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Overall Goal(s) and Objective(s): We propose a
simple and general framework for investigating the
abundance of intelligent communicating species in the
Universe, allowing for a straightforward treatment of
aspects related to their spatiotemporal distribution. This
is complementary to the standard approach based on the
Drake equation and may be well-suited to incorporate
future research dealing with the evolutionary aspects of
SETI.

Main Body of Text:

Introduction. In recent years, it has been increas-
ingly clear that discussions on the abundance of intelli-
gent radio communicating species in the Universe have
to take into account the spatiotemporal aspects of the
problem, and in particular the role played by evolution-
ary processes, both astrophysical and biological [3].
Several authors have argued that the probability for the
appearance of life and the development of complex or-
ganisms is likely to vary with time over cosmic history
(e.g.[1, 8, 9]). Similarly, spatial inhomogeneities in the
distribution of life are plausible (for example, due to the
existence of a ‘galactic habitable zone’ [4]) and should
be taken into proper consideration.

Such spatiotemporal features, however, are difficult
to treat within the usual framework based on the Drake
equation. The reason for that is apparent when one real-
izes that the Drake equation can be seen as an applica-
tion of a general result of queueing theory, i.e. Little’s
law [7]: N = AL. This formula relates the long-term
average number of items in a stable system, N, with
their long-term average arrival rate, A, and the average
time they spend in the system, L. If the system is a vol-
ume of space (usually, centered around our location)
and the items are the communicating civilizations in it,
then this is exactly the Drake equation, with N being the
average number of communicating civilizations, A their
average rate of appearance, and L the average length of
their communicative period. Since Little’s law holds un-
der the assumption of stationarity of the underlying sta-
tistical process [5], it prevents one to incorporate evolu-
tionary effects. In particular, the average appearance
rate in the Drake equation is usually estimated by guess-
ing its present value as A = R, fyn.f,fif.. however, not
only the average rate of star formation, R,, certainly has
changed over cosmic history, but also the various statis-
tical factors involved (the fraction of stars with plane-
tary systems, the number of planets suitable for life, the

fraction where life do appear, and so on) might have had
different values at different epochs. One possibility to
address the issue might be guessing the time depend-
ence of A (perhaps relating it explicitly to some model
of the time dependence of the various statistical factors
involved) and trying to incorporate the result into a
time-varying version of Little’s law [6].

While this is certainly a direction worth pursuing,
we argue that there is a more straightforward approach
to the problem. We started exploring such approach in a
separate paper [2]: here we highlight the main rationale
and some possible future direction of investigation.

Basic Concept. We suggest that a flexible and gen-
eral framework to investigate how spatiotemporal ef-
fects enter in the estimate of the number of communi-
cating civilizations of which we may find empirical
proof can be built upon just two simple ingredients: (1)
a causal constraint on the detectability of communica-
tions; (2) a statistical model of the spatial and temporal
distribution of communicating civilizations.

The causal constraint is obvious, being just the re-
quirement that a civilization did not cease communi-
cating (voluntarily or not) at a time in the past larger
than D/c, where D is the distance of the civilization
from us (otherwise, its last communications reached us
in the past and we missed it forever). Therefore, if t, >
0 is the time in the past (measured from the present
epoch t = 0) when a given civilization started radio
communications and t is the duration of its communi-
cative period, we can receive its signals (now or in the
future) only if t, — © < D/c. (If we further require that
we have already been reached by the signals, we have
to impose the additional condition t. > D/c.) This
causal constraint, then, acts as a filter on the spatiotem-
poral properties of the civilizations with which we
might come in contact, an effect that can be explored by
producing Monte Carlo simulations of the three random
variables involved (D, t., t), each drawn from its own
probability distribution (Pp, P, P;). The choice of a
functional form for such distributions is where any the-
oretical model (physicochemical, biological, sociologi-
cal, etc.) will enter the stage. In the end, of all the
N0 COMmunicating civilizations that might have ap-
peared during cosmic history, only a ‘detectable frac-
tion” fp will pass through the causal filter and will be,
in principle, observable by SETI surveys.

As an illustration, using a simple toy model where
the distance of communicating civilizations is uni-
formly distributed within a spherical volume of radius



Ry = 103 light years around our location, and their
communicative longevity is drawn from an exponential
distribution with given average, we found [2] that the
fraction f}, varies over several order of magnitudes de-
pending on the statistical distribution of the time of ap-
pearance of communicating civilizations, t.. (The result
of the Drake equation is recovered when the time of ap-
pearance is uniformly distributed.) In other words, given
the same total number of civilizations ever appeared, the
way they are spread over cosmic history (for example
whether they appeared uniformly, or preferentially
around a certain epoch) may result in a big difference in
the number of civilizations that are in causal contact
with us today—and, thus, on the chances of success for
SETI.

Because of the travel time of electromagnetic sig-
nals, evolutionary processes also enter in the analysis
via the extent of the volume under investigation: more
distant locations will probe more ancient epochs of cos-
mic history, which may correspond to varying abun-
dances of civilizations. This is generaly not accounted
for in the Drake equation, which essentially produces a
snapshot of the present situation (and implicitly assumes
that it reflects the average situation at all cosmic
epochs). The effect will be generally negligible for
searches conducted within our galaxy, but might have
important consequences if SETI is extended to extraga-
lactic scales. In fact, exploring distances D~10° Gy
might result in higher chances of picking up communi-
cations from ancient short-lived civilizations, whose
signals have been traveling for a large fraction of cosmic
history. Conversely, since the light crossing time of the
Milky Way (~ 10° y) is much smaller than its age (~
10 y), if we only search in our galactic neighbour the
causal constraint would select civilizations with t, ~ t,
i.e. either very long-lived or almost exactly coeval to us.

The spatial variable is also relevant in itself, since,
as we mentioned, not all possible galactic locations have
the same likelihood of producing habitable planets con-
ducive to the appearance of complex organisms. This
implies that the spatial density distribution of communi-
cating civilizations should be included in the simula-
tions and its influence on the result should be explored.

Conclusion and Future Directions. We highlighted
a general framework that can be used to explore how the
spatiotemporal distribution of communicating civiliza-
tions in the universe affects the likelihood that their sig-
nals can be detected by SETI surveys. Our proposal can
complement the usual approach based on the Drake
equation by easily incorporating the systemic and evo-
lutionary aspects that will certainly constitute a relevant
part of a future multidisciplinary SETI roadmap. The
Drake equation, however, will remain an invaluable ref-

erence to identify the key factors involved in the prob-
lem and their relative weight. An important aspect of the
proposed strategy is that it provides a focal point for
studies addressing different facets of the subject, by in-
dicating a clear, minimal set of deliverables: namely,
theoretical models for the probability distribution of the
appearance time of communicating civilizations, their
communicative longevity, and their spatial density. This
is certainly a daunting task, requiring both empirical and
conceptual inputs from astrophysics, biology, sociol-
ogy, etc. For this reason, we believe it can only be ad-
dressed through an ambitious collective effort as the one
fostered by the creation of a SETI Virtual Institute.

Additional Information:

(A) The theme is relevant for Question 1 of the Alien
Mindscape article (How abundant and diverse is intelli-
gent life in the universe?)

(B) Big Data Analysis could help advance this con-
cept by providing information that can be distilled into
models of the temporal and spatial distribution of com-
plex life in our galaxy and in the universe (possible rel-
evant datasets would include rich catalogues of stellar
properties, exoplanetary surveys, maps of the elemental
and molecular abundance, detailed simulations of galac-
tic evolution, etc.)
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