampling of the SETI search
space, our working hypothesis is consistent with the available
data and represents a much less worst-case scenario for SETI
science than the claims of extreme rarity or even total absence
of technological species other than ours to explain why they
have not been detected so far.
Borrowing a formalism pertaining to soft matter physics and

using standard Bayesian methods, we inferred upper bounds on
the technoemission rate Γ and corresponding lower bounds on
the waiting time until the next crossing event that are
remarkably independent of the signal longevity. We have
shown that if the lack of detection for the past 60 yr happens to
be due to our planet being in a region devoid of technosignals,

Figure 4. Effects of technoemission anisotropy on the posterior probabilities. a, Posterior probability of the emission rate being greater than Γ for different fractions q
of anisotropic technoemissions modeled by randomly oriented narrow beams with aperture of 2 arcmin (α ; 6 × 10−4 rad). For each prior considered q = 0, 0.25, 0.5,
0.75, and 0.95 (from left to right). b, Corresponding posterior probability of the next crossing event occurring not sooner than Δτ. c, Posterior probability of the
average emission longevity L̄ .
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then it follows that SETI will likely find none for the coming
several decades (if not centuries or even millennia for the least
optimistic case), even if it were to search “all-sky, all the time.”

This conclusion rests on a few assumptions we made
regarding the emission rate of technosignals and the spatial
distribution of the emitters, which we will now comment on.
We start by noting that relaxing the hypothesis that the
emissions are generated at a constant rate would make our
central quantity, the likelihood function P(τ|Γ), dependent on
the emission longevity L. This implies that additional
assumptions about the L distribution are needed to infer the
waiting time until the next crossing event. However, we have
shown that as long as Γ(t) varies over timescales tE greater than
a few hundred thousand years, and provided that the emission
processes last less than about tE, the stationary limit considered
here still gives accurate results.

A second assumption adopted here is that of emitters that are
distributed in the Milky Way independently of each other.
Adding correlations between the emitters would be functional
to describe clustering effects arising, for example, by space-
faring species colonizing nearby planetary systems, as in the
directed panspermia scenario (Ginsburg & Lingam 2021). In
part, clustering can be mimicked by adopting ad hoc functional
forms of the emitter PDF, as done in Section 2 where we used a
more or less localized Gaussian for PDF. We note however
that, given enough time, a possible outcome of directed
panspermia is the colonization of the entire galaxy (Carroll-
Nellenback et al. 2019). In this case, the emitters would be
uniformly distributed over the Milky Way, as considered in this
paper.

In conclusion, we do not know whether the premise laid out
in this paper (i.e., that technoemission have not crossed Earth
since more than 60 yr) is true or not, but it is certainly an
hypothesis that needs to be considered, especially after decades
of fruitless searches and only two years before the Break-
through Listen project is completed. This rises the question of
whether SETI science should focus more on commensal
investigations, i.e., searching for technosignals from data
collected by telescopes performing other observational activ-
ities, rather than investing telescope time in active SETI
searches.

The author wishes to thank A. Balbi, P. De Los Rios, J.
Kuennen, M. Lingam, and G. W. Marcy for advice and
comments on early drafts.

Appendix A
Derivation of the Likelihood Function

Our model considers a collection of statistically independent
spherical shells, each representing a region of space filled by
isotropic electromagnetic radiations emitted from a random
position in the galaxy, and a test sphere of diameter δ and
center at Earth’s position ro. The spherical shells can overlap
with each other and with the test sphere, so that the probability
that k shells overlap the test sphere follows a Poisson
distribution: η(δ)ke− η( δ)/k!, where η(δ) is the average number
of overlaps. Setting k= 0 yields the probability that none of the
spherical shells overlap the test sphere: P(δ)= e− η( δ).

To calculate η(δ) we consider the probability of a single shell
overlapping the test sphere:

A1

r rp t L d ct d d ct cL; , 2 2 ,Eòd r q d q d= + - - + +

( )

( ) ( ) ( ) ( )

where d= |r− ro| is the distance of an emitter from the Earth, θ
(x)= 1 if x� 0 and θ(x)= 0 if x< 0 is the unit step function,
ρE(r) is the probability density of an emitter being located in r,
ct is the outer radius of the spherical shell, and cL its thickness,
where t� 0 is the elapsed time since the emission started and c
is the speed of light. In the case of multiple shells that are
generate with rate Γ(t), the average number of overlaps is
obtained by marginalizing (A1) over t and L. Exchanging the
order of integration and noting that Γ(t)= 0 for t< 0 and that
δ= cτ we find:

r r
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A.1. Stationary Limit

Under the assumption that Γ(t) does not change appreciably
within the limits of integration over t in Equation (A2), we
neglect the time dependence of the emission birth rate and set Γ
(t)= Γ. Performing the integration over t and L then yields:

c L K , A3h t t t= G + -( ) [ ¯ ( )] ( )

where L dL L LLò r=¯ ( ) is the average longevity of the
emissions and

r rK d d c d c
1

2
2 2 . A4Eòt r q t t= - -( ) ( ) ( )( ) ( )/ /

Equations (A3) and (A4) yield Equation (3) of the main text.
Finally, the conditional probability that the time between
overlaps is greater than τ, given Γ, reads:

P P c P e0 . A5Kt tG = = t t-G -( ∣ ) ( ) ( ) ( )[ ( )]

A.2. First Order Corrections in t

To estimate the importance of the time dependence of the
emission rate, we Taylor expand Γ(t) up to the first order in t
and write Γ(t); Γ(1+ t/tE), where tE is some characteristic
timescale. The time integration in Equation (A2) can still be
performed analytically, yielding for P(τ|Γ):

P e , A6L d c t K K t1 2 2 4E E1t G = t t t-G + + - +( ∣ ) ( )[ ( ( ¯ ¯ ) ) ( ) ( ) ]

where r r r rd d E oò r= -¯ ( )∣ ∣ is the mean Earth-emitter distance
and

r rK d d c d c
1

2
2 2 . A7E1

2òt r q t t= - -( ) ( ) ( )( ) ( )
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The stationary limit of Equation (A5) is recovered by setting
tE→∞ . For τ smaller than tE, the main contribution of a
nonstationary Γ(t) comes from the factor L d c t2 2 E+( ¯ ¯ ) in
Equation (A6). Although this correction introduces an explicit
dependence on L̄ (absent in the stationary limit) it is negligible
small as long as t LE ¯ and d c¯ .

A.3. Models of the Emitter Distribution ρE (r)

In the main text, we show results obtained by using two
functional forms of ρE(r). The first one adopts an axisymmetric
distribution of the emitters of the form:

r r r r r z zexp exp , A8E s s sr l= - -b( ) ( ) ( ) ( ∣ ∣ ) ( )

where r is the radial distance from the galactic center, z is the
height from the galactic plane, and λ is a normalization factor.
By setting β= 0, rs= 8.15 kly, and zs= 0.52 kly,
Equation (A8) reproduces the distribution of stars in the thin
disk of the Milky Way, whereas for β= 7 and rs= 3.26 kly it
replicates the main features of the annular galactic habitable
zone of Lineweaver et al. (2004). An approximate but
sufficiently accurate expression for P(τ|Γ) can be derived by
substituting in Equations (A4) the Earth-emitter distance
d= |r− ro| for its mean d̄ , which gives Equation(4a) of the
main text.

In the second model, we consider a Gaussian function
centered on rE and with standard deviation σ: rEr =( )

r rexp 2 2E
2 2 3 2 3s p s- -( ∣ ∣ ) ( ) . In this case, Equation (4a)

(with r rd E o= -¯ ∣ ∣) becomes increasingly accurate
as d 0s ¯ .

Appendix B
Anisotropic Emissions

We model a directional anisotropic technoemission by a
conical beam of aperture α and axis oriented along the
direction of the unit vector n. As done for the isotropic case, we
take a test sphere of radius δ/2 centered at Earth and consider
the probability that the beamed emission overlaps the test
sphere. For n averaged uniformly over the unit sphere, this is
given by:

p t L p t L; , , ; , , B1d a a d= W( ) ( ) ( ) ( )

where 1 cos 2 2a aW = -( ) [ ( )] is the fractional solid angle
subtended by the beam and p(δ; t, L) is the overlap probability
given in Equation (A1).

Next, we denote with Γiso and Γani the rate of isotropic and
anisotropic technoemissions, respectively, so that using
Equation (A2) the average number of emissions overlapping
the test sphere of diameter δ= cτ reduces to:

c dL L dt p c t L

dL L dt p c t L

; ,

; , , B2

L

L

iso
iso

ani
ani

ò ò
ò ò

h t r t

a r t

= G

+ G W

( ) ( ) ( )

( ) ( ) ( ) ( )

where LL
isor ( ) and LL

anir ( ) are the longevity PDFs assigned to
the isotropic and anisotropic emissions, respectively. The

integration over t and L yields:

c L L
K , B3

iso iso ani ani

iso ani

h t a
a t t

= G + G W
+ G + W G +

( ) ¯ ( ) ¯
[ ( ) ][ ( )] ( )

where L dL L Li L
iò r=¯ ( ) (i= iso, ani) and K(τ) is defined in

Equation (A4). Finally, setting Γ= Γiso+ Γani, q= Γani/Γ, and
τ= δ/c, we obtain:

*P e , B4Kt G = t t-G -( ∣ ) ( )[ ( )]

where Γ
*

= Γ[q+ (1− q)Ω(α)q].
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