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One of the major goals for astronomy in the next decades is the
remote search for biosignatures (i.e., the spectroscopic evidence
of biological activity) in exoplanets. Here we adopt a Bayesian
statistical framework to discuss the implications of such future
searches, both in the case when life is detected and when no
definite evidence is found. We show that even a single detection
of biosignatures in the vicinity of our stellar system, in a survey
of similar size to what will be obtainable in the next 2 decades,
would affect significantly our prior belief on the frequency of
life in the universe, even starting from a neutral or pessimistic
stance. In particular, after such discovery, an initially agnostic
observer would be led to conclude that there are more than
10° inhabited planets in the galaxy with a probability exceed-
ing 95%. However, this conclusion would be somewhat weakened
by the viability of transfer of biological material over interstellar
distances, as in panspermia scenarios. Conversely, the lack of sig-
nificant evidence of biosignatures would have little effect, leaving
the assessment of the abundance of life in the galaxy still largely
undetermined.
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ver the past 2 decades, astronomical observations have

detected thousands of planets orbiting other stars in our
galaxy, allowing us to draw robust statistical conclusions on the
populations of such planets (1). Generally speaking, it is now
believed that every star in our galaxy should have at least one
planet (2) and that many such planets have physical features that
may be conducive to the presence of life (3-5).

With the focus of current research rapidly shifting from
the detection of exoplanets to their characterization—and, in
particular, to the study of their atmospheric composition—we
are getting closer to the goal of looking for spectroscopic sig-
natures of biological activity on other worlds (6-9). In the
near term, the Transiting Exoplanet Survey Satellite (TESS)
(10), CHaracterising ExoPlanet Satellite (CHEOPS) (11), and
PLAnetary Transits and Oscillations of stars (PLATO) (12)
space missions will refine the sample of potentially habitable
nearby planets more suitable for follow-up observations. Over
the next couple of decades, there will be realistic opportuni-
ties for attempting the detection of biosignatures on the most
promising targets, both from the ground (e.g., with the European
Extremely Large Telescope®) and with dedicated space observa-
tories [such as James Webb Space Telescope [JWST] ref. 13 or
Atmospheric Remote-sensing Exoplanet Large-survey (ARIEL)
ref. 14]. On a longer time scale, envisioned missions such Hab-
itable Exoplanet Observatory [Habitable Exoplanet observatory
(HabEX")], the Large UV/Optical/IR Surveyor’, and the Origins
Space Telescope® might attempt biosignature detection through
the direct imaging of habitable rocky exoplanets.

Since technological limitations will initially restrict the search
for biosignatures to the immediate vicinity of our stellar system
(i.e., within a few tens of light years), a rigorous statistical treat-
mentwill be necessary in order to draw conclusions on the possible
distribution of inhabited planets in the entire galaxy from a sur-
vey of limited spatial extent. This will be true both in the case of
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a positive detection of life on one or more exoplanets in a given
volume and in the case where no evidence will be found.

Here we suggest an approach to this problem based on the
adoption of a Bayesian perspective, showing how existing knowl-
edge or credence on the presence of life beyond Earth will be
updated as new evidence will be collected from future missions.
A notable previous application of the Bayesian methodology in
the context of life emerging in the universe was the attempt to
quantify the rate of abiogenesis conditioned on a single datum,
i.e., the early appearance of life on Earth, combined with the
evidence that it took ~ 3.8 Gyr for life to evolve intelligence
(15). Further developments along this line considered how future
evidence would update our previous knowledge on the rate of
abiogenesis (16).

Our study tackles the issue of how frequent life is in the uni-
verse from a different perspective. We bypass the question of
the time scales involved in the abiogenesis, and we rather focus
on the present abundance of inhabited planets in the galaxy. In
particular, we are interested in assessing the impact of new data
(those that could be possibly collected in the next 2 decades)
in terms of information gain with respect to existing credence
on the probability of life on other planets. We suggest a way to
disentangle this unknown probability from others that can be in
principle estimated independently, in particular, those pertaining
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to the probability that a specific survey can in fact observe habit-
able planets. A related relevant question addressed by our study
is how hypotheses that assign a lower or higher credence to the
presence of life outside Earth—i.e., a pessimistic, neutral, or
optimistic attitude toward extraterrestrial life—are weighed and
compared in light of new, sparse evidence. Finally, we consider
how our results are altered when accounting for the possibility
that the distribution of life is correlated over some characteristic
distance, such as in panspermia scenarios.

Methods

Main Assumptions. Our statistical model assumes that there are N poten-
tially habitable planets in the Milky Way (i.e., rocky planets orbiting the
habitable zone of their host star) and that a survey has looked for spec-
troscopic biosignatures within a radius R centered around Earth. Statistical
estimates based on available data suggest that the percentage of Sun-like
(GK-type) and M dwarf stars in our galaxy hosting rocky planets in the hab-
itable zone is about 10 to 20% and 24%, respectively (3-5), resulting in a
number of potentially habitable planets of order N= 10", We adopt this
estimate as a fiducial value for N in our analysis, without referring to the
particular spectral type of the host star (for a recent analysis of this issue, see
ref. 17). We further assume that the probability of detecting biosignatures
within the survey volume is p, so that the expected number of biosignature
detections is

k(R) = pN(R), [11

where 7(R) is the probability of a habitable planet being within R, given by
(R =N"" /drp(r)e(R— Ir—re)), 121

where rg is the position vector of the Earth relative to the galactic center
and 6(x) is the Heavyside step function. The number density function, p(r),
is defined in such a way that p(r)dr gives the expected number of habitable
planets within the volume element dr about r, so that [drp(r) = N.

The probability p is a shorthand for the various factors that concur to
make the presence of detectable biosignatures possible. In our Bayesian
analysis we distinguish the factors ascribed to the selection effects of a
specific survey from those that are truly inherent to the presence of biosig-
natures. To this end, we adopt a formalism similar to the one first suggested
in ref. 18: this is akin to the Drake equation (19) used in the context of the
search for extraterrestrial intelligence but adapted to the search for biosig-
natures. In our notation, this reduces to writing down the probability p as
the product of independent probabilities:

P =Papdpi- [31

The first probability, pa, pertains to astrophysical factors and observational
limitations. Given an exoplanetary survey, only a fraction of systems will
be suitable for the search of biosignatures. For example, one may look
only for planets in the habitable zone of specific types of stars. The value
of p, can also account for the fact that not all planets in the habit-
able zone of their star will indeed be habitable. Furthermore, there are
other selection effects involved in the specific observational strategy: for
example, in a transit survey, there will be strict requirements on the geo-
metrical configuration of the orbital plane, while a direct imaging survey
will be limited by the variability of the reflected starlight as the planet
orbits the star. In principle, a good estimate of p, can be obtained from
astrophysical and observational considerations. Eventually, a given survey
will only sample the quantity N7 (R)pa. For example, the number of plan-
ets that can be scanned for biosignatures following the TESS survey can
be estimated to be x4, while it would be ~ 11 for future ground-based
imaging (18).

The other probability factors in Eq. 3, py and p;, are not related to a
specific survey and pertain exclusively to the likelihood that life-harboring
planets in the galaxy display biosignatures. The probability py quantifies the
fact that in general, detectable biosignatures are not expected to accom-
pany all instances of life on a planet. For example, chemical byproducts of
life can significantly alter an exoplanet atmosphere only after some time
has passed from the appearance of life. Furthermore, depending on geo-
logical and astrophysical factors, life might go extinct after a few hundred
million years, as it may have happened on Mars. If we focus on free molec-
ular oxygen as the quintessential biosignature gas, this has been remotely
detectable in the Earth atmosphere for ~ 2 Gyr, roughly half the Earth's age.
If we take this as representative of the average, this would point to pq =~ 0.5,
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i.e., a large probability. Of course, there is no telling if this is a universal
feature of any biosphere, but it nevertheless hints to a significant upper
limit on pgy.

Finally, p; is the probability that life indeed appears on a habitable planet
besides Earth. This is, essentially, the probability of abiogenesis and is a truly
unknown factor, which makes k = pyp1N, the expected number of planets
with biosignatures in the Milky Way, highly indeterminate.

In the present work, we leave unaddressed the possibility of both false
negatives (biosignatures that are present but go undetected) and false
positives (gases of abiotic origin that are mistakenly interpreted as prod-
ucts of life): however, we note that in principle, both can be incorporated
in our formalism through another probability factor, following, for exam-
ple, the Bayesian framework outlined in refs. 20 and 21 (SI Appendix,
section I1). Our procedure could also be easily specialized for technosigna-
tures, incorporating the appropriate probabilistic factors, along the lines
of ref. 22.

In modeling 7(R) we focus on the thin disk component of the galaxy and
adopt an axisymmetric model of the number density of exoplanets:

e*r/rse*‘zl/ZS

N=N
Pl 47Tf5225

, [4]

where r is the radial distance from the galactic center, z is the height from
the galactic plane, r; = 8.15 kilo-light years (kly), and z; = 0.52 kly (23). For
R smaller than about 1 kly and taking rg ~ 27 kly, the Taylor expansion of
w(R) for small R yields 7(R) ~ (47 /3)p(re)R3 /N = (R/a)?, with a =14.2 kly.
Although Eq. 4 assumes that the density profile of habitable exoplanets is
proportional to that of stars in the galaxy, other factors such as the metallic-
ity gradient may affect the overall radial dependence of p(r) (S/ Appendix,
section Ill).

Throughout this work, we take an observational radius of R=100 ly
which, although corresponding to a galactic fractional volume of only
m(R=100ly) ~3.5 x 10~7, is an optimistic upper limit of the search range
attainable over the next couple of decades. In choosing p, we consider two
limiting situations: 1) p, = 1, which corresponds to an ideal survey that has
searched for biosignatures in all of the existing habitable planets within a
given distance R from Earth, and 2) p, — 0, which corresponds to an exceed-
ingly small number of targeted planets compared to initial sample size (S/
Appendix, section I).

The probability that a survey searching for biosignature within R finds

remotely detectable biosignatures on exactly k=0, 1, 2, ... exoplanets
follows a binomial distribution:
N _
PR = () [r(®P) 1 — w(RIP] " (5]

The average number of exoplanets detectable by the survey is k(R) =
Np(R), so that by keeping k(R) finite, the large N limit of P¢(R) reduces
to a Poissonian distribution:

RK
ey = KR ok, t61
By rewriting Eq. 1 as
k(R) = kpam(R), 171

our analysis translates the outcome of a search for biosignatures into an
increase in the posterior information on k. In practice, we use Bayes theorem
to update the prior probability distribution function (PDF) of k, after gath-
ering the evidence that exactly k biosignatures are detected in the survey,
which is parameterized by p,7(R).

Bayesian Analysis. By isolating the probability factor in p that pertains to
astrophysical and observational constraints, p,, from those referring to the
probability of abiogenesis and formation of biotic atmospheres, py and p;,
we parameterize the survey by p,7(R) and the expected number of exo-
planets in the entire galaxy producing biosignatures by k = pyp;N. Next, we
denote & as the event of detecting exactly k biosignatures during the sur-
vey, so that using k(R) = kpam(R), Eq. 6 gives the likelihood of & being true
given k:

P(Eklk) =

z k _
W o—FPar®) 8l

We aim to find the posterior PDF of k resulting from the event &. To this
end we consider the prior PDF of k, that is, the probability distribution we
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ascribe to k before gathering the evidence &. In the following, we will
refer to a specific functional form of the prior PDF as a model M: p(k|M).
Following the logic of Bayes’ theorem, the posterior PDF is thus obtained
from

P(E [RIp(kIM)

. [9]
P(Ex|M)

plk|Ex, M) =
where
P(EIM) = / dkP(E, [Op(k|M;) [10]

is the likelihood of &, given the model M.

We consider three different models of the prior defined in the interval
Kemin t0 kmax labeled by the subscripti=0, 1, 2:

pk|M;) o< k™', for kmin <k < Kmax, 1

where i = 0 gives a prior PDF uniform in k, which strongly favors large values
of k (optimistic model M), i = 1 corresponds to a noninformed prior which
is log-uniformly distributed in the interval Kmin t0 kmax (noninformed model
M), and i =2 gives a highly informative prior favoring small values of k
(pessimistic model M,).

Finally, we consider here only two events resulting from the survey:
nondetection, &, and detection of one biosignature, & (SI Appendix,
section 1).

Results and Discussion

Noninformative Prior. We start by assuming no prior knowledge
on even the scale of k: this is modeled by taking the noninformed
log-uniform prior p(k|M; ), which gives equal weight to all orders
of magnitude of k. We take initially kynax = 1072 N = 10%, which
corresponds to assuming that at most 1 planet out of 100 has
detectable biosignatures. In making a choice for kmin, one may
be tempted to take kmin =1 because we know for sure that at
least one planet in the Milky Way (the Earth) harbors life. This
choice would be justifiable if we were interested in calculating

the posterior PDF of k from the evidence gathered within a dis-
tance R from a randomly chosen point in the galaxy. However,
with the exclusion of the Earth, we ignore whether other plan-
ets harbor life (either detectable or not). From our standpoint,
therefore, kmin can be well below 1. Here we take for the sake
of illustration kmin = 1075: to give an idea of how small this is, it
corresponds to having roughly just one planet with biosignatures
in 10° hypothetical random realizations of the Milky Way galaxy
(we investigate the effect of varying kmin below).

Fig. 14 compares the impact of observing or not observing
biosignatures within 100 ly. In the case of nondetection, the pos-
terior PDF of k differs only marginally from the log-uniform
prior (long dashed line) in the range k£ <7(R)™' ~10°, even
assuming a complete survey (p. = 1). The resulting complemen-
tary cumulative distribution function (CCDF) of k£ (Fig. 1D)
is somewhat smaller than the corresponding prior CCDF, the
main deviation being an upper cutoff for %> 10°, about 100
times smaller than kmax. This limited response to nondetec-
tion is explained naturally by the smallness of 7(R) at R =100
ly, and it becomes even weaker as p. diminishes, until the
prior and posterior probabilities coincide in the entire & inter-
val for p, —0. Therefore, even in the hypothesis that future
surveys will rule out the existence of detectable biosignatures
within 100 ly, the added informative value will nevertheless
remain modest, affecting only weakly the initial assertion of
a noninformative, log-uniform prior. This conclusion is robust
against a lowering of kmin and/or kmax (SI Appendix, Fig. S8).
In particular, reducing Emax below w(R)™! ~10° is equivalent
to assuming that planets with biosignatures are rare enough
that finding none within such small survey volume is hardly
surprising.

By contrast, the discovery of biosignatures on even a single
planet within the entire survey volume (R = 100 ly, p. = 1) would
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Fig. 1. Results for a survey searching for atmospheric biosignatures within a distance R =100 ly from Earth. Shown are the posterior PDF (A-C) and CCDF

(D-F), updated in light of the evidence, starting from a noninformative, pessimistic, and optimistic prior (black dashed curves). The continuous curves refer
to the posterior PDF and CCDF for the case p, = 1 (all habitable planets in the survey observed). The limit p, = 0 is shown by red short-dashed curves in the
case of detection, while the posteriors resulting from nondetection at p, = 0 coincide with the priors. The shaded areas in the CCDF encompass the limiting
cases p, = 0 and p, = 1, giving the range of probabilities that the mean number of life-bearing planets is larger than k.
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bring a response markedly different from the prior: we find a pos-
terior PDF strongly peaked around k = 3 x 10° and a probability
exceeding 95% that k > 10°. For the sake of comparison, this
would imply that exoplanet biosignatures, if distributed homoge-
neously throughout the galaxy, are far more common than pulsar
stars. Even larger values of £ would be inferred by detecting a
biosignature in a sample with few targeted planets, as illustrated
by the limiting case p. =0 in Fig. 1 4 and D (dotted lines) (S/
Appendix, section I). We further note that although changing
kmin does not modify this conclusion, a detection event assuming
Emax smaller than 7(R)™" ~ 10° would bring a response totally
independent of the sample fraction p., hinting to a larger kmax
(81 Appendix, Fig. S8).

To provide a more complete analysis of the noninformed
case, we have considered also the log—log-uniform prior, which
has been designed to reflect total ignorance about the num-
ber of conditions conducive to life (24). Although the log-log-
uniform PDF slightly favors large values of k, the resulting
posteriors are in semiquantitative agreement with those result-
ing from the log-uniform prior of Fig. 1 A and D (SI Appendix,
section IV).

Informative Priors. A log-uniform PDF is probably the best prior
reflecting the lack of information on %k even at the order-
of-magnitude level. However, it is also worthwhile to explore
how more informative prior distributions are updated once
new evidence is gathered. Two interesting limiting cases are
those reflecting a pessimistic or optimistic stance on the ques-
tion of extraterrestrial life. On one hand, it has been argued
that abiogenesis may result from complex chains of chemi-
cal reactions that have a negligibly low probability of occur-
ring. Furthermore, contingent events which are thought to have
favored an enduring biosphere on Earth (like, for example, a
moon stabilizing the rotation axis of the planet, plate tectonic,
etc.) may be so improbable to further lower the population
of biosignature-bearing exoplanets. This view would result in a
more pessimistic attitude toward the prior, with small values of
k being preferred with respect to large ones. We model this
case by adopting the uniform in k="' prior p(k|Mz)ock™? in
the interval kmin t0 kmax. Conversely, the astronomically large
number of rocky planets in the Milky Way combined with the
assumption that the Earth is not special in any way (often
termed “principle of mediocrity”) may suggest the optimistic
hypothesis that life is very common in the galaxy and the uni-
verse, resulting in a prior which weighs large values of £ more
favorably. We capture this view by taking the uniform in k&
prior p(k|Mo).

Fig. 1 B and C show the posterior PDFs and CCDFs result-
ing from detection or nondetection starting from a pessimistic
hypothesis about k. While the response to nondetection practi-
cally coincides with the prior expectation (an unsurprising result,
given that the prior favors small values of k), the event of detect-
ing a biosignature increases the cutoff on k from ~ 10~2 before
the detection to at least ~ 10° after a biosignature is observed
within the entire volume sample (R =100 ly, p, = 1). In the opti-
mistic model of Fig. 1 C and F the prior strongly constrains the
posteriors resulting from the events of both detection and non-
detection. In particular, the smallness of 7(R) shifts the CCDF
resulting from the nondetection by a factor of only ~ 107! in k
(Fig. 1F), not justifying thus a substantial revision of the initial
optimistic stance.

Model Comparison. By adopting impartial judgement about the
probability of M; being true (¢ =0, 1, 2), we compute the Bayes
factor B;; often used in model selection, giving the plausibility
of model M; compared to M; in the face of the evidence (i.e.,
detection or nondetection):

P(Ex|M;)

P8 = pendn)

2]

As areference, By; > 10 is usually considered as strong reason to
prefer model M; over M;.

Model comparison through the Bayes factor (Fig. 2) shows
that if no detection is made, a pessimistic credence with regard
to extraterrestrial life would strongly increase its likelihood with
respect to an optimistic one, with a Bayes factor above 10, only if
pa is larger than 40%. The increase with respect to a neutral, non-
informative stance would be, instead, basically insignificant for
all p, values. This teaches us that unless future surveys will search
for biosignatures within a significant fraction of the volume
within 100 ly (say, p. > 10%), detecting none will not support
convincingly either hypothesis. On the other hand, if a detec-
tion is made, the optimistic scenario would be hugely favored
(Bayes factor larger than 10%) with respect to the pessimistic
and would be substantially preferable even with respect to a neu-
tral position when p, is close to 0. Somewhat counterintuitively,
however, finding a single biosignature within a significant frac-
tion of the volume R =100 ly (i.e., p. larger than 40 to 50%)
would not justify entirely the preference for an optimistic cre-
dence compared to the noninformative hypothesis. These results
put on a quantitative and rigorous statistical basis the common
intuitive idea that the discovery of even a single unambiguous
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Fig. 2.

Bayes factor as a function of p,, in a survey searching for atmospheric biosignatures within a distance R = 100 ly. (A) Bayes factor from the comparison

of the pessimistic vs. optimistic model (red) and pessimistic vs. noninformative model (blue), when no biosignature detection is made. (B) Bayes factor from
the comparison of the optimistic vs. pessimistic model (red) and optimistic vs. noninformative model (blue), when exactly one biosignature detection is

made.
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Fig. 3. Effect of assuming correlation between biosignatures due to a panspermia mechanism, after a detection is made in a survey with R=100 ly and
pa =0.1. (A) The fraction of life-harboring planets within a distance R from Earth, k(R), over the total number k in the entire galaxy, as a function of the
correlation length ¢ and correlation strength x. (B) The probability that the total number of life-bearing planets in the galaxy k is larger than a reference
value 10° in the entire galaxy, as a function of the correlation length ¢. (C) Bayes factor from the comparison of the optimistic vs. noninformative model.

biosignature would radically change our attitude toward the
frequency of extraterrestrial life.

Impact of Panspermia Scenarios. So far, we have assumed that any
given planet has some probability of harboring life independently
of whether or not other planets harbor life as well. However,
in general, this may not be the case. For example, according to
the hypothetical panspermia scenario, life might be transferred
among planets, within the same stellar system, in stellar clus-
ters, or over interstellar distances (25-28). If conditions favor
the flourishing of a biosphere within a relatively short time scale
after the transfer, this would result in an enhanced probability
that a planet is inhabited if a nearby planet is inhabited as well
(29). In this way, if panspermia can occur, the probability that
two planets produce simultaneously biosignatures will depend
on their relative distance and on a typical length scale that we
denote &, defined by the capability of life of surviving transfer
and establishing a biosphere.

We took this possibility into account by modeling the statistical
correlation of biosignatures and rewriting k(R) as follows:

IE(R):p/drp(r)g(r7 re)0(R— |r—rgl), [13]

where the pair distribution function g(r,r’) gives the relative
probability of biosignatures being present on r if biosignatures
are present also in r'.

In principle, different models of correlation could be linked
to specific panspermia mechanisms, and various scenarios might
even be distinguished observationally from an independent abio-
genesis (29). This could be an interesting subject for future stud-
ies. However, here we are only interested in how the presence
of generic correlations would impact the statistical significance
of biosignature detection. We adopt a simple model for the pair
distribution function, by assuming that it depends on the relative
distance |r — r'| in such a way that

g(lr =)= (x—1)e " 1e 41, [14]

where x > 1 describes the intensity of the panspermia process
and ¢ describes its spatial extension. The uncorrelated case
g(|r —r'|) =1 (no panspermia) is obtained by setting x = 1, while
x> 1 yields a strong probability of finding two life-harboring
planets within a relative distance <& from each other. Using
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P = papap1, the average number of exoplanet biosignatures in the
entire galaxy is given by k = pap1 [ drp(r)g(Jr — rg|), so that Eq.
13 reduces to

o Jdrp(0)g(ir — )R — |r — )
k(R) =kpa Tdrp(0)g(Ir —re])

The parameter x is not unbounded, as within any radius R, there
cannot be more planets with biosignatures than the total number
of planets, N(R) = N (R), contained within R. In other words,
k(R) < N(R) for any R. For R <1 kly, this condition is auto-
matically satisfied by imposing x < N /kmax, Where kmax/ N is the
maximum fraction of exoplanets harboring biosignatures.

As shown in Fig. 34, the average number of biosignatures
within R, k(R), gets enhanced by the panspermia mechanism
with respect to the uncorrelated case, with k(R)/k showing a
broad maximum around & = 10° ly (SI Appendix, section 11IB).
For much larger values of &, panspermia would distribute life
homogeneously through the entire galaxy, and k(R)/k would
approach unity.

Fig. 3B shows that if possible correlations in the biosignatures
are taken into account, the probability that the number of life-
bearing planets in the galaxy is larger than a given value (taken
as 10° for the sake of illustration) decreases substantially even
if life is detected in an incomplete sample (with p, = 0.1) in the
volume R =100 ly. This shows as a decrease in the Bayes factor
(Fig. 3C) of the optimistic scenario with respect to the nonin-
formative one. Depending on £ and x, there may be no gain in
knowledge when life is detected elsewhere, and for &= 10° ly
a complete correlation (y =100) would even strongly favor the
noninformative hypothesis over the optimistic one. This conclu-
sion suggests that the viability of the panspermia scenario should
be assessed independently (for example, through experimental
studies of the survivability of organisms in deep space), in order
not to weaken the significance of the possible discovery of life
beyond Earth.
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