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Abstract

The authors usethe mathematical tool of Maccone'slognormal distribution to further factor the Drake
equation, which calculatesthe number of advancedcivilizations in the galaxy,from the sevenoriginal
levels of the Drake equation to 49 levels of overall analysis. The Macconeapproach,in fact, supported
by the central limit theorem,becomesmore reliable the more levelsare introduced. Theresulting study
necessarily draws upon an array of disciplines ranging from astronomy, chemistry and geology to
biology, palaeontology and futurology. The final result calculatesthe number of planetary systems
suitable for life in its various stagesof development: those which have probably hosted life in the past
andthosewhich still hostit at its various evolutionary levels.Thefinal evolutionary levelis the so-called
galacticcivilization (often called ETC or extraterrestrial civilizations). The number of resulting galactic
civilizations is divided between static civilizations, which do not move around the galaxy and whose
+ A O A Aatiny & still low (<1.4), of which we find three examples(we ourselves plus, perhaps, two
others), and potentially dynamiccivilizations, which move around the galaxyand haveasufficiently high

Introduction

Wewill now take abrief introductory look at Maccone'swork on the Drake equation and the number N
of intelligent civilizations of the Milky Way. This approachis the main inspiration for what we attempt
to doin this paper to estimate the number of planets suitable for life at various levels of evolution and
the number of planets that have actually hosted it in the past and host it at present. To estimate the
number of alien civilizations, Drake simply multiplied seven crucial factors (Drake, Reference
Drakel961, Menichellaand Hack,ReferenceMenichellaand Hack2002; Webb,ReferenceWebb2015):
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Original equation
N=R*x<fpxnexfyxfixfexL

R* annual star birth rate in the Milky Way;

fo fraction of stars with planets;

Ne number of planets suitable for life for eachstar;

fi fraction of suitable planetswhere life develops;

f fraction of planetsinhabited by intelligent life;

fe fraction of planetswhere intelligent life decidesto communicate;
L lifetime of the planet in which intelligent life persists.

It was soonnoticed that this initial description was insufficient for obtaining concrete conclusionssince
the sevenfactors often oscillate betweenvery distant minimum and maximum valuesand in somecases
are completely unknown. We are referring aboveall to the points from 4 onwards, where astronomical

knowledgeis no longer helpful. In 2008, Macconeconceivedof a powerful mathematicaltool called the

statistical Drake equationwhich, starting from the statistical distribution of the sevenindividual factors,
calculatesthe statistical distribution of their product according to a curve called lognormal, or the

distribution curve of arandom variable whose logarithm is distributed normally.

This result is not obvious, and the more factors contribute to the calculation, the more correct are the
result (Central Limit Theorem). An exampleof the lognormal function B is shownin Fig.1.
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Figure 1. Exampleoflognormal distribution [3: the distribution existsfor x>0 andis normalized to one
with meanvalue,in the examplereported, around 0.007 and standard deviation around 0.002.

Aswith many other authors, we havepreferred not to refer to the classicDrake equation but to avariant
of our own which is most suitable for our purposes.This being,in our case:

Changedequation
N = Nsxnp xfsx fy x fi x fo x fi

Ns number of stars of the galaxysuitable for life (of spectral classK,GandF);
Np number of planets per star in the habitable area (of spectral classK, Gand F);

fs fraction of planets stablein the habitable area (function of the duration 3T);
fi fraction of suitable planets where life actually develops;
fi fraction of planetsinhabited by intelligent life;

fe fraction of planetswhere intelligent life decidesto communicate
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fL fraction of the lifetime of the planetin which intelligent life persistswith respectto the duration
of the last stellar population | (HyperPhysics,2014).

As can be seen,in the original Drake equation, the annual stellar formation rate in the Milky Way R*
appearsasthe first factor which is equalto N ¢/ 3Ty, where 3Ty is the averageduration of the last stellar
population which we set as equal to about 7 Gy (billions of years). Instead, in our equation, the first
factor losesthe denominator 3Ty, which instead is used to divide the last term L, which becomesf.
(fraction of the life time of the planetin which intelligent life persistswith respectto the duration of the
last stellar population). In this way, aswe will see we will alsobe ableto usethe first terms of the Drake
equation to directly obtain information not only about advancedcivilizations but also about life forms
in general.

In addition, we madethe choicenot to delegateall the calculation effort onto the third of the first three
Drake parameters(in the original equation, ne, or number of planets suitable for life), but to alsodivide
the work between the first two parameters: for this reason,the first Ns parameter has become the
number of stars in the galaxy only if belonging to the spectral classK, G and F (Ledrew, Reference
Ledrew2001), which are those suitable classesfor the development of life (Kunimoto and Matthews,
ReferenceKunimoto and Matthews2020). Similarly, the secondparameter hasbecomen, or the number
of planets per star in the habitable area,thus absorbingthe burden of discriminating only the planets of
the so-called Goldilockszone (keep in mind that the f, parameter in the original equation trivially
representedthe fraction of stars with planets).In our equation,this results in fs, replacing ne, that is, the
number of planets suitable for life, specifically becomingthe fraction of stable planetsin the habitable
zone,which is also a function of the duration 3T which we take into consideration according to the
phasesof developmentof life considered. Asmentioned above this way of redefining the Drake equation
will prove usefulto usboth in estimating eachindividual parameter andin the useof the entire equation
which in addition to calculatingthe number of existing galacticcivilizations canalsobe usedto estimate
the number of planets on which life developsat varying evolutionary levels.

Finally, Drake related the onset of intelligence to the fifth parameter and defined it as being
technological and communicating in the sixth one. We have chosen,however, to define intelligence
accordingto the more severecriterion of energy availability on the model of + A O A Arfiebig2uceis at
least at our own technological level, with a minimum parameter of K = 0.7. This factor defines the
perimeter of the fifth parameter, while the sixth includes only those civilizations that decidenot to
communicate and remain in the shadows;the seventh,dealing with the duration of civilizations, also
includes those casesin which the aforementioned civilizations are induced or forced to no longer

communicate.

Without goinginto further detail, we canstate that the advantagesof our choiceto redefine traditional
parameterswill becomeclearer over the explanation of the 49 (plus 1) stepsof the Drake equation.

The phases and challenges

As we will see,the 49 stepsin which we will carry out the Drake equation possessvarying statistical
characteristics which we will examine asthey occur. The feature which is upstream of all the others,
however, is the distinction between a step called a phaseand a step called a challenge The following
analogywill give animmediate idea of the difference between them: imagine we must follow a route
which presentsvarious difficulties; for example

A amazefrom which to escape(prob. pa)
B aTibetan bridge to cross(prob. pg)
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Both of thesedifficulties have an associatedprobability of successof pa and pg; the statistical nature of
thesetwo parts of the route is the same but is that really the case™o, in fact, in relation to time, the two
stepsbehavein opposite ways, that is, the p a probability of getting out of the mazeincreasesover the
time of permanencein the mazeitself, while the probability ps of crossingthe Tibetan bridge decreases
over the time spenton the bridge: the first, borrowing the languageof relativity, is covariant over time
and we will define the corresponding step asa phase while the secondis contravariant over time and
we will define the corresponding step asa challenge

If pa and ps do not have an explicit dependencewith regard to time (this will only be true for usin the
first approximation), then the respectivetransformation laws, goingfrom areferencetime interval 3Ty
(with pao and peo probability) to any 3T = n x 3Ty (with pa and ps probability), will be the following:

A — phase pa=1—=(1=pag)” Increasing with n
B — challenge pe=1{(pso)” Decreasing with n

It is easy to see that when n increases, pa approaches 1, while pg approachesO; in both cases
exponentially with n.

If paand ps havean explicit dependenceasregardstime then their trend is no longer simply exponential,
evenif they maintain their nature asphasesor challenges.

The Drake astronomical parameters: Ns, np and fs

At leastin principle, the mathematicalapproachof the first three parametersis lessdifficult than for the
biological ones,the fourth and fifth, becausethe astronomical events which we will refer to are now
largely independent of eachother without there being any needto respectone particular sequenceithe
samething will not be true for the fourth, fifth, nor for the seventh parameter, which deals with the
fraction of extraterrestrial civilizations (ETC)duration comparedto 7 Gy.The first three parameters
were dealt with in StephenH. Dole's (ReferenceDolel964) book Habitable Planetsfor Man and in
- AA AT papdy, Gtatistical DrakezSeager Equation for exoplanet and SETI searches(Maccone,
ReferenceMaccon€015).

We will now briefly describethe mathematical details relating to the Drake equation and the Maccone
method; that is to say:

1 wewill dealwith the first two parametersof Drake,Nsand n, without breakingthem down into
further factors but by directly usingresults that emergeoverwhelmingly from the vast massof
experimental data availableto us;

2 we will instead divide the processof the third parameter,f s, into nine factors representing as
many challengesto be overcome,all referring to the sametime interval 3T o = 7 Gy (billions of
years)which is the duration of the last stellar population;

3 we will therefore establishthe input data for eachindividual challenge,that is the frequencies
(fractions of overcomingthe challenge)minimal and maximum a;, b; of the x, random variable;

4 using Maccone'slognormal formula 3 (x o), we will obtain, from thesesingle frequencies,<x o>,
the averagefrequency of the entire processof overall planetary survival and A(X o) the standard
deviation from the overall averageover the period 3T o (Maccone ReferenceMacwmne2010);

5 from the averagefrequencywe will calculatethe minimum value and the maximum value of the
variable <x¢>with the formula derived from the lognormal (Maccone ReferenceMacmne2010):

° ° NG, e
° ° VoD, e
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we will extend the <Xo>min and the <Xo>max, from the 3T, period of 7 Gy set to any 3T period, thus
obtaining the final survival frequencies <Xo>minmax (3-T) Of the stable planets in function of time 3T. To
do this we set:

T
o ngo
oo &) =0 &) ")
v N &) =0 aTo) ")

In this way, the new <X o>minmax (3-T) (contravariant over time) valueswill be referred to the new time
3T which is m times the time 3s,. We observethat the above expressionscan be written in the most
familiar exponential form:

. &l
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Figure 2 showsthe trend that we expectfrom the calculation of <Xo>minmax accordingto 3T (it wastaken,
by way of example,znea~2.5 Gy).Asyou cansee,the three values <Xo>min, <Xo>max and <Xo>mean have an
exponentially decreasingtrend asafunction of the referenceduration 3-T. This result will be usefullater
for determining the number of planets suitable for the various levels of life development.
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Figure 2. Trend expectedby the calculation of <xg>minmax accordingto 3T with Zmear~2.5 Gy.
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First Drake: the stellar number of the galactic disc for stars of spectral class K, Gand F

We will start with the first parameter of Drake, or the stellar number of the galaxy; also giving the

parameter, however, the job of consideringonly the stars now consideredsuitable for the development
of life, or those of spectral classK, Gand F of the galacticdisk (Erik, ReferenceErik2009; Kunimoto and

Matthews, ReferenceKunimoto and Matthews2020). Thereasonfor this choice,in addition to balancing
the calculation effort between the parameters, as anticipated in the introduction, also has a
mathematical advantage:if, for example,we now considered all the stars in the main sequenceof the

Milky Way (Salpeter,ReferenceSalpeterl954), we should saythat there are approximately between 2

x 1011 and 4 x 1011, that is, on average,3 x 101! with a very large deviation of 10!; so, even if the

underestimation/overestimation of the average value would then be reabsorbed by the second
parameter, this would not be true for the deviation from the averagevalue that would be unnecessarily
large worsening the final calculation of the Drake equation. The exclusionof the numerous spectral class
M (red dwarfs with massesbetween 0.08 and 0.45 M. , solar masses)from this calculation dependson

the current belief that these solar systemsare highly unstable from the point of view of the nuclear
activity of the star; becauseof its slow stellar evolution dueto its small mass this hasfrequent and lethal

flares for the first part of the life of the planets (Crossfield et al., ReferenceCrosdield, Malik, Hill, Kane,
Foley,Alex,Coria,Brande,Zhang,Wienke,Kreidberg, Cowan,Dragomir, Gorjian, Mikal-Evans,Benneke,
Christiansen,Demingand Morales2022). The planets of these stars havein turn synchronousrotations

(always presenting the samefaceto the star) due to the strong tidal forces of the habitable area. These
two factors, especially the first, makesthis type of star unsuitable for hosting life for a long period of
time, despite the recent discovery of wonderful and apparently habitable planetary systemsaround

thesestars.

The samereasoningwas applied to the galacticbulge,consideredtoo crowded and therefore subjectto
frequent violent phenomenasuch as supernovasor gammarflashes,lethal for the development of life
(Margalef-Bentabol et al., ReferenceMargaletBentabol, Conselice Mortlock, Hartley, Duncan,Kennedy,
Kocevskiand Hasinger2018; Gonzalezet al., ReferenceGonzdez, Brownlee and Ward2001; Gonzalez,
ReferenceGonzdez2005; Sanders ReferenceSander2014).With the abovein mind, let us considerthe
data of Table 1, which reports all the star types divided by areasof the galaxy:

Table 1. Stellar number of the Milky Way divided by localization and spectral type (Picaud and Robin,
Reference Picaud and Robin2004; McMillan, Reference McMillan2011; data taken from the site
https://ilpoliedrico.com/2015/12/quante _-stelle-ci-sono-nella-via-lattea.html)

Mass Bulge stars  Disk stars Main seq.

Spectral  interval % ofstarsin (2.40 x 10'® (3.79 x 10" Halo stars stars (6.43 x
class (Mg) the disc Mg) M) (2.40 % 10° M) 10" Mg)
0 >16 0.00001% 8.57x10' 1.35x10* The production of el
B 2.1-16 0.13% 299x10°  471x10°  new stars in the 7.70 % 10°
A 2] 0.60% 6.40x 107 1.01x10°  halo ceased 10 65 % 10
F 1.04-1.4  3.00% 543x10° 8.58x10°  billion years ago  14.00 x 10’
G 0.8-1.04 7.60% 1.97%x16° 3.11x10°  and only small 5.09 x 10°

population of the

population Il are

still in the main

sequence. The

others got extinct
K 0.45-08 12.10% 447x10°  7.06x10° 1.71 x10° 1.32x 10"
M 0.08-0.45 76.45% G4 < 10s 1npkqnl 99y gl 1681
Total stars present in the Milky ~ 7.14x 10" 1.13x10" 3.97x 10’ 1.88 x 10"

Way
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Obviously,we are only interested in the stars of the classesF, G and K belonging to the galactic disk
(McMillan, ReferenceMcMillan2011): the sum of thesethree setsis equalto 1.10 x 1010 stars; despite
the presenceof three significant figures in the mantissa,for this value we assignto the first parameter
of Drake a prudential uncertainty of approximately 10%, namely:

Drake 1

"V.q min J'Vs max

1.0x 10" 1.2 % 10"

Second Drake: number of planets per star, suitable for life in the habitable area (spectral
classes F, Gand K)

Wewill alsoevaluatethe secondparameterdirectly from what we find in the literature (SchulzeMakuch
etal.,ReferenceSchulzeMakuch,Heller and Guinar2020). In this case the abovementioned2020 work
of Michelle Kunimoto and JaymieM. Matthews,which is basedon anindependent catalogueof extrasolar
planets carried out on about 200,000 stars, directly provides the result we need.

For planets with dimensions0.75z1.5 Rs , terrestrial massesorbiting in a conservative habitable area
(0.99z1.70 UA) around G-type stars, Kunimoto defines an averagevalue of 0.18 star planets with an
uncertainty of 10%. That is tosay:

Drake 2

"p min ”p max

0.16 0.20

Third Drake: fraction of stable planets for 7 GY (lifespan of the star population)

With the third parameter,we finally enter the calculationthrough the division of the processinto several
challenges (in this case nine) which the planet survives with a certain minimum and maximum
probability for each. The use of the Macconeformula collects all the input data and provides the
minimum and maximum valuesof the third overall Drake parameter.

The nine challengeswhich represent the astronomical dangersto which the planetis subjected,are the
following:

multiple star systems

supernova less than 40 ly away
gammaray bursts lessthan 5000 ly away
superflares of their own star

transit of the gasgiants on internal orbits
prolonged meteoric bombardment
instability of rotation axis

absence of the carbon cycle

absence of the magnetic field

O©CO~NOOOUTAWNPEF
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Challenge 1: multiple star systems

Until afew yearsago,the possibility of existenceof planetsaround multiple star systemswasconsidered
residual. Today,we havesomeconcretefeedback(Andrade-Ineset al.,ReferenceAndrade-Ines,Beaugé,
Michtchenko and Robutel2016; Tokovinin, ReferenceTokovinin 1997), the most famousof which is the
exoplanet Proxima Centaurib which is also the closestto us. Together with Alpha Centauri A and B,
Proxima Centauriis actually atriple system:Alpha CentauriAand B revolve around the common centre
of massat closerange,while Proxima Centauri(ared dwarf of spectral classM5v that we are only using
here by way of example) revolves around the preceding couple at much greater distance. Proxima
Centaurib® planetary systemis called a type Splanetary system,which meansthat the planets orbit
around a practically isolated star becauseit is very far from its companion (or in this casefrom its
companions). Systemsof this type are quite common and do not preclude the formation of lifeforms,
eachtype Ssystemhaving its own areaof habitability scarcelyinfluenced by the orbiting star at agreat
distance.The opposite caseis that of type P planetary systems,called circumbinary (Shevchenkoet al.,
ReferenceShewhenko,Melnikov, Popova,Bobylev and Karelin2019), which are composedof a pair of
stars rotating at a closedistance and a planetary systemthat revolves at a great distance around them
(like the imaginary planet Tatooinein 1977& movie, Star Wars); these systemshave an areaof dynamic
ovoid habitability, which follows the motion of the couple of stars and which very rarely adapt to the
orbits of the planets.Wetherefore prefer to excludethesesystemsfrom thosethat could host lifeforms.

In conclusion,we must excludethe number of short distance multiple systems(which could therefore
havetype P planetary systems)from the number of spectral classF, Gand K. Asindicated by CharlesJ.
Ladain the Stellar Multiplicity andthe IMF: Most StarsAre Single(Lada,ReferencelLada2006), for stars
with masssimilar to the sunthe study gives a percentageof 56% of single stars and 44% of double or
multiple stars; from this 44% of multiple starswe must estimate how many are short distancesystems
that would giverise to type P planetary systems:we prudently saybetween 10 and 30%; therefore, the
fraction of those of the F,Gand K spectral classessuitable for life is between 70 and 90%.

Challenge 1
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Challenge 2: supernova at less than 40ly away (safety distance)
We canquickly calculatethe risk factor due to supernovaethrough the following considerations:

A from indirect assessmentsaboutthree explosionsof supernovaper century are estimatedin the
Milky Way (Harrington et al.,ReferenceHarrington, Morceneand Watzke2008)

B the Milky Way, during the last stellar population of 7 Gy, therefore experienced about
200,000,000 explosions,or one every 1,000 stars, approximately

Assuminga random distribution of these events,the averagedistance of a supernovafrom any star is
about 1,0003 =10 times the averagedistancebetweenstars,which in the galacticdisk is equalto about
51y (see Appendix B). Therefore, the averagedistance of a supernovafrom another star is about 50 ly.
Obviously this is only an averagevalue from which there are deviations every now and then: it is
estimatedthat there is a supernovaexplosionwithin 50 ly of the Earth which involves damageto a part
of the ozonelayer with partially lethal effectson the biosphere every 250,000,000 years (Chavaniset
al., ReferenceChavanis, Denet, Le Berre and Pomeal2019). For these reasons,we have assigneda
probability of escapingthe risk of asupernovaexplosionasabout 70% with a 10% deviation. That is to
say:
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Challenge 3: gamma -ray bursts less than 5000 ly away (safety distance)

There is a rich literature dedicated to investigating the causesand potential effects on the planets
affected by the imposing phenomenaof gammaray bursts: it is estimated that in a few secondsthey
emit an amount of energy equal to 104471045 J,the sameas that emitted by the sun over its entire
existence(Tajima, ReferenceTajima2009; Modjaz et al., ReferenceModjaz,Liu, Biancoand Graur2016;
Zhang,ReferenceZzhang2018).

Being extremely powerful phenomena,they are alsodetected at distanceson the borders of the visible
universe; this feature facilitates our task because for this reason,without looking further into their
nature and methodsof issue(isotropic emissionor collimated beams),we candraw up statistics directly
from the experimental number of these phenomenarecorded on Earth. That is to say:

A roughly one gammaray burst aday in the direction of the Earth from the observableuniverse
is detected;

B thus,over the last star population of 7 Gy,there were about 2.5 x 1012 gammaray bursts in our
direction;

C there are about 1023 starsin the observableuniverse;

D therefore, there was a gammaray burst every 4 x 1010 stars in the direction of the Earth from
the observableuniverse;

E the volume defined by the safety distance of 5000 ly from the nearestgammaray bursts is (5 x

103)3=1.25x 1011 ly3;

the density of the galacticdisk is approximately 53 =125 ly3 per star;

within the safety volume areathere are 10° stars; this correspondsto an average number of

gammaray bursts within the safety volume area during the last stellar population, equal to

109/(4 x 1010)=2.5x 10Ms thus, a very low value. It has,however, been hypothesizedthat the

mass extinction of the OrdovicianzSilurian was due to a gammaray burst (Melott et al.,

Reference Melott, Lieberman, Laird, Martin, Medvedev, Thomas, Cannizzo, Gehrels and

Jackmar2004).

GO m

Asin the previous case,we cautiously place ourselvesa little abovethis margin of risk, let® sayat 5 x
10Mg again with a deviation of 5 x 10M<which takesinto accountthe great uncertainty around these
phenomena.The complementary valueto this, which indicates the probability of overcomingthe risk of
gammaflashes,is therefore:
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Challenge 4: superflares of the own star

We now consider the dangerscoming directly from your planetary system.The common definition of
stellar superflare is that of a violent eruption of matter that explodesfrom the photosphere of a star,
with an energy equivalent to a million times or more that characteristic of the common solar flares
(Doyle etal.,ReferenceDoyle, Ramsayand Doyle2020; Trail etal.,ReferenceTrail, Watson, Taibly, Yang,
Zhangand Wang2020).

One of the characteristics of the sun-type stars on which superflares have been observed is a faster
rotation and greater magnetic activity than those of the sun. It has been hypothesized that these
explosionsare produced by the interaction of the stellar magneticfield with that of a hot Jupiter-type
planet in narrow orbit (Rubensteinand SchaeferReferenceRubensteinand SchaefeR000); however,
no confirmation of this theory has been provided even from the search for any hot Jovian planets
belonging to stars presenting the phenomenonof superflares.In one study (Maeharaet al., Reference
Maehara, Shibayama,Notsu, Notsu, Nagao,Kusaba,Honda, Nogami and Shibata2012), 83,000 stars
similar to the sun were analysedusing the data of the Kepler spacetelescope,finding 365 superflares
from 148 stars, lasting an averageof 12 h, over a period of 120 days. This is a statistically very high
value,but one should alsotake into accounthow thesephenomenaare distributed.

Despitethis, the absenceof massextinctions associatedwith this kind of phenomenamakesus believe
that no superflare of the sun hasoccurred in the past. We therefore associatewith thesephenomenaan
intermediate risk and a consequentprobability of survival of just over 50%:

Challenge 4
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Challenge 5: transit of gas giants on internal orbits

Until the discovery of the first exoplanet,mathematical models of planetary evolution were relatively
simple and stable, being able to refer to the only known example,namely the solar system (Pollack et
al., ReferencePollack, Hubickyj, Bodenheimer, Lissauer,Podolak and Greenzweid@009). The scenario
was astidy asadisplay in amuseum,with the rocky and massiveplanetsin the internal band (but still
not too closeto the sun) and the gasgiants in the most external one; there was evenatransition area
betweenthe two, the belt of asteroidswhich, exactly asexpected,had not beenableto form aplanet due
to the powerful gravity of nearby Jupiter.

Then we beganto receive the first data on the observed exoplanets(Kenyon et al., ReferenceKenyon,
Najita and Bromley2016) and understood that our orderly SolarSystemwas an exceptionandthat most
planetary systemswere instead as chaotic as a teenagei® bedroom: gasgiants at ridiculous distances
from their star: 0.05 AU or even less (Dawson and Johnson,ReferenceDawson and Johnsor2018);

gigantic super-earths of dozensof terrestrial massespositioned almost everywhere relative to the other
planetary masses (King et al., Reference King, Wheatley, Salz, Bourrier, Czesla,Ehrenreich, Kirk,

Lecavelier des Etangs,Louden, Schmitt and Schneide2018). In short, the model needed completely
redoing, or rather, completely corrected, taking into account the new data. It seemsthat planetary
systemsare intrinsically unstableand only rarely remain in their natural positions if they actually exist,
asis the casein our system(Chambers,ReferenceChamlers2006; Johanseret al., ReferenceJohansen,
Ida and Brasser2019). Despiteall this, however,onething is certain: the immensemassof agasgiant in

the areadisrupts if not the formation of other planets (asin the caseof the asteroid range) certainly the
trajectory of meteor objectsin transit which would be dangerouslyattracted to internal orbits closeto
other rocky planetsin the habitability band (Bonomoetal.,ReferenceBonomo, Desidera,Benatti, Borsa,
Crespi,Damasso) anza,Sozzetti,Lodato, Marzari, Boccato,Claudi,Cosentino,Covino,Gratton, Maggio,
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Micela, Molinari, Pagano, Piotto, Poretti, Smareglia, Affer, Biazzo, Bignamini, Esposito, Giacobbe,
Hébrard, Malavolta,Maldonado,Mancini, Martinez Fiorenzano,Masiero,Nascimbeni,Pedani,Rainerand
Scandariat@®017).

Through the observation of exoplanetswe cansaythat this eventis not uncommon (Izidoro, Reference
Izidoro2022); however, we must not fall into the trap of considering the statistics collected on
exoplanetsdirectly comparable with a galactic planetary reality, given that sometypes of planet 7 the
hot Jupitersz arethe most easily observableonesboth with the transit andwith that of the radial speeds
method which are the most commonly used.For this reason,we will give the averageprobability of the
transit of hot Jupiters on internal orbits as 20% with a 10% deviation; which, with respect to the
complementary value of the probability of survival of life on a planetin the habitability band,translates
into the following values:
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Challenge 6: prolonged meteor bombardment

There is no reasonto think that the typical meteor bombardment that accompaniesthe formation of
rocky planets must be prolonged beyond the initial stagesof the life of the planet (Gomeset al.,
ReferenceGomes/) evison, Tsiganisand Morbidelli 2005; Berkeley,2022), especiallyif we havealready
excludedthe presencenearby of gasgiants which canattract objects of various sizesfrom the external
bandsof the asteroids (for the solar system,the Kuiper band and the Oort cloud). However,aswe have
seen,the solar systemis not atypical example of a planetary system;therefore, we cannot excludethe
possibility that, for example,a particular provision of super-earths in the habitability band or in its
vicinity can determine gravitational resonancephenomenawith eventual asteroid belts. We have no
experimental data on this topic but wish in any caseto give a statistical weighting, evenif low, to this
potential risk:
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Challenge 7: instability of the rotation axis

Normally, the rotation axesof the planetsdo not haveastableinclination but rather vary chaotically due
to the interaction betweentheir orbits (Simon et al., ReferenceSimon,Bretagnon,Chapront, Chapront-
Touzé,Francouand Laskarl994). Typical variability periods are of the order of afew million years(see
Mars) and the oscillation intervals are very large (60°z90°). Apart from very small variations of the
inclination of the axis,the Earth doesnot havethis characteristic becauseits heavy satellite z the Moon
Z actsasanatural stabilizer (Smulsky,ReferenceSmulsky2011).

But how important isthis characteristic for the developmentof life? Giventhe imposing climatic impacts
that a chaotic inclination of the planetary axis would entail, it is plausible that this situation, although
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not completely compromising the development of life, would limit its evolution to the most resistant
and primitive forms.

Evenif the datarelating to the presenceof exomoonsin the systemsthat are being discovereddaily, are
at the moment completely absent,in this caseit is justifiable to assumethat moons are a characteristic
of gasgiants and not of the small rocky planets and therefore a situation like that of the Earth is rare.
Thefollowing survival valuesare therefore:
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Challenge 8: absence of the carbon cycle

Stability of temperature is maintained not only by a stable and moderate inclination of the planetary
axis, but also by appropriate mechanismsof elimination and restoration of greenhousegasesin the
atmosphereof the planet,in particular CQ. OnEarth, an effective natural thermostat is provided by the
so-called carbon cycle or the dynamic exchange between geosphere, hydrosphere, biosphere and
atmosphere through chemical, physical, geological and biological processes(KrissansenTotton and
Catling, ReferenceKrissansenTotton and Catling2020). In summary, the terrestrial mechanism of
thermostation due to the carbon cycle is made up of this (Foley and Fischer, ReferenceFoley and
Fischer2017):

Carbon capture cycle in the form of CO;

a The planet is initially located in the habitability band with liquid water and average
temperatures of around 20°.

b Volcanism (or animals or other activities) adds CQ to the atmosphere, causing an initial

imbalance.

CQ increasesthe planet® temperature.

Thermal increaseintensifies the evaporation of the seasand the consequentrains.

Therains capture excessCQ and carry it backinto the oceans.

The carbon presentin the CQ is carried to the seabed.

The subduction phenomenaof the seabedcarry the carbon backinto the geosphere.

Q 0O Qo0

Carbon restoration cycle in the form of CO»

h Impoverished of CQ, the atmosphere does not retain heat and the planet cools down
(glaciation).

i Volcanismrestores CQ without causingfurther rains aslong asthe temperature remains low.

j  Thetemperature increasesby virtue of greenhousegasand returns to the starting levels (point
a).

The terrestrial carbon cycle is thought to have developed since the formation of our planet in ways
which havevaried over time (Dasgupta,ReferenceDasgupta2013). It is clearthat the main driver of this
mechanism is the geothermal activity that acts in combination with the other three components;
therefore, the essentialcondition for athermally stabilized planet is active plate tectonics.

Paradoxically,the planetsthat presentthis feature are medium-sizedrocky ones.Thereasonfor this lies
in the fact that small planets z those half the size of the Earth, to give an idea z have greater thermal
dispersion and therefore exhausttheir supply of internal thermal energy sooner. At that point, the
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planet cools,the crust solidifies in a uniform way and the geologicalactivity stops together with the
carbon cycle.This is what happenedto Mars which, in addition to not having sufficient gravity to retain
afairly denseatmosphere,doesnot haveacarbon cyclethat maintains its constanttemperature in the
habitability band.Onthe contrary, the so-called recently discovered superearthsz arich classof rocky
planets of size equalto or greater than the Earth z would be excellent candidatesin this respectdue to
their tectonics probably being more active than those on Earth. A theoretical model hasrecently been
developed:it calculateswhether a carbon cycleis present on the exoplanetsonce the mass,the size of
the nucleusand the amount of CQ are known (Oosterlooet al., ReferenceOosterloo,Honing, Kamp and
VanDer Tak2021). In any case the super-earths are very commonandensurethat the risk of not finding
geologicallyactive planetsis fairly low. Thus:

Challenge 8

dg bg
0.7 0.9

Challenge 9: absence of the planetary magnetic field

There is another problematic aspectwhich hasbeenlittle studied: the analysis of the deep part of the
planets,and their magneticfields. We know that magneticfields shield the planet from the solar winds
of chargedparticles and therefore are asnecessaryfor life asthe ozonebarrier which blocks ultraviolet
(UV) rays.In the caseof the super-earths,a 2021 study conductedby the Earth and PlanetsLaboratory
of Carnegie(Fei et al., ReferenceFei, Seagle,Townsend, McCoy,Boujibar, Driscoll, Shulenburger and
Furnish2021), a private scientific institute based in Washington DC, simulated extreme pressure
exercisedon a magnesiumsilicate to better understand the dynamics of the interior, in particular the
mantle, of the rocky exoplanetsmost similar to the Earth in order to ascertainif these planets might
have a magneticfield similar to ours and,therefore, could host life. The conclusionswere divided thus:
in somegeologicalscenariosthe super-earths might generateageodynamasimilar to the terrestrial one
at the beginning of their evolution, and then lose it over billions of years during which cooling slows
down magnetism. A recommencementof magnetic activity could be triggered by the movement of
lighter elementsthrough the crystallization of the internal nucleus.

Giventhe uncertain situation, we decidedto assignthis challengean intermediate probability of 50%:

Challenge 9

dg b
04 0.6

The calculation of the third parameter from the composition of the nine challenges

At this point, we cancollect all the datathat we havesofar describedin asingle summary tab which we
will insert in our algorithm of the Macconelognormal (Table 2 and Fig. 3).

13


https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref199
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref199
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref73
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref73
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#tab02
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#fig03

E. Mieli et al

3rd Drake: lognormal distribution @ of the Fraction X,
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Figure 3. Third Drake:trend of the lognormal curve for the nine input values.The averagevalour found
for the third parameter is therefore about 1.9% (between 0.6 and 3.1%).

Table 2. Third Drake:entry of a,b;and 3T o datain the lognormal formula. In light grey,the intermediate
calculations of the logarithmic averageand logarithmic variance are shown

5 bf My 0}2 ATy H ‘52 <Xp> f‘\ min f; max

070 090 -0.2258 00052 7Ga -407 015 1.84% 058%  3.11%
060 080 =0.3601 0.0069
090 1.00 -=0.0518 0.0009
050 070 —0.5155  0.0094
070 090  -02258 0.0052
080 1.00 -0.1074  0.0041
0.10 030 —1.6547  0.0948
070 090 -0.2258 0.0052
040 060 —0.6999  0.0136

L= R I LI T N S T 3

In conclusion,for the third parameter of Drake,overthe time of the entire stellar population of 7 billion
years we obtained:

Drake 3

fﬁ min .f‘i max

5.8%x107° 3.1 %1072

At this point, we caninsert precisevaluesin the formula for the final survival frequenciesf sminmax) (3-T)
of the stable planets accordingto the stability time 3T. That s to say:
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which in our casewill be (adding also zmean):

1 Zmin = 1,359,230,076
1 Zmax — 2,016,147,681
1  Zmean= 1,752,672,805

Considerations on the first three parameters

Figure4(a) showsthe survival probability of the stableplanetsaccordingto the time 3T over the lifespan
of the stellar population of 7 Gy.Figure 4(b), on the other hand, is nothing more than the probability of
habitability at the current moment obtained by multiplying the previous value by 3T/(7 Gy). These
trends, associatedwith the remaining parameters of Drake, will be useful,in a subsequentdiscussion,
to count the planets at different levels of developmentboth of life and of ETC.

@ f.= exp(-ATwax/t) a0 O F L epATMAX/OXATMAX/ 7G 2) ——<v0>

: <X0>A <Y0>A
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8.00E-01 8.80F-02
7.00E-01 7.70E-02
6.00E-01 6.60E-02
5.00E-01 5.50E-02
4.00E-01 4.40E-02
3.00E-01 3.30E-02
2.00E-01 2.20E-02
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0.00E+ 00 0.00E+ 00
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Figure 4. (a) Third Drake: calculatedtrend of the probability of habitability fsminmax asafunction of 3T
with Zmean = 1.75 Gy; (b) third Drake: probability of habitability at the current moment Fs minmax K fs
min/max 3"T/7 Gy

For the third Drake parameter, we found that, despite the substantial skimming effectedwith the first
two parameters for the stars and planets suitable for the development of life, the fs(3T) planetary
stability curve of the third parameter quickly drops to zero.In the caseof systemsof a stable duration
of at least 7 billion years which allow with reasonable certainty the development of intelligent
civilizations, the value of the fs probability drops to the decidedly modestvalue of 1.84%.
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The Drake biological parameters: fjand f;

It goeswithout sayingthat the mathematicalapproachto the so-called biological parameters,the fourth
and fifth, must necessarilybe more articulated than for the first three for the reasonthat biological and
evolutionary processesmust almost always respect a rigid sequenceand delicate environmental
conditions.

To statistically simulate such a scenariothrough a division into phases(we will call them thus rather
than challenges as they do not now represent a risk to overcome, but an evolutionary opportunity,
which from time to time presentsitself) and using the Macconelognormal, we will proceedasfollows:

A we will divide the phenomenon(with the relative associatedparameter,for example,the fourth
parameter for the onsetof life) into the appropriate stages;

B we will establish3T; observation time intervals for eachphaseand the relative maximum and
minimum a; and b; frequencies(relating to the x; random variable) of the realization of phasej;

C we will define the maximum time intervals 3Toj of micro-catastrophefor eachphasej, or the
times beyond which the environmental conditions changeand in fact prevent the phasefrom
occurring;

D we will transform all 8 and b; frequenciesinto their corresponding A and B; values (random
variable X)) comparedto the times 3T ¢j of micro-catastrophe

E we will add all the times 3Ty obtaining the order of magnitude of the duration of the entire
processof the n phasesequalto 3T o;

F we will calculate mean <X;> and standard deviation A(X) of the phenomenon formed by n
phases now temporally homogeneousthrough the Macconelognormal 5 (Xo) referring to time
3-To, consequentlyobtaining <Xo>min and <Xo>max;

G we will define a maximum time interval 3 4of macro-catastrophe for all phases,or the time
beyond which large planetary events occur that prevent the realization of the entire sequence
of the n phases(e.g.the great extinction phenomena);

H we will transform <X,>min and <X,>max in their f min and f max values,comparedto the time
3 Jof macro-catastrophe which will be the minimum andthe maximum of fourth andfifth Drake
parameters.

We now observethat, oncea phaseor the entire cycle hasbeenmade,the arrival of a catastropheis no
longer lethal for the phaseor the cycleitself. An exampleis the anomalousstorms (micro-catastrophe$
which periodically (e.g. every 10 years) occur in the quiet environment of the shallow lagoons,
determining animprovised dilution of lipid bags:in this case the concentration of the bagsdrops below
the limit level of n = 108 per m3 and this fact, as we will seein the next section, blocks the process
describedby Agenoto mix the content of the lipid bags,bringing its time of realization to over 30 years,
i.e.not before the next storm. However, if the reaction takes place before the time limit of the 10 years,
obviously it alsoremains after the arrival of the storm. The great massextinctions (macro-catastrophe$
that havereduced but not eliminated life on the planet are another example.

Thereis therefore acertain resilience of the different phasesto trauma subsequentto their completion.

Fourth Drake: the transition from the non -living to the living

The origin of life and its possible occurrenceoutside our planet are one of the most exciting challenges
facing modern science. It is not simply a question of formulating a consistent hypothesis on the
transition from non-living to living, which is already a problem, but also one of being able to evaluate
the possibility that this processcanbe realized elsewherein the universe and with what probability.

Many hypothesesand theories on the origin of life have beenformulated in the past (for areview, see
e.g.Fry, ReferenceFry2000; Meinesz,ReferenceMeines2008; Kauffman, ReferenceKauffman2011).
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However,the onethat seemsto us most interesting was advancedby the Italian physicist Mario Ageno,
in the early 90s (Ageno, Reference Agenal991, Reference Agendl992a). His ideas will be briefly
outlined in the next paragraph.

However,the theory of the transition from non-living to living that is currently better known is the one
developed by the British biochemist Nick Lane (Lane, Reference Lane2015). He also indicated six
specific characteristicscommonto all living beings(Lane,ReferenceLane2015, pp. 90z91): a source of
carbon (1) and energy (equal or different from the first) to feed metabolic processes(2), appropriate
catalyststo encouragechemicalreactions (3), the excretion of waste (4), a compartmentalization (the
separationbetweenthe interior andthe outside; 5) and,finally, the presenceof hereditary material (6).
It is easyto recognizein this the basic functions of a simple prokaryote cell (without nucleus nor
organelles).

Lanelocatedthe processin the hydrothermal alkaline sourceswhere, taking advantageof the difference
of pH between the ocean waters, the chemical processesare very similar, both in polarity and in
guantity, to those that take place in the self-trading living cells (Sojo et al., ReferenceSojo,Herschy,
Whicher, Camprubiand Lane2016). His ideasare seductive:in fact,they integrate all recentdiscoveries
and evenallow for an explanation of how the structural and evolutionary differencesbetween bacteria
and archaeawould have comeabout through subsequentenvironmental specialization starting from a
commonancestor.Thelatter would havebeenthe famousLUCA(Last Universal CommonAncestor),the
ancestor of all current terrestrial living beings (for information on LUCA,see e.g.Penny and Poole,
ReferencePenny and Poolel999; Koonin, ReferenceKoonin2003; Forterre et al., ReferenceForterre,
Gribaldo and Brochier2005; Theobald, Reference Theobald2010, and bibliography cited). However,
despite this and despite the justified criticisms of other theories, of which it must be takeninto account,
his hypothesis presents one important defect. If the synthesis of biological molecules,as well as the
oligomerization (production of short sequencesfthesemolecules)is possiblein hydrothermal systems
(Colin-Garciaet al., Reference Colin-Garcia, Heredia, Cordero, Camprubi, Negrén-Mendoza, Ortega
Gutiérrez,Beraldiand RamosBernal2016 and cited bibliography), the problem of nucleicacid filaments
remains.In fact,in appropriate laboratory conditions, which reproduce those of the flues of the alkaline
sources,only the appropriately activated adenine managesto form some short filaments a few units
long. Unpaired adenine (AMP), on the other hand, only produces at best dimers, while the other
nucleotides do not polymerize (Burcar et al., Reference Burcar, Barge, Trail, Watson, Russell and
McGowr2015).

Onthe contrary, the processeshypothesizedby Ageno,despite somestill beingdevoid of anappropriate
experimental verification, can theoretically allow for the production of triphosphate nucleotides, the
active forms capable of reacting and forming a filament. In addition, the triphosphate nucleotides, in
particular ATP, are the main molecules that act as organic batteries to make biological chemical
reactions possible (Nelsonand Cox,ReferenceNelson and Cox2021).

Furthermore, aswe will see,Agenoassumesthat the first living beingswere photosynthetic, because
the only unlimited sourceof energyavailableall over the faceof the Earth (up to a certain marine depth)
wasthat provided by the sun.Theimportance of electromagneticradiation for life, presentand past,not
only no longer requires demonstration (Green et al., ReferenceGreen Xu and Sutherland2021), but
photosynthesis, carried out by green plants and cyanobacteria is the only process that allows
accumulation of the free oxygenin the environment and therefore the only processthat allows the
creation of a barrier z the ozone layer z to ionizing electromagnetic energy reaching the surface of a
planet from space (Lane, ReferenceLane2002). Therefore, in the absenceof photosynthetic beings
capableof freeing oxygen,the ozonelayer doesnot developin the atmosphere;in the absenceof ozone
layer, water, after a certain time, is completely hydrolysed, meaningone of the indispensableresources
of life is exhausted.Therefore, without photosynthesis,what happenedon the planet Venus,where the
oceanshaveall beenconsumedby this process(Kulikov etal.,ReferenceKulikov, Lammer,Lichtenegger,
Terada, Ribas, Kolb, Langmayr, Lundin, Guinan, Barabashand Biernat2006), happens.We therefore
encounter the paradox that, if organisms are not formed among the first living beings capable of
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producing oxygenthrough the processof photosynthesis (or if they are not the first living beings),the
life thus created cannot survive and vanishesquickly.

For thesereasons,we consider Ageno'shypothesisto currently be the most plausible for explaining the
steps necessaryto evolve stable life forms on a planet. This will therefore be the common thread that
we will follow to evaluatethe numerical variablesto be usedin the calculationsof Maccone'salgorithm,
in the absenceof new discoveriesthat castdoubt on its effectiveness.

Mario Ageno's theory

Theltalian physicist beganby specifyingwhat he meantby aliving being (Ageno,ReferenceAgendl991,
ReferenceAgendl992b). For Ageno,aliving beingis anopenchemicalsystem(i.e.asystemwithin which
chemicalprocessesdevelopand which canexchangeenergyand materials), which is coherent (in which
the processesare ordered in spaceand time) and equipped with a programme (in possessionof an
O1 O A BEAN G XOOPDMA zQviich establisheswhat to do and when to doiit). Although the author has
specifiedthat this definition is one of those possibleto recognizeall the lifeforms on Earth rather than
the definitive definition, starting from his ideasit is easyto realize that at the basisof its idea of living
beingthere is the biological cell,asfor most modern specialists.

Starting from these bases, Ageno developed a hypothesis (Reference Agendl991, Reference
Agendl992a) basedon a series of stages,whose transition from one to the other was considered to
happen with an almost certain probability. Only in this way could we have a process capable of
producing, starting with very specific conditions, the transition from non-living to living. The idea
originated from the classicprebiotic broth andlipid bags(supposedto turn into aprotocell) formed into
a small and particular environment, the shallow substrate z between 10 and 20 m z of alagoon,to get
to the formation of cellsliving.

Despite sharing a starting point with other previous theories, Ageno introduced two important
novelties, making his hypothesis much more credible than what had been affirmed previously. By
exploiting the properties of the componentsof the lipid bags,capableof merging and splitting without
mixing their content with the external environment (Houslay and Stanley, Reference Houday and
Stanley1982; Lipowsky and Sackmann ReferenceLipowsky and Sackmanri995), the Italian physicist
stressedthat it was not necessaryto worry about following the fate of a singlebag,but that the system
capableof evolving into aliving beingwas made up of the setof all the lipid bagspresentin the lagoon.
In fact, if a particular reaction had taken placein a specific bag following a random collision between
them, the product could havearrived in another, inside which the subsequentreaction could then have
taken place;and soon, increasingthe likelihood of goingthrough the whole process.

Let us makeashort digressionto give amathematicalguiseto this statement.We know that in asystem

of corpuscles(our protocells) of section equalto sand density equal to n per cubic meter, the average
free path is:

| =Y (n®

Therefore, defined v asthe relative speedbetween corpuscles,the averagetime between one collision
of the corpusclesand the next will be:

t=1/v=1(nZY
in fact,t is interpretable asthe first mixing time of lipid bags.Knowing that:

s~ 10m?2
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v~10m/ s

it follows that;
t=1% n

The latter value should always be kept under control becauseconcentrations,for example,lower than n
= 108 corpusclesper m3 would produce mixing times exceeding30 years which, aswe will see,under
certain variable and traumatic conditions of the systemthat housesthe protocells, may be too long. It is
true that for evena modest production of lipids distributed over the seasurface,for every mz2 of lipids
there may be around 1022 lipid bagswhich, over amaximum depth of about 10 m (a value which allows,
aswe will see,the arrival of solar energy), would determine a value of n = 1011, This discovery is quite
comforting given that, in this case the first mixing time would bet =106 s,or around 10 days.

We will seelater how, by periodically interfering precisely with the concentration of lipid pockets,
marine meteorological agents often determine real temporal barriers (micro-catastrophe$ for the
realization of reactionsinside the bags.Ageno'ssecondhypothesis consisted of the mechanismcapable
of supplying energy for the system to function. According to Ageno,this derived from a simplified
version of the photosynthesis of green plants: a lipid sacwould trap a chlorophyll pigment capable of
being excited by photons and losing electrons along a simple redox chain, included in the thickness of
the membrane,comprising a molecule with double bonds between its carbon atoms. The latter would
be capable of transferring H* protons inside the bags,making this system acidic. The acidity would
favour the formation of polyphosphates,including biological energy batteries, moleculessuchas ATP
and some chains of organic molecules such as those of oligonucleotides (simple strands of DNA,RNA
and/or nucleotides and other molecules,suchasamino acids) starting from the precursors presentin
the prebiotic broth (regarding the possibility of synthesizing nucleotides and forming RNAand DNA
filaments, seethe synthesis of Yadavet al., ReferenceYadav,Kumar and Krishnamurthy 2020 and its
extensive bibliography). This would have beenthe first step towards the formation of all the chemical
processesthat characterizeliving beings.

To those who object that the photosynthesis of green plants, whose chlorophyll receives electrons
directly from the water, requires a complicated apparatus and, for this reason, cannot be considered
primitive, Ageno(ReferenceAgenal991, p. 271) reiterates that what is simplest is not always the most
ancient: a simple apparatus can be a local adaptation of a systemwhich was originally more complex.
Somerecentstudieshaveunderlined the importance of photosynthesisfor all phenomenarelated to life
on our planet (seee.g.Altamura et al., ReferenceAltamura, Milano, Tangorra, Trotta, Omar, Stanoand
Mavelli2017, ReferenceAltamura, Albanese Marotta, Milano, Fiore, Trotta, Stanoand Mavelli2020).

The calculation of the fourth parameter f
In Fig.5, we show the entire calculation process,describing the various stepsin detail:

1 Stepl. This step of the calculation processis the closestto our evaluation possibilities asit assigns
frequenciesstarting from known data or, in any case,comparablewith known data: eachphasej is
a necessaryprocessfor the development of life associatedwith a random variable x; (fraction or
frequency) to be estimated within the two maximum and minimum & and b; valueswithin the 3-T;
observationtime. The phasemust be carried out within amicro-catastrophe3aT o time limit which,
onceexceededis consolidatedand canbe saidto berealized.Ultimately, it is aquestionof providing
the four a;, by, 3T; and 3T oj valuesfor eachphase.

1 Step2. In this passageof the calculation process,the assignedfrequenciesare translated into their
time limit 3T oj from the transformation (covariant over time)
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Xi( M= 1-( k)™

which transforms the frequency of an x; event, relating to a certain 3-T; time interval, in the X
frequencyrelating to a3-T o interval that is m; times larger. In other words, if x; is the probability of
succesf asingle test, X is the probability of successof m; consecutivetests,where m; =3-T oj/ 3T;.
The samething holds for the minimum and maximum a; and b; frequenciesthat are transformed
into A and B; accordingto the samelaw.

step 1 step 2 step 3 step 4
input short — medium medium term probability calculation medium — long/output
( (
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Figure 5. Fourth Drake:from step 1 to step4,the information on individual processesn the short term
givesrise to the probability in the medium and long term.

The sum of all the maximum times for micro-catastrophegivesrise to the overall medium 3 40 term
necessaryfor achievingthe entire process:

DTo= SjDTo i

1 Step 3. In the medium term, the frequencies of the different X phases are temporally
homogeneousand can be multiplied together, as with the Drake formula, to obtain the new
medium-term variable X o whose distribution is calculated with the Macconelognormal shown
below:

p p .. X
F(X0)= X_OOVFQ

where z note z { and A are the averageand standard deviation of the logarithm of the random
variable Xo, while <X¢>and A(Xo) are the averageand standard deviation of the X, random variable.

1 Step4. In this stepof the calculation processlike in step2,the obtainedfrequency<X 0>is remodelled
in the time limit of macro-catastropheaT through the samealgorithm usedpreviously:

fi( N9 1-( -Xg)n
where n=3T/3Tg

The two deviations from the averagevalue XoNs( ¥ which give rise to fi min and fi max, derive from the
formula of the Macconelognormal. We have now supplied the four &, bj, 3-Tj and 3T ¢j valuesfor each
phaseand obtained the final probability f; with its fi min and fi max deviations in the time 3T.
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Phases of transition from non-living to living

We will divide the phenomenon of the onset of life related to the parameter f; into the following ten
phases:

1 the abiological synthesisof biological molecules
2 the concentration of the primordial broth

3 the formation of lipid bags

4 theinclusion in lipid membranesof chlorophyll
5 theODOIDEITIOT POI D6

6 the formation of nucleic acid filaments

7 the catalytic role of RNA

8 determination of roles

9 cellmembraneformation

10 emergence of the genetic code

The starting point; the habitable planet

The basic conditions required for the transition from non-living to living on an Earth-like planet are
summarized below.

First of all, the planet must be rocky and not gaseouslike the planets of the internal solar system
Mercury, Venus,Earth and Mars.

Secondly,it must be found at such a distance from its star that it is neither too cold nor too hot. In
particular, water in the liquid state must be present on the planetin question. This substance,n fact,is
essentialfor life aswe know it and asit hasbeen previously defined (Chaplin, ReferenceChapin2001;
Lynden-Bell et al., ReferenceLynden-Bell, Morris, Barrow, Finney and Harper2010; Ball, Reference
Ball2017), being, among other things, the solvent in which metabolic processestake place. Next, its
gravity must be sufficient to retain an atmosphere which then also acts as a protective screenagainst
any bombardment of cosmicrays and UV radiation. The conditions described so far are continuously
monitored and cataloguedon thousandsof exoplanetsthat have beenidentified continuously sincethe

mid-1990s (https://exoplanets.nasa.gov/).

In addition, the atmosphere must not be oxidizing, like that of Earth now, but must be without free
oxygen(Oy). This condition is easily achievable asa stable and important presenceof this gasin the air
derives from photosynthetic processesthat are undoubtedly the activities of living organisms (Lane,
Reference Lane2002; Holland, Reference Holland2006). Water hydrolysis (e.g. by electromagnetic
radiation) produces O,, but the quantity obtained per unit of time is relatively low. In addition, the
oxygen produced in this way tends to quickly oxidize the molecules present in the environment.
Therefore, any celestial body without living beingsis consideredto have an atmospherein which free
oxygenis completely missingor is presentonly asatrace.

Finally, the planet must have a geothermal activity: energy (heat) produced inside, which moves
towards the surface,to escapegiving rise to different phenomena(volcanism and vent fields).

All the fundamental characteristics described so far are analysed in the work of Southam et al.
(ReferenceSoutham,Rothschild and Westall2007).
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Now we will discussthe various stagesin which the processof transition from non-living to the living
canbedivided.

The first phase; the abiological synthesis of biological molecules

In order to start our process,the abiological synthesis of biological moleculesand/or their precursors
is essential. Today it is known that, under appropriate conditions (presence of energy and adequate
chemical precursors), in the presenceof a reducing atmosphere,simple organic molecules,including
lipids, amino acids, nucleotides (Fig. 6) and hydrocarbons (Miller, Reference Miller 1953; Ageno,
ReferenceAgendl991; Greenet al., ReferenceGreen Xu and Sutherland2021; Ritson and Sutherland,
Reference Ritson and Sutherland2012), can be produced. At its origins, the Earth did not have a
completely reducing atmosphere(Trail etal.,ReferenceTrail, Watsonand Taibly2011); however,it did
not havefree oxygen.

In a planet with the characteristics listed above, organic compounds can derive from meteoric
contributions of molecules produced in space (during the Archean eon, hundreds of thousands of
meteorites fell on Earth; Zahnle et al., ReferenceZahrle, Arndt, Cockell, Halliday, Nisbet, Selsisand
Siee®2007) and from the synthesisthat took placein hydrothermal vents (see e.g.Anders, Reference
Anders1989; Lazcanoand Miller, ReferenceLazcano and Miller 1996; Fry, ReferenceFry2000; Kwok,
ReferenceKwok2007; McCollomand Seewald ReferenceMcCollomand Seewald®007; Kwok, Reference
Kwok2017; Ménezet al., ReferenceMénez, Pisapia,Andreani, Jamme,Vanbelligen,Brunelle, Richard,
Dumas and Réfrégiers2018). It is therefore certain that in a planet with the characteristics we have
defined it is possibleto find organic molecules.
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Figure 6. Fourth Drake: some of the biological moleculesnecessaryfor life: in the left box, 5 of the 20
fundamental amino acids (up, from left to right, alanine, leucine, glutamine; below, from left to right,
tryptophan, asparagine);on the left, the monophosphate nucleotide obtained with the guanine base
(figure modified by Valli, ReferenceValli2020).

In order to estimate the minimum and maximum formation frequency of biological molecules,we take
as a reference of the two phenomenadescribed (hydrothermal vents and meteoric phenomena),the
slowestand lessprobable one,namely meteoric phenomena.During the Hadeanand the Archeaneons,
the impact frequency of meteorites on Earth was remarkable. The recent work of Takeuchi et al.
(Reference Takeuchi, Furukawa, Kobayashi, Sekine, Terada and Kakegaw&020) quantifies this
phenomenon at about 1020 kg of meteorites that reached Earth in this period; a huge amount (the
terrestrial massis about 6 x 1024 kg) which widely justifies the presenceof the moleculesin question.
We hypothesize that the phenomenon of distribution of the meteoric biological molecules affected
between90% (a 1) and 100% (b 1) of the planet on an observation period 3T ; of about 1,000,000years.
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In addition, we will keep the maximum value of this observation 3T o1 (time of micro-catastrophe of
phasel) always equalto 1,000,000years considering that the conditions of existenceof hydrothermal
vents (Chiverset al., ReferenceChivers, Anandam,Groves Molur, Rawson,Richardson,Roos,Whittaker,
Heredia, Cordero,Camprubi,Negron-Mendoza,OrtegaGutiérrez, Beraldi and RamosBernal2016) also
havealimit value of that order of magnitude.

Phase 1
aj by AT, ATy
0.9 1 1 000 000 1 000 000

The second phase; the concentration of the primordial broth

Agenolocatesthe evolution of its systemin a particular environment: the bottom of a sheltered lagoon
at a depth of about 10 m (Ageno, ReferenceAgenal991, pp. 1172119 and 265). Details aside,what is
important to underline is that the concentration of organic compoundsmust be consistentwith adepth
at which harmful electromagneticrays (carrying too much energy and capableof destroying biological
molecules and altering chemical reactions) are absorbed by the liquid, but such that the part of the
spectrum used for photosynthesis is still accessible.The depth, therefore, dependson the particular
composition of the atmosphereand the intensity of the light that reachesthe surfaceof the planet.

How realistic is this picture? In a completely sterile environment (total absenceof lifeforms), it is
difficult to imagine phenomenacapableof altering and destroying molecules.UVrays, suchasthe most
energetic electromagnetic radiation, can, but beyond a certain depth are absorbed by the water
molecules.Furthermore, if we add proximity to alkaline hydrothermal vents, we will be sure that we
haveensuredregular refuelling of organic material. Studiesrelating to vent fields show that though the
majority of them are locatedbetween 2000 and 3000 m below sealevel,they are alsoabundantnearthe
surfaceat various other depths (Colin-Garciaet al.,ReferenceColin-GarciaHeredia,Cordero,Camprubi,
Negron-Mendoza,Ortega-Gutiérrez,Beraldiand RamosBernal2016), and this was probably true alsoin
the past (Camprubi et al., ReferenceCampiubi, GonzalezPartida, Torré, Pura, Canet,Miranda-Gasca,
Martini and GonzalezSanche2017). During the Archean eon, alkaline vent fields were present and
widespread on our planet (see Sojoet al., ReferenceSoja Herschy, Whicher, Camprubiand Lane2016
and its rich bibliography).

To estimate the probability of the presenceof biological moleculesin alkaline vent fields, we will take a
minimum frequency of 5% and a maximum of 15%. Thesevalues are suggestedby the distribution of
the lagoons with these characteristics of depth (Colin-Garciaet al., ReferenceColin-Garcia,Heredia,
Cordero, Camprubi, Negron-Mendoza, Ortega-Gutiérrez, Beraldi and RamosBernal2016) on an
adequate release time of about 100 years. The maximum lifetime of the lagoonsin such optimal
conditions is estimated at 10,000 years

Phase 2
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The third phase; the formation of lipid bags

Among the organic molecules present in the defined environment, lipids, with polar head and
hydrophobic tail, are distinguished. Thesecompoundsare ableto form thick double molecular layerson
the surface (Fig. 7, at the top) and, in immersion, double-walled bags(Fig.7, on the sides)in which the
polar ends of the moleculesare in contact with the water while the hydrophobic ends are facing one
another at the centre of the wall itself. Thesemoleculesare amongthe main componentsof the organic
membranes,in particular of the cell membranes, of which all lifeforms are made (Nelson and Cox,
ReferenceNelson and Cox2021).

Figure 7. Fourth Drake: top, double surfacethick layer; on the sides of double-wall lipid bags;at the
centre, fusion of two lipid bags(figure modified by Valli, ReferenceValli2020).

The double-walled lipid pocketsthus formed are able to merge (Fig. 7, in the centre), by banginginto
one another, and to split in two when the volume of one of them turns out to be excessive without
mixing their content with the external environment (Houslay and Stanley, Reference Houslay and
Stanleyl982; Lipowsky and Sackmann,ReferenceLipowsky and Sackmanri995). In this way, it is
possibleto divide our systeminto two distinct spacesthe external one of the lagoon and the internal
one which, aswe have seenin the introductory section dedicatedto Ageno,statistically includes the
spacein all the bagspresent. The bagsformed in the lagoonreferred to in the previous point canthus
incorporate apart of the abiologically synthesizedorganic material. If adetermined chemicalcompound
is presentinside a bag,due to the processesdescribed above,at a certain point it will be able to come
into contact with another, initially produced in a different bag, and react with it. In fact, due to the
mergers and separationsof the bags,the internal environment is unique and any molecule can,sooner
or later, interact with the others.

The formation and dynamics of the bags depend on the concentration of lipids and the physical
characteristicsof the liquid (water) in which they areimmersed. Sincelipids are amongthe substances
that canbe easily synthesizedin vent fields, they must therefore have beenrelatively abundantin our

system. At this point, given their behaviour, the formation of the double lipid layers and bags was
relatively probable and rapid: we setthe frequency between 0.9 and 1 over a short period of 0.1 years.
Thelimit time of the process,i.e.environmental crises capableof destroying the system,is the climatic

eventsextreme enoughto disturb the tranquillity of the lagoon,estimated at about 10 years.
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The fourth phase; the inclusion of chlorophyll in lipid membranes

In the prebiotic broth, there were not only amino acids,nucleotidesand lipids. The abiological synthesis
also allows the creation of other more or less simple molecules.For example,laboratory experiments
(on the type of Miller, ReferenceMiller 1953) have demonstrated the abiotic synthesis of chlorophyll
(Ageno, Reference Agenal991 and cited bibliography), a pigment that allows green plants and
cyanobacteria to carry out photosynthesis (see e.g. Tomitani et al., Reference Tomitani, Okada,
Miyashida, Matthijs, Ohno and Tanakal999; Eggink et al., ReferenceEggirk, Park and Hoober2001)
using electronsremoved from water molecules.Although complex,this moleculeis very ancient: fossils
of organisms capable of the photosynthesis carried out by green plants were found in Australian
sedimentary layers from about 3.5 billion years ago (Schopf and Packer, Reference Schgf and
Packerl987).

Chlorophyll is a pigment, amoleculethat canbecomeexcitedif stimulated by photons of an appropriate
wavelength dependent on the pigment in question. The excitement causesthe loss of one or more
electronsthat beginto travel aredoxchainformed by various moleculescontainedin the photosynthetic
membrane (Kiang et al., ReferenceKiang, Siefertand Blankenship2007 and cited bibliography). Among
these,the quinonesstand out: particular moleculeswhich, reducing themselves(accepting electrons),
bind themselvesto an equalnumber of protons (H+). Oneof the peculiarities of thesemoleculesis their
alternating double bondswhich are responsiblefor the characteristic mentioned above(Nelsonand Cox,
ReferenceNelson and Cox2021). The simplest molecule with alternating double bonds (therefore, the
properties of the quinones) is much simpler than numerous other compounds deriving from the
abiological synthesis. Therefore, specimensof this substancewere probably present in the prebiotic
broth. As certain quinones, especially those that intervene in biological processes(Nelson and Cox,
ReferenceNelson and CoxX2021), are liposoluble, someof them, or the alternated double bond molecules,
could havebeen® O O A i Ehd radinbrane of lipid bagsformed in the prebiotic broth, retaining their
essential properties for the photosynthesis process:the (reversible) reduction accompaniedby the
acceptance(reversible also) of protons.

If the temperature was not too low, these moleculescould move inside the lipid membraneasin atwo-
dimensionalliquid (Houslayand Stanley,ReferenceHouslayand Stanley1982; Lipowsky and Sackmann,
ReferencelLipowsky and Sackmanri995), like the quinonesin photosynthesissystems.

The trapping of chlorophyll (Fig.8) and other componentsof the redox chain in the membrane would
have allowed the passageof a flow of electrons through the membrane itself, powered by sunlight
(Altamura et al., ReferenceAltamura, Albanese Marotta, Milano, Fiore, Trotta, Stanoand Mavelli2020).
It is important to underline that, for the operation of this function, the formation of the entire Redox
chainis not necessaryonly the presenceof those elementsthat allow the passageof electrons through
the quinone in order to carry out the transfer of protons. Chlorophyll and the moleculesnecessaryfor
the Redoxchainwere certainly presentin the primordial broth. Beingliposoluble, they could penetrate
the lipid double layer and remain trapped.

25


https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref182
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref1
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref272
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref272
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref65
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref234
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref234
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref120
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref192
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref192
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref107
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref148
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#fig08
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#ref5

E. Mieli et al

BTG N Ty Y Ve Vg Yy Vg Vg Yo Yy Vg Vg V.
Q:Q"Q’Q"Q'q*¢’Q’Q’Q’¢’Q’Q’Q’Q’qﬁ%’q’q. _

AI\VA

Figure 8. Fourth Drake:the trapping of chlorophyll (at the top left) in the double-wall lipid membrane.

By assuminga not too high concentration of chlorophyll, we can assigna frequency between 10 and
20% of the pigmentinclusion for an observation time of about 1 year. The phasecanbe compromisedif
the systemof lipid bagsdilutes; asin the previous casewe will setthe time limit at 10 years

Phase 4

iy h.-_; JT;,]. ATD.Q
0.1 0.2 1 10

The fifth phase; the phot opfarmpp ot ons

Oncepresent, in the lipid membrane,the set of the moleculesindicated previously z Ageno'sOD O1 O 1
DET Ol pRdfeBBeeAgendl99l, page278 and following) z cangetto work. The combination of a
pigment z in our case,chlorophyll, becauseit allows electrons to be obtained from water moleculesz

with anappropriate double bond molecule,will allow the first to passthe excited electronsto the second

when the pigment receivesappropriate photons. The polarity thus deriving will serveto keepthe two
moleculescloseto eachother, inside the double lipid layer; and soon,for all the moleculesbelongingto

the redox chain.

The reduction of the double bond molecule is accompanied by the acquisition, by the external
environment, of protons which, upon the subsequentreleaseof the electronsto another substance are
released,this time within the internal environment. There is therefore a probability that a system
capable of concentrating protons in the internal environment will be generated, making the system
acidic. Of course, there is also a probability that the opposite happens.However, in the first case,the
systemcanevolvein the direction indicated by Ageno;in the second,however, the systemstops.

Giventhe concentration of the prebiotic broth, multiple pigments and more double-tied moleculesare

likely to be trapped in the lipid membranes.Thosecapableof concentrating the protons inside (Fig.9)

will evolvein the senseindicated towards the subsequentphaseswhile the others will have no future.

It should alsobe noted that the primordial oceanwas probably more acidicthan the oceantoday (Morse

and Mackenzie,ReferenceMorse and Mackenziel998; Bargeet al., ReferenceBarge, Doloboff, Russell,
Vandervelde White, Stucky,Baum,Zeytounian,Kidd and Kanik2014; KrissansenTotton etal.,Reference
KrissansenTotton, Arney and Catling2018), which implies a greater concentration of protons in

primordial marine waters.
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Figure 9. Fourth Drake:the concentration of H* ions inside the lipid bagsystemincreasesthe pH of this
environment: the arrow indicates the entrance of an H+* ion thankstothe OPET OTi@ ® Db Ofal 06
figure modified by Valli, ReferenceValli2020).

To translate the above into a formal statistical phenomenon: chlorophyll, initially, with a 50%
probability p, acidifies either the interior or the exterior of the lipid bag; however, this probability will
haveabinomial standard deviation equalto 25%, that is to say:

Nxpx(-bFNx1/xl/=2N/ 4

where N is the number of absorptions of photons over time of observation; it will be precisely this
deviation from the averagevalue which makes some of the lipid bagsz those which are more acidic
inside z capableof continuing the processin the next phase.Of course,the mergers and separations of
the lipid bagscan refurbish their content, but there is no doubt that Ageno'sphotopump (Reference
We setthis fraction asbetween 10 and 20% in a period of observation of afew days,or 0.01yearsand
atime limit of 10 years,asin the previous two phases.
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The sixth phase; the formation of nucleic acid filaments

The acidification of the internal environment of the bags,or at leasta part of it, allows usto solve one of
the mostimportant problems relating to the transition from non-living to lifeforms: the precipitation of
phosphorusin the form of insoluble apatites.Phosphorusis anindispensableelementfor life becauseit
playsarole in the formation of nucleicacids(DNA,RNA)and in biological energy batteries (whose most
important, the ATP,is nothing more than the triphosphate form of the nucleotide of adenosine,one of
the components of the ARN); and it is precisely the triphosphate forms of the nucleosideswhich can
reactto form the filaments of nucleic acids.

The acidification of the internal environment therefore allows the formation of polyphosphatesand
organic phosphates.In particular, it promotes the realization of two things essential for evolution
towards life (Ageno,Reference Agenal991):
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1 The formation, starting from the basic components contained in the prebiotic broth and held
inside the lipid bags,of DNA,RNAor hybrid filaments of nucleotidesand amino acids;

the evolution of endoenergeticchemicalreactions.
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Figure 10. Fourth Drake:triphosphate nucleotidesformed in the environment madeacid by the H*ions
(ATP,with the baseadenine,left; CTPwith the cytosinebase right) (figure modified by Valli, Reference
Valli2020).

Of course, the dynamics of lipid bags,with their merging and splitting, allowed the new material
developedin the most acidic compartments to be available throughout the internal environment of the
system.

Giventhe complexity of this phase,we will assignthem alow probability of between 2 and 3% over a
time of 0.01 years (3z4 days) and a time limit of 1 year, beyond which variations of the seasonal
conditions could represent an obstacleto the fulfilment of the phase.
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The seventh phase; the catalytic role of the RNA

The production of nucleic acid filaments (DNA, RNAand mixed chains of amino acids and nucleotides
acids) and of triphosphate nucleotidesin the OB E | O $gtemalléws the slow further evolution of
the system.

Starting from the filaments of nucleic acids, replicative processes dependent on the particular
combinations presentcanstart. Bytrial anderror, certain filaments becomemore abundantthan others.
In parallel, the enzymatic activity, initially carried out by more or lessisolated metal ions, becomesthe
prerogative of more complexmolecules,including organiccomponents.ls this perhapsthe famousO 2 .
x 1 O (foArdore information on this conceptand on the problems raised by it, seee.g.Bartel and Unrau,
ReferenceBartel and Unraul999; Neveuet al., ReferenceNeveu, Kim and Benner2013) in which this
molecule carried out both the enzymatictasks related to inheritance? We dond want to gointo details.
But let us remember that RNA, not being able to form the double helix, does not lend itself well to
preserving genetic information, unlike DNA (Ageno, ReferenceAgenadl991, ReferenceAgendl992a).
Furthermore, there are no reasonsto believe that the two types of nucleic acidswere able to evolvein
parallel or starting from acommonancestor(Cafferty and Hud, ReferenceCaffaty and Hud2014). Since
the hypothetical RNAworld hasleft no tracesin the current living world, we canreasonably consider
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DNAand RNAastwo types of filaments in competition, but which rapidly endedup taking on different
biological roles: DNA, with the double helix consisting of deoxyribonucleotides, has become the
moleculewith hereditary function.

Onthe other hand, the importance of the RNAIn this phaseof the processof the transition from non-
living to the living should not be understated. The research highlighted an increasing number of RNA
sequencescapable of enzymatic activity (Higgs and Lehman, Reference Higgs and Lehman2015;
DasGuptaReferenceDasGupt2020). All this suggeststhat, at leastinitially, it wasthe RNAthat carried
out the principal enzymaticactions.We should alsoremember that in the most acidic environments of
the internal compartment of the bags,triphosphate nucleotides could form, capableof ensuring energy
for the synthesis of new moleculesand of permitting the lengthening of the filaments of nucleic acids,
the most active from the catalytic point of view.

It is now practically certain that RNA filaments can function as biological catalysts: the longer the
filaments, the easierit is to find areaction that they catalyse(seee.g.Higgsand Lehman,ReferenceHiggs
and Lehman2015; DasGuptaReferenceDasGyta2020) evenif they are lesseffective than proteins. If
the concentration is high, the times of the chemical reactions are quite short (hours), lessshort if the
concentration is low (days-months). We will adopt the second case by placing the fraction of RNA
moleculessuitable between 90 and 100% in atime of 0.1 years (about a month) with alimit of about 1
year,asin the previous phase.
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The eighth phase; determination  of roles

Our system, now equipped with catalytic molecules and energy batteries, has been able to begin to

produce new biological molecules starting from an appropriate carbon source. Having mentioned

photosynthesisasthe main engine of our process,it is natural to consider carbon dioxide (CQ) asthis

source.Onthe other hand,this molecule,being liposoluble, could overcomethe double lipid membrane
and spread inside the internal environment of the bags.In addition, at the time, the CQ rate was far

superior to the current (Morse and Mackenzie,ReferenceMorse and Mackenzi€l998; Lichteneggeret
al., Reference Lichtenegger, Lammer, GrielBmeier, Kulikov, von Paris, Hausleitner, Krauss and
Rauer2010; Sleep,ReferenceSlee®2010). The carbon dioxide was well suited asa source of carbon for

the processescited previously and is consideredto occupythis role alsoin the work of Lane (Reference
Lane2015; Sojoet al.,ReferenceSojo, Herschy,Whicher, Camprubiand Lane2016).

Gradually, by trial and error, the roles of the various organic moleculespresent beganto differentiate
themselves.Thanksto its ability to form the double helix (Fig.11, at the top, on the right and left), DNA
was affirmed as the molecule responsible for the inheritance and control of the entire system. The
proteins, thanks to the particular three-dimensional structure specificto each(Fig.11, at the bottom of
the centre), proved more functional, distinguishing themselvesfor their extreme specificity in carrying
out enzymatic activity (see e.g.Petrounia and Arnold, ReferencePetrounia and Arnold2000). Finally,
RNAspecializedas an intermediary between DNA and protein synthesis,becomingindispensablefor
this activity (a substantial part of ribosomesis composedof RNA;Nelsonand Cox,ReferenceNelsonand
Cox2021).
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Figure 11. Fourth Drake: at the top, right and left, double propeller DNAmolecules;3D protein, at the
centre, below (figure modified by Valli, ReferenceValli2020).

The phenomenaof role selection described above may have gradually occurred over a hundred years
accordingto a maximum and minimum fraction of 20 and 30%. The maximum time coincideswith the
observation time

Phase 8

ag by ATy ATy
0.2 0.3 100 100

The ninth phase; the formation of the cell membrane

Following the last step, new organic molecules spread to the system,those concerning the synthesis
processesand duplication of particular DNAchainsbeing favoured and propagating.

However, new protein chainsare gradually included in the double lipid thickness.Someare suchasto
maintain its stability and consistency.The bagin which this takes place will tend to no longer merge
with the others to exchangeits content. Gradually,the various metabolic processesbeginto accumulate
in individual bagsthat end up acting eachon their own. Finally, at least one of these,with appropriate
dimensions,will include all the processesand conquestslisted in the previous stages,which can take
placein asingle protected micro environment (Eig.12). It will then be the latter which will continue its
evolution towards becominga lifeform.

==
=y

s

A L

Figure 12. Fourth Drake: the metabolic processesof the previous stagesnow take placein asingle bag,
the surfaceof which no longer mergeswith the others.
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We canassignminimum and maximum frequenciesof 1 and 2% on atime of observation of a few days
(time of inclusion of protein chainsin the membrane), or 0.01 and 0.02 years and a time of 1 year
(seasonalcycle).

Phase 9

adyp bio ATy ATyio0
0.01 0.02 0.01 |

The tenth phase; the emergency of the genetic code

Oncethe processesdescribed in the previous stageshave occurred, a fundamental step still remains
before obtaining a lifeform: the emergenceof the geneticcode,that is, the appropriate combinations of
three nucleotides (Fig. 13) capableof specifically indicating the amino acidsto be addedto the protein
chain (Watson et al., ReferenceWatson, Baker, Bell, Gann,Levine and Losick2013) in the protocell seen
previously.

UAC GGC

Figure 13. Fourth Drake: examplesof OO O AT Cof the(yEnietic éode: on the left, the trio O O O7A A E
adeningZA U O1 @QIAC)éoding for the amino acid methionine (MET); on the right, the trio O C OAZ E1
guaninggA U O 1 @E&T)2oding for the proline amino acid (Pro) (figure modified by Valli, Reference
Valli2020).

I
A

It is in this way that the main function of the DNAO B O1 C O(fhét bafksivhat to do and when) cando
its job. It is also in this way that the consistency in the chemical processesof the system can be
established.

How is this achieved?By trial and error (for a possible evolution, seelLei and Burton, Referencelei and
Burton2020), the various nucleic filaments that favour the amino acid chains that intervene in the
maintenance and generation of other copies of the filaments themselves,will be favoured and will be
perpetuated (Ageno,ReferenceAgenal991). So,gradually,in the protocell, one or someDNAchainswill
be ableto produce all the moleculesnecessaryfor their duplication: thesechainsspreadand any change
capableof improving or speedingup the processis selectedby evolution.

With the completion of the latter stage,we havereacheda systemthat is now able to satisfy both the
conditions of Ageno(ReferenceAgendl991) andthe six needsindicated by Lane(ReferenceLane2015),
within asingle compartment, now modified from the initial bags.We havefinally obtained our lifeform.

In the latter case,as regards the estimation of the frequencies,we are faced with two obstaclesto
overcome:the formation of nucleotides (from a phosphategroup, a pentosesugarand a nitrogen base)
andtheir combination in filaments. While the secondprocessseemsvery likely (Fracciaetal.,Reference
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Fracda, Smith, Zanchetta, Paraboschi,Yi, Walba, Dieci, Clark and Bellini2015), the first does not. By
focusingon this, asin the previous case we canassignminimal and maximum frequenciesof 1 and 2%,
this time, however, over an observation time of 5 yearsand atime limit of 20.

Phase 10

g bg A Tc_; aTn:_}
0.01 0.02 5 20

Before concluding, it should be pointed out that this phasecan be swappedwith the previous one.In
fact, the emergenceof the genetic code,the final step in the creation of the lifeform, may have been
produced when the systemwas still widespread within all the bags,or the majority of them.

What is the correct order? It is difficult to say precisely. By confining the last step to asingle O A Ar@id
leaving to it the task of carrying out the transition between non-living and living, we ensure all the
descendantswill havethe samegeneticcode,asis the caseof all of the current organismson Earth. We
do not know if in the past there were more genetic codesnor what their impact on the evolution and
interaction of living beingsmay havebeen.

We should point out, however,that the simple reversal of two or more phaseswithout any modification
of the valuesattributed in the different stagesdoesnot changethe final value of the probability obtained
by the Macconealgorithm, precisely becauseof the intrinsic mathematical properties of the algorithm
itself.

Evaluation of the probability of passing each stage

We havethus obtained the 40 input valuesof pass1 (Table 3).

Table 3. Fourth Drake: the 40 valuesof the a and b; frequenciesminimum and maximum, of the time
3-T; of observation and time 3T o of micro-catastrophe, for each phase described in the previous
paragraph

G b AT ATy
1 The abiological synthesis of biological molecules 0.9 1 1000000 1000000
2 The concentration of the primordial broth 0.05 0.15 100 10 000
3 The formation of lipid bags 0.9 1 0.10 10
4 The inclusion of chlorophyll in lipid membranes 0.1 0.2 l 10
5 The “photopump for protons’ 0.1 0.2 0.01 10
6 The formation of nucleic acid filaments 0.02 003 001 1
7 The catalytic role of RNA 0.9 1 0.10 1
8 Determination of roles 0.2 0.3 100 100
9 Mobile membrane training 0.01  0.02 0.01 1
10 The emergency of the genetic code 0.01 0.02 5 20
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By inserting thesevaluesinto the calculation matrix shown in Tables4z6, we obtain all the valuesof the

following steps:we observethat the table valuesoft jand s of step 3in Table4 are the elementsof the

two sumsof Fig.5 which giverise tot and A 2,or the averageand varianceof the logarithm of the variable
X0 in the medium period. 3Ty, asalready stated, is the sum of the 3Toj and representsthe medium term;

while we havesetthe long period 3T at about 100,000,000years.To conclude,at the end of our analysis,
we found, through the lognormal 5, a probability of creating an entire cycle of the transition from non-
living to the living, in the medium term 3To~1,000,000 years,equalto about0.7%,(Table6 and Fig.14);

while, in the long run 3T~100,000,000years (Table 6), we found an averageprobability of the onset of
life on Earth equalto:

fi=52%

betweenthe two minimum and maximum values

flmin = 32% a.nd fmax = 66%.

Drake 4

limin Imax

3.2% 107! 6.6 107"

Table 4. 4th Drake: evaluation of probability z the valuesin the box in darker grey are the entry data
(passl); thosein clearer grey the intermediate calculations(step 2 and 3)

Step 3

Comp. j Comp. j

aver. loi var loi

1 0.90 1.00  —0.0518 0.0009
2 0.99 1.00  =0.0030 0.0000
3 1.00 1.00  0.0000 0.0000
4 0.65 0.89 -0.2629 0.0082
5 1.00 1.00  0.0000 0.0000
6 0.87 0.95 -0.0948 0.0007
7 1.00 1.00  0.0000 0.0000
8 0.20 030 -1.3930 0.0136
9 0.63 0.87 -0.2908 0.0081
10 0.04 008 -2.8568 0.0375

33


https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#fig04
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#fig06
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#tab04
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#fig05
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#tab06
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#fig14
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#tab06

E. Mieli et al

Table 5. Fourth Drake: evaluation of probability z the valuesin the boxin darker grey are the entry data
(step 4); thosein clearer grey the intermediate calculations(step 3 and 4)

Step 3 Step 4

Max time

total Intervals
process Average Standard Max time tot  number over
(medium Average Variance  valour on the deviation on  process (long time max tot
term logarithm  logarithm AT, period the ATy period eriod TOCESS

1010153 —4.95 007  731%107°  195x10~ |100000000

99

Table 6. Fourth Drake: evaluation of the probability z dataoutgoing ontime 3T (long term): probability
of developmentof life f| and its valueswith standard deviation f | and f g (step 4)

Step 4

Probability average tot process Probability minimum tot process Probability maximum tot process
fi Jia fis

52% 32% 66%

4th Drake: lognormal distribution @ of the fraction X, of the total
process

250
225
200
175
150
125
100
75
50
25
0
-25

0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.010
0.011
0.012
0.013
0.014
0.015
0.016
0.017
0.018
0.019
0.020

Figure 14. Fourth Drake: the lognormal distribution 5 of the processin the medium term 3T o: the
averagevalueis 7.31 x 10Mothe standard deviation is 1.95 x 10M¢

Considerations on the fourth parameter

Although our work canonly be consideredpreliminary and certainly contains elementsand conditions
that will needto be revised in the light of the scientific discoveriesmadein the coming years,we can
already recognizesomeinteresting results.
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First of all, we found avalue of the probability of the onsetof life over 100 million yearswhich, compared
to what might be expected,is of the order of 0.5z decidedly high (moreover equalto the value inserted
by Maccone,in 2008, in his Drake statistical equation). Sowe do not need to invoke an anthropic
principle to justify our presenceas observers of the phenomenon of life on Earth (a reasoning of the
type: life in the universe is very rare, but since | exist and represent life, the probability is in any case
not zero), but we canfall within the principle of mediocrity that assertsthat the Earth, and us with it, is
not a privileged point and we are not privileged evenasobserversThis conclusionwas far from obvious
evenif, thanks to recent palaeontologicalobservations,the suspicionthat life on our planet had formed
assoonasit had had the opportunity, afew tens of millions of years after the stabilizing of the planet,
existed (see e.g.Dodd et al., Reference Dodd, Papineau, Grenne, Slack, Rittner, Pirajno, O'Neil and
Little 2017).

Not only that, the Macconemethod of dividing the problem into sub-problems dealt with individually
from a mathematicalystatistical point of view makes the phenomenon of the appearanceof life less
obscureor, atleast,partially governable:it is obviousthat the frequencyvaluesattributed to phasesand
the phasesthemselvescan be improved and redefined (we hope that in the future they are), but what
matters is that the algorithm givesan answer consistentwith the dataentered.

Finally, we want to emphasizethat there is no reasonnot to usethis approachnot only for planetswholly

similar to the Earth, but alsoin situations that deviate somewhatwithout precluding the possibility of
the onsetof life: for example,severalsituations closeto us suchasthe sixth satellite of Saturn,Encelado,
which could present favourable conditions for life under its frozen crust. But we are also thinking of
more distant situations like the terrestrial exoplanetspositioned in the habitability area of their star
such as the Trappist-1 system at 40 ly from us; in such situations we could have planets with

synchronous rotations (rotation equal to the revolution) or super-earths with massesmore than ten
times that of the Earth.

Finally, it is necessaryto point out once againthat for now we have dealt with the emergenceof life in
its most basic, unicellular and prokaryotic form. It is in this form that, with the appropriate initial
conditions (suitable planet, etc.),the chancesof life evolving are significant, however doesnot include
animals, plants and all eukaryotic organisms z all those beings, that is, derived from a symbiotic
associationbetween several prokaryote cells (Margulis, ReferenceMargulis 1998; Archibald, Reference
Archibald2014). This process,which took placeon Earth, will be the topic of the next section.

Fifth Drake: the probability of intelligent life

Giventhe complexity of the topic, in the fifth parameter (Mieli and Valli, ReferenceMieli and Valli2023),
we immediately find ourselveshavingto divide the processinto at leastthree large macro-intervals:

Macro-interval A The onset of the eukaryotic cell
Macro-interval B The appearance of animals (metazoa)
Macro-interval C The onset of intelligent civilization (ETC)

Eachmacro-interval will be divided into several phases,as for the fourth parameter. The substantial
difference is on the temporal scaleof the catastrophes:given that life, once formed, is decidedly more
resistant than the biochemical environments that preceded it, the typical times of 3T; micro-
catastrophesare now of the order of 100 million years,while those of 3T oj macro-catastrophesare of
the order of half abillion years.

The phasesthat divide the three macro-intervals are asfollows:
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Macro -interval A

the evolution of an aerobic bacterium

the hostzsymbiont meeting

the formation of the pores and the appearanceof cytoplasmic extensions
the O x E 1 Afffhk symbionts and the disappearanceof the host's cell wall
the penetration of symbionts into the cytoplasm

the migration of DNAfrom the genomeof the symbiont to that of the host
the acquisition of the eukaryotic cytoplasmic membrane

incorporation into asingle coating and phagocytosis

=2 =8 =8 -8 -4 -8 -8 -9

Macro -interval B

the acquisition of acomplexlife cycle

the aggregationof zoosporesand the formation of the synzoospores
the sedentary colony composedof differentiated cells

the production of collagen

=A =4 A =4

Macro -interval C

increasein size of metazoa(nervous and vascularsystem)
limb development

colonization of dry land

differentiation of land animals

erect posture and manual skills

changeof diet and growth of brain

organization of the brain on abstract thinking

birth of articulated languageand technique

=2 =8 =8 =4 -8 -8 -8 -4

The starting point; the stability conditions of a planet

For life aswe know it to be sustained,it is necessarythat water is present, especiallyin its liquid form.
This substancecan be broken down into its constituent elements of hydrogen and oxygen by ionizing
radiations from the sun (Bolton et al., ReferenceBolton, Strickler and Connollyl985; Lane,Reference
Lane2002). To block them, the formation of a protective layer such as that of ozone (Os) in the
atmosphereis necessary.This molecular form is the product of common oxygen (O.) reacting to the
main solar electromagneticrays which are thus shielded.

Paradoxically, the oxygen deriving from the decomposition of the water does not contribute to the
formation of the ozonelayer, becausethe phenomenonof hydrolysis is very slow and the freed gasis
seized by the oxidation of the minerals present in the environment. In order to form Os, oxygen
moleculesmust be able to remain long enoughin the atmosphere.For this to happen,their production
must be regular and abundant. The only processthat produces this gasin sufficient quantities is the
photosynthesis carried out by chlorophyll plants and cyanobacteria(Lane, ReferenceLane2002). Not
only that, but the massof the planet must be large enoughto retain oxygen moleculeswithout them
being dispersed into space.A sufficient planetary massis one of the initial conditions evoked in the
previous work (Valli and Mieli, ReferenceValli and Mieli2022) and in the previous section of this work
relating to the fourth parameter.

Wewill return to this question later, but let us remember that, if water vanished,no form of life would
be possibleand for this reasonit is necessaryto block its hydrolysis beforeit is too late.

However, if these conditions were sufficient for the onset of life, we will seethat they are no longer
enoughfor those conditions we wish to examinenow. In fact, we must verify that the existenceof the
planet lasts long enoughto ensure the level of biological evolution that interests us. Aswe saw for the
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third parameter,thesetimes are measuredin billions of years;the ageof the Earth is in fact 4.54 + 0.05
(Dalrymple, Reference Dalrymple2001). At the end of this work, we will compose together the
information starting from the third parameter onwards to establishthe number of planets sufficiently
stablefor the developmentof life in every stage,from the most primitive to the galacticcivilizations.

Macro -interval A

The crucial passage; the onset of the eukaryotic cell

The current prokaryotes include archaea and all bacteria. These are microscopic organisms,
considerably smaller than the eukaryotes: despite the existence of O C E Bakctéid, eukaryotic cell
organisms have an average volume 15,000 times greater than the prokaryotes (Lane, Reference
Lane2015) which, however, are present everywhere and represent the most consistent element of
terrestrial biodiversity (DeLong and Pace,ReferenceDelLongand Pac€001; Ogunseitan,Reference
Ogunseitan and Kliman2016; Selosse,Reference Seloss017; Flemming and Wuertz, Reference
Flemming and Wuertz2019).

The diversity of prokaryotes is not basedon morphology, but on their metabolism. The set of metabolic
differencesthat plants, animals, mushrooms and all other eukaryotic organisms present are nothing

comparedto the range of different processespresented by bacteria and archaea.The latter were once
simply considered specialized prokaryotes in the colonization of extreme environments where living

conditions are (according to our standards) if not impossible, at best very difficult (thermal springs at
high temperatures, hyperseaecosystemsanoxic environments). In reality, the archaeawould seemto

be presentin the majority of existing environments on our planet (DeLongand Pace Refererce DeLong
and Pacg001; Robertsonet al., ReferenceRobetson, Harris, Spearand Pacg005; Forterre, Reference
Forterre 2007; Baker et al.,ReferenceBaker, De Anda, Seitz,Dombrowski, Santoroand Lloyd2020).

Bacteria, on the other hand, are organisms that present the greatest metabolic diversity. Someare
capableof living with hyperthermophile archaeawhile others perform the sametype of photosynthesis
carried out by chlorophyll plants, releasing O,. Certain cannot stand this gas,while others grow very
well in its presence (Stainer et al., Reference Stainer, Adelberg and Ingraham1976; Aravind et al.,
ReferenceAravind, Tatusov, Wolf, Walker and Koonin1998; Fierer and JacksonReferenceFierer and
Jacksor2006; Lozupone and Knight, ReferencelLozupone and Knight2007). There are even bacteria
capableof producing the energythey needthanks to the reduction of uranium (Lovley et al.,Reference
Lovley, Phillips, Borby and Landal991). Finally, to underline the surprising skills of some
representatives of this group, we need to only think of Rubrobacterradiotolerans (Yoshinakaet al.,
Reference Yoshnaka, Yano and Yamaguchl973) one of the most resistant organisms to gamma
radiation: it cantolerate dosesthousandsof times higher than those necessaryto kill aman (Ferreira et
al., ReferenceFerreira, Nobre, Moore, Rainey,Battista and da Costgl999). It also seemsthat there are
various microbial strains belonging to both bacteria and archaeawhich present high tolerances to
radiation (Egaset al.,ReferenceEgas Barroso, Froufe, PachecoAlbuquerque and da Cost&2014).

Eukaryotes cannot compete with prokaryotes on their own terrain, but thanks to their abilities and
properties, theseorganismsoccupyecologicalnichesprecludedto bacteriaand archaea.The eukaryotic
cell differs from the prokaryote (Fig.15) cell becauseof the presenceof certain specific characteristics
(Vellai and Vida, Reference Vellai and Vidal999; Lane, Reference Lane2015; Webb, Reference
Webb2015):

1 It hasadouble-wall nucleus,in which (almost all) the cellular DNAis contained,organizedin the
form of chromosomes;
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T It contains cellular organelles possessinggenetic material not present in the nucleus and
internal membranes;

1 it is equipped with a dynamic cytoskeleton (cell skeleton) made up mainly of filaments
consisting of the actin protein, which supports the membraneand which allows its deformation
(eukaryotes did not originally have a cell wall, although certain lineages, like plants, did
subsequentlydevelopone);

1 finally, a whole series of complex behaviours can develop, including among other things,
phagocytosis (lost in eukaryotes with cell wall), sexuality and aggregation in multicellular
organisms.

Aeukaryotic cellnormally possesses much higher quantity of genesthan aprokaryotic cell: the largest
bacterial genome contains 12 megabasegMbp] (a base [bp] is a pair of appeared nucleic acids; a
megabase[Mbp] indicates one million bases)of DNA,while the human genomehas 3000 Mbp z and
certain eukaryotesreach up to 100,000 Mbp (Lane, ReferenceLane2015). It is precisely this ability to
manage complex structures and processes,obtained thanks to a powerful collection of proteins that
mediate the mass on site, that seemsto be the main difference between the eukaryotes and the
prokaryotes (Lane and Martin, ReferencelLane and Martin2010). In fact, theoretically, the various
O A OE A GhataddEdAids all seemto have their prokaryote precursors (see e.g.Wujek, Reference
Wujek1979; Lindsay et al., ReferencelLindsay, Webb, Strous, Jetten, Butler, Forde and Fuerst2001;
Schulzand JorgensenReferenceSchuz and Jorgenser2001; Von Dohlen et al., Referencevon Dohlen,
Kohler, Alsopand McManu2001; Simonand Zimmerly, ReferenceSimon and Zimmerly2008; Ettemaet
al.,ReferenceEttema,Lindasand Bernander2011; Yutin and Koonin, ReferenceYutin and Koonin2012),
but the latter never take the decisive step towards complexity.
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Figure 15. Fifth Drake:comparisonbetweenaprokaryote cell (a) andananimal eukaryotic cell (b), with
the typical elementsof the two cellsindicated on the figure. The main differencesbetween bacteriaand
archaeareside at the level of the cell membrane (see Fig. 5). The two cells are not in scale: the
prokaryotic cell is about of size of the mitochondria of the eukaryotic cell.

To better understand what this complexity consists of, let us examine some typical examples.First,
sexuality; in the fossil register, the oldest known testimony is BangiomorphapubescengButterfield,
ReferenceButterfield 2000), ared algafound in the sedimentsof the CanadianArctic (Butterfield etal.,
ReferenceButterfield, Knoll and Swett1990) currently dated (Gibson et al., Reference Gibsa, Shih,
Cumming, Fischer, Crockford, Hodgskiss,Worndle, Creaser,Rainbird, Skulski and Halverson2018) to
just over 1 billion years(Gy) ago.Evenif we do not know exactly whether the first eukaryotic organism
that appearedwas able to reproduce sexually,it seemsclear that the oldest ancestor of all the current
eukaryoteswas (Génermont,ReferenceGénermon2014). No prokaryotic organism,on the other hand,
hasa sexualcycle,although someare able to transmit genetic material for horizontal transfer of genes
(Gogartenet al., ReferenceGogaten, Doolittle and Lawrence2002; Watson et al., ReferenceWatson,
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Baker,Bell, GannLevineand Losick2013; Cabezoretal.,ReferenceCabezonRipoll-RozadaPefiapPDelLa
Cruzand Arechaga®015).

With regard to the establishment of multicellular organisms, although some bacteria are known to
aggregate(Castanieret al., ReferenceCastanier,Perthuisot, Maurin, Gézeand CamoiriL994; Bapteste,
ReferenceBapteste2013), no prokaryote organism is able to form aggregatescapable of behavingin
suchacoordinated way asto form acompleteindividual.

Finally, as indicated above, the unicellular eukaryotes are larger than the prokaryotes. There are,
however, gigantic bacteria, but only a few forms in total are known. Epulopiscium fishelsoni
(Montgomery and Pollak, Reference Montgomery and Pollak1988) and Thiomargarita namibiensis
(Schulzet al., ReferenceSchuz, Brinkhoff, Ferdelman,Mariné, Teskeand Jgrgensei999), for example,
are genuinetitans: their dimensionsreachthe tenths of amillimetre (they are practically visible to the
nakedeye),exceedingthe size of many unicellular eukaryotic organisms.The peculiarity of thesegiants
is that of having many copies(up to severalthousand) of their genomerelegatedcloseto their cell wall,
while most of their cytoplasm is metabolically inactive (Schulz,ReferenceSchul2006; Mendell et al.,
Reference Mendell, Clements, Choat and Angert2008; Miyake et al., Reference Miyake, Ngugi and
Stingl2016). Theseprecautions allow them to survive despitetheir excessivedimensions.

In any case this strategy proves to be an evolutionary cul-de-sag becauseit doesnot translate into any
complexbehaviour by these prokaryotes (Lane and Martin, ReferenceLaneand Martin 2010).

This said, how then to explain the differences between these two types of cells? How to justify the
performancesof eukaryotes comparedto those of the prokaryotes? Theselast organismsare in no way
lower or less advancedthan the previous ones (as is shown by the fact that they present a range of
metabolisms so diversified that they canbe found absolutely everywhere). Put simply, the eukaryotes
haveevolvedto occupyecologicalnichesprecluded to bacteriaand archaea.How did they manageit?

The eukaryotic cell as symbiosis between prokaryotes

The responselies in the genesisof eukaryote unity, deriving from a symbiotic association between
prokaryotes (Margulis, Reference Margulis1998; Archibald, Reference Archibald2014) and, more
particularly, between an archaeonand a bacterium (de Reviews,Referencede Reviers and Palka2018).
Certain specialistseventhink that viruses have beenimplicated in the formation of the nucleus of the
new type of cell (Forterre and Gaia,ReferenceForterre and Gai&018). In any case,most authors now

All current eukaryotes have organelles,limited by a double membrane,which derive from symbiotic
prokaryotes: mitochondria and plastids (the latter are present only in photosynthetic living being, as
they are essentialfor suchprocesses).The acquisition of theseorganswas accompaniedby atransfer of
genesfrom the genomeof the symbiont to that of the guest,a phenomenonthat is always produced in
all endosymbiosis(de Reviers,Referencede Reviers and Palka2018). The mitochondria in particular
derive from asingle form of bacterium belongingto the group of the alphaproteobacteria(Rogeretal.,
ReferenceRoge, Mufioz-Gémezand Kamikawa2017), a fact that establishesthe unique origin of this
organelle. It was its acquisition that sanctioned the birth of the eukaryotic cell (Martin and Mdller,
Reference Martin and Muller1998). In fact, all eukaryotes have mitochondria, even if some have
transformed or havelost them, while preserving somecharacteristic genesin their nucleus(Tovar etal.,
Reference Tovar, Le6n-Avila, Sanchez,Sutak, Tachezy, Van Der Giezen, Hernandez, Miiller and
LucocR003; Zimorski et al., ReferencezZimorski, Mentel, Tielensand Martin 2019).
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But what advantage does the mitochondrion confer? Is the fact of breathing O, sufficient to justify
eukaryotic performance? Aerobic respiration (the oxidation of nutrition by O;) is at leastsix times more
advantageousthan anaerobicrespiration, but the costsof protein production are 13 times higher in its
presencethan in its absence(Zimorski et al., ReferenceZimorski, Mentel, Tielens and Martin 2019). In
addition, in various bacteria, the aerobic metabolic processes develop much faster than in the
mitochondrion (Lane and Martin, ReferenceLaneand Martin 2010). Therefore, the advantagedoesnot
seemto be linked only to the breathing of O.. In reality, the benefit conferred by this organ lies in the
ability to enormously increasethe energy available for gene:the term O AT Apé C B\ 1inlidates the
cost necessaryfor geneexpressionthe cost of production of proteins and other cellular components
(Lane and Martin, ReferencelLane and Martin2010). By increasing the energy per gene 7z and the
presenceof mitochondria allows the eukaryotic cell anincreasebetween4 and 6 orders of magnitude 7
the amount of energythat canbe donatedto geneexpressionis increased,meaningthe number of genes
that a cell canmanageis alsoincreased.The more genesthere are,the more the cell becomescapableof
OAT | Prockgdesandbehaviours,bearingin mind that the eukaryotic genomeincludesamuch higher
number of genesthan the prokaryotic ones.

The details canbe found in the works of Nick Lane (Lane and Martin, ReferenceLaneand Martin 2010;
Lane,ReferenceLane2015) but we try to simplify this conceptwith an example.Let usimaginethat you
want to prepare tortellini with aparticular filling of meatand a specialsaucefor 30 guestsat awedding
reception. Who will be more efficient? A team of three specializedcooks (one for the tortellini pasta,
another for the meat filling and the last for the sauce)or a single cook that prepares the dish in its
entirety? It is clear that the team of three people, carrying out each phase of the work separately
(decentralization), will produce more quickly and effectively, or with less waste, a large number of
portions than if asingle chefwere askedto do all the work. The statementis evenmore valid in the case
of ten or more cooks,eachof whom must prepare the dish in its entirety.

This is precisely what the eukaryotic cell does: it decentralizes energy production in the various
mitochondria which, in turn, transfer their genometo that of the nucleus exceptfor the genesstrictly

necessaryfor the control of the functioning of the energy production chain (it is estimated that the

mitochondria retain only about 1% of their estimated original genome;Grayet al.,ReferenceGray,Lang
and Burger2004). In this way, the various components of the eukaryotic cell restart the tasks: the

nucleusretains the genomeand replicatesit, the cytoplasmreservesthe production of cellular material

and the mitochondria, which must practically no longer deal with protein synthesis, handle energy
production, making it more efficient and profitable for the whole organism. To recap: the eukaryotes
derive from a symbiotic associationbetween an archaeonand a bacerium (the latter will becomethe

mitochondria). Currently, it is thought that the symbiont bacterium was an optional aerobe capableof
breathing O,, when present, but also equipped with anaerobic metabolism, in the absenceof this gas
(Zimorski etal.,ReferenceZimorski, Mentel, Tielensand Martin 2019). The consumption of O,, therefore,

was present from the first steps of the onset of eukaryotes and this fact underlines the importance of
this gasin the evolution of living beings.In this regard, what we said aboveabout the ozonelayer (Os),

which protects us from ionizing energy coming from spaceand allows usto live on the emergedlands,
is worth remembering. Without free oxygen, not only would water be broken down into its basic
elements (Lane, ReferenceLane2002) but the evolution of lifeforms beingswould have beenseriously
upset.In fact, the level of O, affectsthe synthesisof cholesterol (Summonset al., ReferenceSummons,
Bradley, Jahnkeand Waldbauer2006), an indispensable molecule present in the cell membrane of all

animals (Brown and GaleaReferenceBrown and Gale®010). It is no coincidencethat the onset of the

eukaryotic cell datesto after the great oxidation event(GOE) produced around 2.4 and 2.1 Gy(Lyons et
al., ReferenceLyons, Reinhard and Planavsky2014). This event signalsthe presenceof free O; in the

environment, asevidencedby the geologicalformation of layersrich in iron oxides,the RedBeds(Knoll,

ReferenceKnoll2015). In short, the importance of this gasfor the first eukaryotesandtheir descendants
hasbeenamply demonstrated (Lane,ReferenceLane2002).

Although somerare casesof bacteria presentwithin other prokaryotes are reported (Wujek, Reference
Wujek1979; von Dohlenet al.,Referencevon Dohlen,Kohler, Alsopand McManu2001, but for acorrect
interpretation of these cases, see also Yamaguchi et al., Reference Yamaguchi, Yamada and
Chiban&020), the symbiotic associationwhich allows the onset of eukaryotesis considered a unique
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event (although a recently discovered organism has raised questions; Yamaguchiet al., Reference
Yamaguchi, Mori, Kozuka, Okada, Uematsu, Tame, Furukawa, Maruyama, O'Driscoll Worman and

Yokoyam&2012) or extremely unlikely (Lane,ReferenceLane2015). In fact, it should be noted that the

onset of eukaryotes, placed between 2.1 and 1.6 Gy (Knoll et al., ReferenceKnoll, Javaux,Hewitt and
Coher2006; Rasmusseret al., ReferenceRasmussenkletcher, Brocks and Kilburn 2008; El Albani et al.,
ReferenceEl Albani, Mangano,Buatois, Bengtson,Riboulleau, Bekker, Konhauser,Lyons, Rollion-Bard,
Bankole,Lekele BaghekemaMeunier, Trentesaux,Mazurier, Aubineau,Laforest, Fontaine,Recourt,Chi
Fru, Macchiarelli, Reynaud,Gauthier-Lafaye and Canfield2019; Porter, ReferencePorter2020), occurs
after more than 1.5 billion years after the appearanceof the prokaryotes, which took placearound 3.7
Gy (Nutman et al., Reference Nutman, Bennett, Friend, Van Kranendonk and Chiva016), or even
earlier (Ponsetal.,ReferencePons Quitté, Fujii, Rosing,Reynard,Moynier, Doucheand Albarede2011;

Dodd et al., ReferenceDodd, Papineau,Grenne,Slack,Rittner, Pirajno, O'Neil and Little 2017; Papineau
etal.,ReferencePapineau,She,Dodd,lacoviello, Slack,Hauri, Shearingand Little 2022). During this long

period of time, the eukaryotes were absent,while bacteria and archaeadiffered abundantly (seee.g.
Nisbet, ReferenceNisbet2000; Schopfet al., ReferenceSchgf, Kudryavtsev, Czajaand Tripathi 2007,

ReferenceSchopf,Kudryavtsev, Osterhout, Williford, Kitajima, Valley and Sugitan2017; Javauxet al.,
ReferenceJavauxMarshall and Bekker2010).

Despiteall this, in this article, we want to investigate the possibility that the time of onsetof eukaryotes
may have been influenced by parameters other than the alleged improbability of the symbiotic
phenomenon.For example,one of the key factors could simply bethe time necessaryto achieveacertain
content of G, in the environment, without which the associationwould not have occurred.

But in that case,why do all eukaryotes descendfrom a single ancestor but no other later symbiosesof
this type have beenrecorded, eventhough there is a relative abundanceof O; in the environment? We
have no definitive answer to this question. The only one that comesto mind is that, having worked
perfectly the first time, the eukaryotes had gradually occupied all the niches available, limiting
competition and preventing the phenomenonfrom repeating or strongly limiting it.

The inside-out model for the onset of the eukaryotic cell

Becauseof their wall, the prokaryotes (they being bacteria or archaea)lend themselveslittle to being
OAT 1 1 byBtieAridoorganisms (Lane, ReferencelLane2015). Sohow to solve the problem of the
associationof an archaeonwith endosymbiont bacteria?

Arecent model calledinside-out seemsto be able to provide aninteresting and original responseto the
problem of a symbiotic association between an archaeon and a bacterium and would allow a more
detailed explanation of the onset of the eukaryotic cell. The authors (Baum and Baum,ReferenceBaum
and Baum2014, ReferenceBaumand Baum2020) proposethat it is not the bacteriawhich penetrate the
wall of the archaeon,but that the latter is able to produce, through special pores homologousto those
of the nuclear membrane of the eukaryotes,cytoplasmic outgrowths which over time canwrap around
the associatedand stationary microorganisms on its wall (Eig. 16(a)). According to this model, the
outgrowths also cover the whole organism, enveloping the cell of the archaeon(Eig. 16(b)), which in
fact becomesthe O1 O A bf A& @& body, covered by a double-layer membrane, deriving from the
original one plus the one addedby the outgrowth lobes.Gradually,the wall of the archaeondisappears,
becomingsuperfluous. Finally, associatedbacteria penetrate through the extensionsof the membrane
to find themselvesin the cytoplasm (Fig.16(c)). In practical terms, the symbionts do not enter the guest
or host,or at least,not initially, but the cytoplasm of the latter is evaginatedto coverthem.
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Figure 16. Fifth Drake: simplified schemeof the inside-out model: (A) the outgrowth comesout from
pores of the wall (thick blackline) of the archaeon;(B) the outgrowth developsand beginsto wrap the
associatedbacteria (the two grey ovals), while the wall beginsto vanish; (C) the cytoplasm completely
holds the archaeon and the bacteria have penetrated through the membrane, finding it inside: the
original structure of the archaeon,coveredwith adouble membraneequippedwith pores (four of these
are marked by asterisks), will becomethe nucleusof the new cell (figure modified by Baumand Baum,
ReferenceBaumand Baun2014).

Somearchaeaare perfectly capable of generating extracellular protrusions (Rachel et al., Reference
Ractel, Wyschkony, Riehl and Huber2002; Baker et al., Reference Baker, Tyson, Webb, Flanagan,
Hugenholtz, Allen and Banfield2006; Marguet et al., ReferenceMarguet, Gaudin,Gauliard, Fourquaux,
Plouy, Matsui and Forterre2013). In addition, as we will seebelow, the inside-out model is perfectly
compatible with the hypothesesmade regarding the possible nature of the guest. For this reason,we
will adoptit to describethe passageghat leadto the onset of the eukaryotic cell.

The onset of the eukaryotic cell, phase by phase

The starting point; the liberation of oxygen and its diffusion in the environment

We have seenthe importance of the concentration of O, for the onset of eukaryotic cells and evolution

towards intelligent life forms. The only processthat ensuresthe production of large quantities of this

gasis photosynthesis,a purely biological phenomenon(Lane, ReferenceLane2002; Holland, Reference
Holland2006). But in this case when do the first organismsable to free O, thanks to the photosynthesis
process evolve? Let us not forget that only some photosynthetic organisms are able to release O,
following this process (Gest, Reference Ges2002): these are chlorophyll plants and cyanobacteria,
which usewater z H,Oz asan electron donor.

According to Ageno (Reference Agendl991), the first living organisms were not only capable of
photosynthesis but even freed O.. In fact, he claims that electrons must logically have been obtained
from a substance which is very common in nature; H.O, in fact. For this type of photosynthesis,
particularly complexpigmentsz chlorophylls z are needed(Tomitani et al., ReferenceTomitani, Okada,
Miyashida, Matthijs, Ohno and Tanakal999; Eggink et al., ReferenceEggink, Park and Hoober2001).
Agenoreports that laboratory experiments such asthose carried out by Miller (ReferenceMiller1953)
have shown that the habitual synthesis of these moleculesis perfectly possible.

According to other specialists,however, the first lifeforms were chemoautotrophic. Although the GOE
produced between 2.4 and 2.1 Gy, experts believe that prokaryotes capable of producing O,
(cyanobacteria) were present, on our planet from at the latest 3 Gy (see e.g.Crowe et al., Reference
Crowe, Dgssing,Beukes,Bau, Kruger, Frei and Canfield2013; Lyons et al., ReferencelLyons, Reinhard
and Planavsky2014) or even earlier (Schopfand Packer,ReferenceSch@f and Packerl987; Javauxet
al.,ReferenceJavaix, Marshall and Bekker2010).
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However, there is no contradiction between these dates, as the processof accumulation of O, in the
environment is considered a slow and one which is hindered by other phenomena (for the various
models and the hypothesesthat illustrate them, seee.g.Kasting, ReferenceKasting2013; Olejarzet al.,
ReferenceOlejarz, lwasa,Knoll and Nowak2021, and the bibliography mentioned in the two articles). In
any case,the concentration of this gasin the environment becameabout 10Mstimes the current value
only after 2.5 Gy, manifesting itself with an ability to produce the deposits called red beds The
appearanceof eukaryotesis successiveto this event.

The first phase; the evolution of an aerobic bacterium

The current theory of the onset of the eukaryotic cell provides for a symbiotic associationbetween an
archaeonthe host and various individuals of a bacterial strain, the symbionts (de Reviers,Referencede
Reviers and Palka2018). Martin and Muller (ReferenceMartin and Muller 1998) formed the hypothesis
that the guestarchaeonwas an anaerobic organism, rigorously dependenton H,, while the symbiotic
bacteriawere ableto breathe O, and produced H, asametabolicwaste product. Thesebehaviourswould
have guaranteedcomplementarity betweenorganisms.

But when exactly did the first aerobic bacteria appear?Researchon the Precambrianlayers hasmadea
great deal of progress in recent years (Schopf, Reference Schop2019) and has documented an
extraordinary variety of organisms during the early billion years of our planet (Nisbet, Reference
Nisbet2000; Schopf et al., Reference Schf, Kudryavtsev, Czajaand Tripathi 2007; Javauxet al.,
ReferenceJavaux,Marshall and Bekker2010; Knoll, ReferenceKnoll2015). Not only that: a complex
ecosystemhas been documented at about 3.4 Gy, including microorganisms capable of producing
sulphide acid (H2S) plus other organisms, stromatolites manufacturers, dependent on this substance
they usedasan electrondonor to carry out photosynthesis(Schopfetal.,ReferenceSchf, Kudryavtsev,
Osterhout, Williford, Kitajima, Valley and Sugitani2017).

As can be seen,already in this remote era, the prokaryotes had differentiated themselvesand had
constituted complex communities where several complementary ecologicalniches had beenoccupied.
With suchassumptions,given the metabolic versatility of the bacteria, it is legitimate to think that, once
the O; had madeitself availablein the environment, somemicrobial strains becamecapableof exploiting
this gasasaresource to produce energy in a few thousand years at most: a probability of between0.4
and 0.6every2000yearswith a time of 100,000yearsof micro-catastrophe
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The second phase; the host symbiont meeting

Let us now look at the host organism. Currently, thanks to a series of protein homologies,it is believed
that the eukaryotesshareacommon ancestorwith the setof archaeonscalledO! O @ AOGVE ér Avlrd
that this ancestor was to be found within this group (Spanget al., ReferenceSpang,Saw, Jgrgensen,
ZarembaNiedzwiedzka,Martijn, Lind, van Eijk, Schleper,Guyand Ettema2015; ZarembaNiedzwiedzka
et al., Reference Zaremba-Niedzwiedzka, Caceres, Saw, Backstrom, Juzokaite, Vancaester, Seitz,
Anantharaman, Starnawski, Kjeldsen, Stott, Nunoura, Banfield, Schramm, Baker, Spang and
Ettema2017; Eme and Ettema, ReferenceEme and Ettema2018; Liu et al., ReferencelLiu, Makarova,
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Huang,Wolf, Nikolskaya, Zhang,Cai,Zhang,Xu, Luo, Cheng,Koonin and Li2021; but seealso from Da
Cunhaet al., ReferenceDa Cunha, Gaia,Gadelle,Nasir and Forterre 2017, and the responseof Spanget
al., Reference Spang, Eme, Saw, Caceres, ZarembaNiedzwiedzka, Jonathan Lombard, Guy and
Ettema2018).

The Archaeaof Asgard constitute a super-phylum built mainly thanks to genetic material found in the
environment. Despitethis, they are very widespread organisms,the remains of which have beenfound
in marine, lake and terrestrial sediments. They are mainly anaerobic and widespread in vent fields
and/or in areas rich in methane (Macleod et al., Reference MacLeod, Kindler, Wong, Chen and
Burns2019). Onestrain is even anaerobicand dependenton Hy, the requirements required by Martin
and Miller (ReferenceMartin and Muller 1998) for the host of symbiotic association.They are therefore
the ideal organismsin which to seekthe protagonist archaeonof the onset of the eukaryotic cell.

Furthermore, aparticular microorganism hasrecently beenidentified which is capableof surviving only
thanks to symbiosis with other microbes, and which belongsto a phylum of the group of Archaeaof
Asgard,that is the Lokiarchaeotg considered closeto eukaryotes (Spanget al., ReferenceSpang,Saw,
Jargensen,ZarembaNiedzwiedzka, Matrtijn, Lind, van Eijk, Schleper, Guy and Ettema2015). The
prokaryote described (not this time simply analyses of the gene sequencesto be found in the
environment, but of a true living being) hasthe ability to generatecytoplasmic outgrowths. According
to the authors (IMACHI et al., Referencelmachi, Nobu, Nakahara,Morono, Ogawara, Takaki, Takano,
Uematsu, lkuta, Ito, Matsui, Miyazaki, Murata, Saito, Sakai, Song, Tasumi, Yamanaka, Yamaguchi,
Kamagata,Tamakiand Takai2020) this ability allowsit to facilitate exchangeof material with external
symbiont. Therefore,in light of all thesefacts,this would appearto legitimize our use of inside-out.

Although the eraof the origin of the AsgardArchaeais not known, judging from their supposeddiversity
(Macleod et al., ReferenceMacLeod,Kindler, Wong, Chenand Burns2019) they should be sufficiently
ancient. Let us consider, therefore, that the group already existed at the time of the appearanceof
aerobic bacteria, evenif, being made up of majority anaerobicprokaryotes, probably, the two types of
organismslived, initially, in different environments. However, it is currently believedthat the symbiont
bacterium was an optional aerobic (Zimorski et al., Reference Zimorski, Mentel, Tielens and
Martin 2019), capableof populating the environments frequented by the anaerobicarchaea.

We therefore consider that a 10,000-year interval is more than sufficient for the meeting to take place
and for the associationto form (associationsbetween archaeaand bacteria also take place currently,

although the latter remain outside the former; Muller et al., ReferenceMuller, Brissac,Le Bris, Felbeck
and Gros2010): a probability of between0.01and 0.02 every 10,000 yearswith a time limit of 100,000
yearsof micro-catastrophe

Phase 2
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The third phase; the formation of the pores on the membrane and the emergence of
cytoplasmic extensions

In the previous stage we haveseenthat the ability to produce cytoplasmicoutgrowths is acharacteristic
of some groups of archaea.To allow them to protrude from the pores, it is necessarythat particular
structural proteins be produced,suchasthe molecules(COPIl)that form the rings of the complexof the
nuclear pores of the eukaryotes. Although prokaryotic equivalents of these molecules (Santarella-
Mellwig et al., Reference SantarellaMellwig, Franke, Jaedicke,Gorjanacz,Bauer, Budd, Mattaj and
Devo2010) were found, it would seem that these proteins are not homologous to those of the
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eukaryotes(Mcinerney et al.,ReferenceMclnerney, Martin, Koonin, Allen, Galperin,Lane,Archibald and
Embley2011).

It is therefore preferable to imagine an evolution from scratchin the host's line rather than supposea
more ancient prokaryote inheritance. In any case,the pores being necessaryfor protrusions and this
ability being spread across various groups of archaea (Baum and Baum, Reference Baum and
Baum2014), it is logical to supposethat a certain variety of support proteins were produced, including
those homologousto the eukaryotic ones,from which the latter would have beenderived.

Cytoskeletal elements

Stabilizing pore
proteins

Figure 17. Fifth Drake: schemeof the wall of the archaeonguest,with pore crossedby a cytoplasmic
rise, according to the inside-out model (Baum and Baum, ReferenceBaum and Baum2014, Reference
Baumand Baum2020).

Oncethe pore has been produced, the cytoplasm can escapeforming an excrescencesupported by
cytoskeletal elements (Fig. 17). Proteins homologousto eukaryotic proteins were found in most phyla
belonging to the Asgard Archaea (see e.g.Spanget al., Reference Sparg, Saw, JgrgensenZaremba
Niedzwiedzka, Martijn, Lind, van Eijk, Schleper,Guy and Ettema2015; ZarembaNiedzwiedzka et al.,
Reference Zaremba-Niedzwiedzka, Caceres, Saw, Backstrom, Juzokaite, Vancaester, Seitz,
Anantharaman, Starnawski, Kjeldsen, Stott, Nunoura, Banfield, Schramm, Baker, Spang and
Ettema2017; Liu et al., ReferenceLiu, Makarova, Huang, Wolf, Nikolskaya, Zhang,Cai,Zhang,Xu, Luo,
ChengKoonin and Li2021). The formation of pores and outgrowths is treated asa single phase,due to
the closelink betweenthe two processes(the first would not make sensewithout the second,whose
probability canbe setasequalto 1, oncethe previous one hasoccurred).

The time necessaryfor the production of moleculeshomologousto the eukaryotic onesto stabilize the
poresandfor the formation of thoseof the cytoskeletonis assessedt afew thousandyears:a probability
of between0.04and 0.06 every5000yearswith atime of micro-catastrophelimit 100,000years

Phase 3
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The fourth phase; the wi n d ofrthg symbionts and the disappearance of the guest's
cell wall

The next step consists of the development of the cytoplasmic excrescencehat beginsto approachand
O x O #&® Bacteria (Fig. 16(b)). These protrusions would have evolved to facilitate the exchanges
betweenthe archaeonand the microorganismsin symbiosiswith it (Baum and Baum,ReferenceBaum
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and Baum2014), which were on its external surface,being unableto penetrate the wall of the host. The
cytoplasmic expansionswere supported by the cytoskeletalelementsmentioned in the previous phase,
which continue to develop. At the same time, the wall of the archaeon begins to regress until it
completely disappears,for two reasons:

1 it becomespractically useless,asit is covered by cytoplasmic extensions,in contact with the
internal environment of the archaeon;
{1 it is counterproductive becauseit forms an obstacleto a greater extrusion of the cytoplasm.

At this point, due to the disappearanceof the cell wall, the membrane of extrusions coversthe original
membrane that covered the archaeon,folded towards the inside (Fig. 16(c)). Therefore, the future
nucleusof the new cell, made up of the region occupiedin ancienttimes by the archaeonand delimited
by adouble lipid membrane equipped with pores,beginsto form.

The endoplasmicreticulum, amembranewith multiple folding located near the nucleus,where protein
synthesistakes place,is supposedto derive from the folds of the membranesof the extrusions (Baum
and Baum,ReferenceBaumand Baum2014).

Theduration of this phaseis given by the enveloping of the hostzsymbionts complexby the excrescences
protruding from the pores and by the complete disappearanceof the wall of the archaeon;it can be
evaluatedat a few thousand years: a probability between0.01and 0.02 every2000 yearswith a micro-
catastrophetime limit of 100,000years
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The fifth phase; the penetration of symbionts in the cytoplasm

The next phaseinvolves the penetration of symbiotic bacteriainto the cytoplasm of archaeon.Although
it is difficult to establishthe affinities of the mitochondria due to the tiny amount of genomethey have
preserved, recent studies indicate that the ancestors of these organs should be sought among the
alphaproteobacteriaand, more specifically,amongthe bacteria similar to the group of Rickettsia(Ferla
et al., ReferenceFerla, Thrash, Giovannoni and Patrick2013; Han et al., ReferenceHan, Lin, Hu and
Wang2019). These compulsory endosymbionts parasitize the cells of the eukaryotes (especially in
insects,but humans can also be attacked), penetrating them thanks to their ability of lysis of the lipid
membranes (Emelyanov, Reference Emelyanov2001). If the ancestors of mitochondria were truly
related to rickettsiae and possessedell penetration capabilities,they could easily enter the cytoplasmic
sacsof the expansionswhich were not defendedby rigid walls.

It is important to note, as Baum and Baum (ReferenceBaum and Baum2014) do, that this process
absolutely doesnot causethe intervention of phagocytosis(a phenomenonwhich, aswe will seebelow,
will be produced only in the final stagesof the process).The bacteriawere external symbionts and they
penetrated the host thanks to the meansavailable to them, taking advantageof the protrusions' failure
to cover the wall.

Consideringthe biological affinities of the proto-mitochondria and the properties of the bacteriarelated
to them, the time globally expectedfor the completion of this phaseis rapid, estimated at no more than
afew decadesHowever,we attribute only alow probability to the processto take into accountthe risk
of compromise of the associationfollowing the penetration of the bacterium in the cytoplasm of the
host: a probability of between0.01and 0.02every50 yearswith a micro-catastrophetime limit of 100,000
years
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The sixth phase; the migration of DNA from the genome of the symbiont to that of the
host

Onceendosymbiosishas been establishedz the symbionts are now found within the host z a process
beginsthat occurseverytime this type of associationoccurs:the migration of the genesfrom the genome
of the symbionts to that of the host (de Reviers,Referencede Reviers and Palka2018). This process
allows the associationto increaseits efficiency,asthe host dealswith protein synthesis,including that
of various molecules of the symbionts, while the latter focus on their specific activities (energy
production or specific biological compounds). The more ancient the endosymbiosisis, the larger the
guantity of geneticmaterial that hasbeentransferred to the host DNA(SelosseReferenceSelsse2017)
is. Whenwe speakof O I E G Odf geReisfilord symbiont to the guest,we meantheir OA A1 Adritiel &
genomeof the first and their complete & O O A intd fat 6fdhe second(Fig.18). In this way, the two
partners are not only complementary but also dependent upon each other (especially the first).
However, it is precisely this freeing of the mitochondrion from tasks related to protein synthesis,
allowing it to focus only on energy production, which allows the future eukaryotic cell to increasethe
energy available per geneat higher levelsfor the prokaryotes (Lane,ReferenceLane2015).

It is thought that the mitochondria currently retain only approximately 1% of the genetic material
possessedy their ancestoralphaproteobacterium(Gray et al., ReferenceGray,Langand Burger2004).
We also know that more than 1.5 Gy separate us from the symbiotic associationthat sanctioned the
onsetof the eukaryotic cell.

Figure 18. Fifth Drake z eukaryotes: migration (along the arrow) of the symbiont genome (top right
rectangle) towards the host DNA (bottom, left); the genomethus transferred will be lost from the
symbiont DNADbut will be preservedin that of the host.

How long is it necessaryto wait for a sufficient migration of genetic material from the symbiont to the
host to be carried out? Certainly in the first organismswith sexualreproduction (the oldest known is
Bangiomorpha pubescenswhose fossils were found in sediments of just over 1 Gy; Gibson et al.,
ReferenceGibson,Shih, Cumming, Fischer, Crockford, Hodgskiss,Wérndle, Creaser,Rainbird, Skulski
and Halverson2018), the percentage of reduction was already comparable to the current one. A
sufficient level had however probably already beenreachedmuch earlier. We cantherefore estimate a
time period of an order of magnitude of about 10,000 years: a probability of between0.1and 0.2 every
10,000yearswith a micro-catastrophetime limit of 100,000years
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The seventh phase; the acquisition of the eukaryotic cytoplasmic membrane

The cell membranes of archaeaare made differently from those of bacteria and eukaryotes. Unlike
archaea,theselast two groups have coatingsmade up of the sametypes of lipids. We are dealing here
with a very important structural diversity between archaea on the one hand and bacteria and
eukaryotes on the other (Forterre, Reference Forterre2007; Koga and Morii, Reference Koga and
Morii 2007).

In fact, eukaryotic and bacterial cellshave membraneswhose polar headsbind to lipid chainsby means
of esterbonds, while those of archaeause ether bonds. In addition, the chains of these organisms are
made up of long branchedalcohol molecules (isoprenol), while the chains of bacteria and archaeaare
linear, without any bifurcation (Fig.19). Thesedifferencesare explainedby the factthat the membranes
of the archaeaare more resistant to the high temperatures where many of theseorganismsabound (and
where the group's ancestorsprobably evolved; Forterre, ReferenceForterre2007). But in that case,on
the basis of the inside-out model, how can we explain the homologies between the bacterial and
eukaryotic membranesif the host is archaealike in nature and, therefore, possessesa different type of
coating?

oot oY
ot S S . | T
/ -~ ? ‘ ? “(I) » < l \ | O |
0 _p e en oo S, 5 “Ether
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Ester :
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Figure 19. Fifth Drake z eukaryotes: main differences between the constituents of the cell membranes
of bacteriaand eukaryotes(left) and those of archaea(right): the polar headof bacteria and eukaryotes
binds to hydrophobic chainsvia an esterbond, while archaeause etherbonds the hydrophobic chainsof
bacteria and eukaryotes are made up of linear fatty acids,while those of archaeaare made up of long
branchedalcoholic molecules(the various elements are not to scalewith eachother; figure modified
from Forterre, ReferenceForterre 2007).

Oncepart of the genomicpatrimony of the host, biological evolution will pushto obtainanOA AT T T |

situation: the simplest thing is to produce a single type of membrane for all the constituents of the
symbiotic association.But which to choose?The original one of the archaeonor the oneimported from
the bacterium?The answer canonly be the second.In fact,the symbionts membrane hasspecializedfor
energy production thanks to the oxidation of organic moleculesby O, and all the advantageconferred
by thesebodiesto the associationis, in fact, an efficient method of energy production (Laneand Martin,
ReferenceLaneand Martin 2010; Lane,ReferenceLane2015).
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It follows that the only membranewhosenature canbe changedis the original one of the archaeonhost.
In this way, the future eukaryotic cellwill be coveredby amembranewhosenature is typical of bacteria.
Thebacterial genesthat determine the assemblyof the cellmembranewill beginto be selectedfrom the
moment of their full integration into the guestgenome.

Thanksto the selectivepressure exerted by evolution, completereplacementcantake placein relatively
short times; at most, a few thousand years: a probability of between0.001and 0.002every2000 years
with a micro-catastrophetime limit of 100,000years
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The eighth phase; the incorporation of all the guest symbiont into one coating
(continuity  of the cytoplasm) and phagocytosis

Finally, the expansion lobes begin to come into contact and merge together: the cytoplasm of the
archaeoncompletely absorbsthe guestandthe symbionts, showing arelative continuity betweenall its
parts.

Although the properties of the membrane'smembers(mostly lipid molecules)favour the merger in the

contact areas (Houslay and Stanley, ReferenceHouday and Stanley1982; Lipowsky and Sackmann,
ReferencelLipowsky and Sackmanri995), somethinglike what we havealready seenin the third phase
relating to the fourth Drake parameter (passagefrom non-living to living), other molecules are

necessaryfor the completion of this process.The proteins of the dynamin family, for example,are able
to mediatethe fission and merger of biological membranes,allowing, amongother things, the formation

or merger of vesicles(Praefckeand McMahon,ReferencePraefcke and McMahor2004). Many bacteria
possessprotein counterparts of these eukaryotic molecules (Low and Léwe, Reference Low and

L6we2006). Eukaryotic proteins are therefore likely to be derived from bacterial precursors after the

assimilation of the genomeof the symbionts by the host. The new protein intake and the cytoplasmic
skeleton, already discussedabove (third phase),alsoallow the onset of phagocytosis,the processthat

allows the ingestion of solid particles of a certain size (including cells smaller than the one that engulfs
them). It is precisely the development of a complex protein system of bacterial origin which explains
why the formation of the external membrane and the appearanceof phagocytosiswere produced only

in the terminal phasesof the eukaryotic onsetprocess.

With regard to other processessuchascellular division or the acquisition of cell cilia, theseevolvedin

parallel to those already described (or immediately after), integrating perfectly with the inside-out

model (for details seeBaumand Baum,ReferenceBaum and Baum2014). Further contributions to the

nuclear genome may also have been obtained thanks to the action of viruses (Forterre and Gaia,
ReferenceForterre and Gai@018), acting in parallel with the phenomenadiscussedabove.However,
suchascenariodoesnot alter the picture that we haveoutlined.

Thetime scheduledfor the definitive transformation into eukaryotic cell is estimated at afew thousand
years: a probability of between0.01 and 0.02 every 5000 yearswith a micro-catastrophetime limit of
100,000years
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At the end of the processdetailed above,we canobservethe onsetof a new type of cell consisting of the
symbiotic associationbetween an archaeonthat forms the nucleus(but without forgetting the bacterial
geneticcontributions and, possibly,those transferred virally) alsoproviding the organism's cytoplasm,
with bacteriathat have becomethe mitochondria. Subsequently the new organism beginsto diversify,
occupyingthose nichesprecluded to the prokaryotes (of which we spokein the paragraphoutlining the
onset of the eukaryotic cell) that involve the increasein the size or adoption of complex behaviours.
From 1 Gy, but probably also from earlier, it is certain that the eukaryotes acquired the ability to
reproduce sexually (Butterfield, Reference Butterfield 2000; Gibson et al., Reference Gibsm, Shih,
Cumming,Fischer,Crockford, Hodgskiss Worndle, Creaser Rainbird, Skulskiand Halverson2018); this
implies an acceleration in the biological evolution of the group and an increased capacity in the
production of biological innovations, aswe will seein the sectionsbelow.

Evaluation of the probability of passing each stage

We thus obtained the 32 input valuesto beincluded in step 1 of the algorithm for calculating Maccone's
lognormal statistical distribution (Tables 7z10). Figure 20 shows the lognormal distribution of the
macro-interval processA.

5th Drake - eukaryotes: lognormal distribution @ of the
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Figure 20. Fifth Drake z eukaryotes: the lognormal distribution 5 of the processin the medium term
3T o: the averagevalour is 1.26 x 10M¢the standard deviation is 4.12 x 10Mt

Table 7. Fifth Drake z eukaryotes:the 32 valuesof the minimum and maximum g and b; frequencies,of
the time 3T, of observationandtime 3T of of micro-catastrophe,for eachphasedescribedin the previous
paragraph
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a; b; AT; ATy,
1 The evolution of an aerobic bacterium 04 0.6 2000 100000
2 The guest-symbiont meeting 002 003 10000 100000
3 The formation of the pores and the escape of cytoplasmic 0.04 0.06 5000 100000

extensions
4 The *winding’ of the symbionts and the disappearance of the 0.01 0.02 2000 100000
guest’s cell wall
5 The penetration of symbionts in the cytoplasm Gl (0 5000 100000
6 The migration of DNA from the genome of the symbiont to 05 07 10000 100000
that of the guest
7 The acquisition of the eukaryotic cytoplasmic membrane 0.001 0.002 2000 100000
8 Incorporation into a single coating and phagocytosis 0.01 0.02 5000 100000

Table 8. Fifth Drake z eukaryotes: evaluation of probability; the valuesredeemedin darker grey are the
entry data (step 1), thosein clearer grey the intermediate calculations (step 2 and 3)

Step 1 Step 2 Step 3
Min in  Max in Max Intervals in - Minin Max in  Comp. j Comp. j
AT; AT; AT; time ATy, ATy, ATy averlog var.log
4 b5 AL AL,

1 0.400 0.600 2000 100000 50 1.00 1.00 0.0000 0.0000
2 0.020 0.030 10000 100000 10 0.18 0.26 —1.5071 0.0108
3 0.040 0.060 5000 100000 20 0.56 0.71 —0.4582 0.0048
4 0.010 0.020 2000 100000 50 0.39 0.64 —0.6720 0.0187
5 0.100 0.200 5000 100000 20 0.88 0.99 —0.0695 0.0012
6 0.500 0.700 10000 100000 10 1.00 1.00 —0.0005 0.0000
7 0.001 0.002 2000 100 000 50 0.05 0.10 —2.6487 0.0365
8 0.010 0.020 5000 100000 20 0.18 0.33 —1.3723 0.0296

Table 9. Fifth Drake z eukaryotes:evaluation of probability; the valuesredeemedin darker grey are the
entry data (step 4), thosein clearer grey the intermediate calculations(step 3 and 4)

Step 3 L T

Intervals
Max time Sum Average Deviation number over
total Sum average  variance fraction tot fraction tot Max time time max tot
process logarithm logarithm process process tot process rocess
o, ARG,
800 000 —6.73 0.10 1.26 % 107 4.12x 107 500000 000 625
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Table 10. Fifth Drake z eukaryotes: evaluation of probability; output data on time 3T (long term):
probability of developmentofthe eukaryotic feesandits valueswith standard deviation fcaandf g (step
4)

Average probability Maximum probability Minimum probability
Tot process Tot process Tot process
N - o
54.49% 28.92% 70.88%

Macro -interval B
The second step; the birth of animals (the metazoa)

In the previous section,we describedthe onsetof the eukaryotic cell asa symbiotic associationbetween
prokaryotes. The new body is no longer better or more advancedthan the previous ones,but represents
a higher level of complexity, obtained from the different distribution of activities in the different centres
within the cell: for example,the mitochondrion is entrusted with energyproduction, sincethe organelle
is free from other main tasks. Sowhat will the next step be?It is possible to recognizethe increasein

complexity in the living kingdom by gradually consideringthe biological entities obtained from the sum
of those of the previous level. To better explain this concept: we passedfrom level I, that of the

prokaryotes, to level Il (the eukaryotic cell), putting together elementsof the previous level (prokaryote

cells combined in symbiotic association).In the sameway, it is possible to move on to a further level,
the Ill, putting together various elements of the previous level, the Il, and so on (Valli, Reference
Valli2020). This trend had already been strictly established by McShea(ReferenceMcShea2001) and
Rospars(ReferenceRospar22013). For us, therefore, the next step will be soughtin the multicellular

eukaryotesand,in particular, in the animal kingdom. In fact,in no other group or eukaryotic kingdom is
it possibleto meetO E 1 O A hctivified Akt tBodefound in animals.The plants, evolutionarily speaking,
although not at all lower than their cousins, have chosen different solutions, more suited to their

existence as motionless beings, 0 O 1 1 i® thé dbil (Mancuso, Reference Mancus®017). The same
appliesto fungi and other groups of eukaryotes.

But how are animals characterizedWhendo their tracks appearamongthe fossils?The animals,better
defined asmetazoa,aswe will call them later, havethe following characteristics:

are multicellular eukaryotes,consisting of differentiated cells;

are heterotrophic (unable to makefood, they mustfind it in the environment in which they live);
haveadevelopmentthat passesthrough very precise stages,ncluding that of embryo;

are capableof moving,in at leastone of their various stagesof life;

finally, all the current animals, even the simplest, have collagen (Lecoitre and Le Guyader,
Referencelecoitre and Le Guyade2017), a structural element that intervenes in numerous
processes.

abrowdNPE

The oldest fossils of known metazoadate backto between 630 and 550 My (Xiao et al., ReferenceXiao,
Zhang and Knoll1998; Porter, Reference Porter2004; Hagadorn et al., Reference Hagalorn, Xiao,
Donoghue, Bengtson, Gostling, Pawlowska, Raff, Raff, Turner, Chongyu, Zhou, Yuan, McFeely,
Stampanoniand Nealsor2006). Meanwhile,betweenthesedatesand those of their first appearance(2.1
Gy), the eukaryotes differentiated (Javauxet al., ReferenceJavaix, Knoll and Walter2001) and had
already made most of their evolutionary conquests:since just over 1 Gy multicellular organismswith

sexuality exist (Butterfield et al., ReferenceButterfield, Knoll and Swett1990; Gibsonet al., Reference
Gibson, Shih, Cumming, Fischer, Crockford, Hodgskiss, Woérndle, Creaser, Rainbird, Skulski and
Halverson2018) and, shortly after, photosynthetic organisms appearwhich are the result of symbiotic
associationsbetween different eukaryotes (Butterfield, ReferenceButterfield 2004). That is, the same
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processthat led to the onset of the eukaryotic cell is repeated, but this time with eukaryotes asthe
protagonists. In more or lesscoevallayers (about 1 Gyabout), fossils of multicellular organisms have
beenfound with at leasttwo different types. Theseeukaryotes,called Bicellumbrasieri (Strother et al.,
ReferenceStrother, Brasier,Wacey,Timpe, Saundersand Wellman2021) becauseof their morphological
characteristics, are considered closeto the group in which metazoanancestors must be sought. The
curious thing is that theseare not marine organisms,but terrestrial ones.

But if multicellularity had already appeared before 1 Gy,why do metazoa manifest themselvesonly
much later? First of all, multicellularity was achievedindependently, and at different times, by at least
13 eukaryote lines (Rospars,ReferenceRospar2013), if not more (SebéPedréset al., ReferenceSebé
Pedrés,Degnanand Ruiz-Trillo 2017). This meansthat it is a property inherent in the condition of the
eukaryoatic cell.

But being multicellular doesnot suffice to make a lifeform an animal. Let us remember that one of the
characteristicsof modern metazoais that of producing collagen.The formation of this moleculerequires
an appropriate content of O, in the environment (Saul,ReferenceSauR009). If we study the evolution
of the rate of this gas,we discover new peaksand new plateauxfor the valuesof O, greater than those
relating to the GOEwhich we have already encounteredin the previous paragraph.If there are values
during the Paleozoichigher than those now (Krause et al., ReferenceKrause, Mills, Zhang,Planavsky,
Lenton and Poulton2018), in this context, we are interested in the interval including approximately
between0.8and 0.5 Gy.In the indicated period, there is a further increasein O, comparedto the values
of the GOE(Lyons et al., ReferencelLyons,Reinhard and Planavsky2014). This eventis indicated asthe
Neoproterozoicoxidation event (NOE):in correspondencethere are valuesof O, comparablewith today
(Ochand ShieldsZhou,ReferenceOchand ShieldsZhou2012).

Among the periods in which the two different levels of O, occur, the eukaryotic cell emerged.Soon,
eukaryotes become capable of carrying out photosynthesis thanks to the integration of a new
endosymbiont,a cyanobacterium,which will turn into chloroplast (Cavalier-Smith, ReferenceCavalier
Smith2002). This new evolutionary step would be taken between1.5and 1.2 Gy(Yoonetal.,Reference
Yoon, Hackett, Ciniglia, Pinto and Bhattacharya2004; Gibsonet al., ReferenceGibsm, Shih, Cumming,
Fischer,Crockford, Hodgskiss Wdérndle, Creaser,Rainbird, Skulskiand Halverson2018). Subsequently,
the new photosynthesizing organismsand those,in short, evolved from them (amongtheseeukaryotes
there are the distant precursors of land plants and their ancestors; Qiu, Reference Qiu2008) will
contribute, together with the already present cyanobacteria,to the oxygenationof the environment and
will be fundamental for reachingthe new O, peak.

It is important to note the correspondencebetween the NOE(0.8z70.5 Gy) and the onset of metazoa
(0.63z0.55 Gy)which makesus supposethat, in order to evolve,the animals neededhigh levels of O, in

the environment. Why? Probably, becauseotherwise they would not have been able to synthesize
collagen,which is necessaryto give the extracellular matrix and future tissuesthe necessarymechanical
resistance.The suspicion returns that the real deciding factor of the fifth Drake parameter is oxygen,
whose net increase,first around 2.2 Gyand then 0.6 Gy, allowed further levels of complexity in living

matter: the time constraint, linked to the oxygenrate, is (or seemsto be) what imposeslong times in the
stabilization of aterrestrial planet.

Let usnow goin searchof the ancestorsof the metazoaandtry to establisha modelfor their onset.The
Holozoaconstitute a clade of eukaryotes that includes metazoa (but which excludesmushrooms), in
which various groupsare madeup of single-celledorganisms(Langetal.,ReferenceLang O'kelly,Nerad,
Grayand Burger2002; SebéPedrdset al., ReferenceSebéPedrds,Degnanand Ruiz-Trillo 2017).

It is interesting to note that many animal proteins have homologues in eukaryotes of this group
(Mikhailov et al., Reference Mikhailov, Konstantinova, Nikitin, Troshin, Rusin, Lyubetsky, Panchin,
Mylnikov, Moroz, Kumar and Aleoshin2009). However, the organismsclosestto metazoaare those that
make up the set of choanoflagellates (Lecoitre and Le Guyader, Reference Lecatre and Le
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Guyade017), single-cell flagellateswhose appendix is surrounded by akind of collar (Fig.21). These
cells closely resemble choanocytes,cells with flagellum on the model of Porifera (i.e. sponges,simple
sessileanimals and filters, at the evolutionary baseof the metazoa),which allows these organismsto
convey nutritional particles to their oral cavities. No fossils of Choanoflagellataare known, but the
experts, applying the molecular clock, think that the group may have appearedbetween 1.05 and 0.80
Gy,well before the onsetof metazoa(Parfrey et al.,ReferenceParfrey, Lahr, Knoll and Katz2011).

(+— Flagellum

Collar

Cell body

Figure 21. Fifth Drake z metazoa:choanoflagellate:the flagellum (dashedinside the collar), the collar
and the cell body of the organism are indicated.

Various models have been proposed to illustrate the onset of metazoa, but we will follow the
synzoosporéheory, initially proposed by Zakhvatkin (ReferenceZakhvatkin 1949). Currently, the model
is presented in the following form (Mikhailov et al., Reference Mikhailov, Konstantinova, Nikitin,
Troshin, Rusin, Lyubetsky, Panchin, Mylnikov, Moroz, Kumar and Aleoshin2009; SebéPedroés et al.,
Reference SebéPedros, Degnan and Ruiz-Trillo 2017): an eukaryotic cell with a complex life cycle
(including various morphological phases) produces zoosporeswhich, instead of dispersing, unite to
form the synzoosporeThis, later, turns into acolony with differentiated cells,which reflect the different
morphological phasesof the initial eukaryotic cell.

The basicidea is that of starting from a cell that presents different morphologies accordingto its life
cycle (a phenomenon that normally occurs in various single-celled eukaryotes, including the
choanoflagellates; Mikhailov et al., Reference Mikhailov, Konstantinova, Nikitin, Troshin, Rusin,
Lyubetsky, Panchin,Mylnikov, Moroz, Kumar and Aleoshin2009), whose zoospores,cells derived from
the zygote (Fig. 22(a)), come together to form the synzoospore (Fig. 22(b)). Subsequently,each cell
developsfollowing aO A A OUT A Egtdivth \Eith thélddhers, in order to haveacolonyj OB & TADIOA S q
constituted of different cells (evenif all havethe samegenecode,asthey derive from the samezygote),
which settleson the bottom for asedentarytrophic phase(Fig.22(c)). Starting from this stage(and once
the collagenthat fills the cellular matrix and givesmechanicalsupport to the whole hasbeenproduced)
evolution getsto work, allowing the differentiation of the embryonic statesthat follow synzoosporein
order to produce the first taxonomic divisions and differentiations within the group. Ofcourse,in order
to reproduce, the last stagegeneratesanew zygote (Fig.22: arrow between O gedentaryA |1 1 Tahd®d
U U C | andiite Gycle canstart again.
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B. Synzoospore

C. Sedentary colony

Figure 22. Fifth Drake z metazoa:synzoosporgheory model: zygote (a) produces the zoosporesthat
cometogether to form the synzoospordb); the asynchronousdevelopmentof the cells that composeit
produces a colony consisting of different cells (although all with the same basic genetic code) that
acquires sedentary costumes(c). To reproduce, the colony can generate a new zygote and the cycle
starts again.

The onset of metazoa, phase by phase
The starting point; the choanoflagellates

Theseorganismsconstitute the group of eukaryotes closestto that of metazoasoit is therefore logical
to seekthere the progenitors of the animals.Choanoflagellatesre all marine unicellular organismsthat
feed on bacteria (they are therefore heterotrophic). Theyreproduce asexually,but in at leastone taxon
severalgeneshave beendiscoveredto be referable to the processof meiosis,which is in turn linked to
sexual reproduction (Carr et al., Reference Carr, Leadbeater and Baldauf2010). It should also be
remembered that the progenitor common to all current eukaryotes (LUCEA:Last UniversalCommon
Eukaryotic Ancesto) is considered to be reproduced in a sexual way (Génermont, Reference
Génermon2014).

Finally, we know that they share many geneswith metazoa (Mikhailov et al., Reference Mikhailov,
Konstantinova,Nikitin, Troshin, Rusin,Lyubetsky, Panchin,Mylnikov, Moroz, Kumar and Aleoshin2009)
and this allows usto considerthem the bestcandidatesin the searchfor the ancestorsof this group.

The first phase; the acquisition of a complex life cycle

The baseof the synzoosporéheory is that morphological diversity was acquired before multicellularity,

in the sensethat the organismthat unites to form the first animal already possesseda complexlife cycle
comprising various morphological phases before associatingand forming the 01 01 OEARDODINVOU A &
know that this cycle exists in current choanoflagellates (Mikhailov et al., Reference Mikhailov,
Konstantinova, Nikitin, Troshin, Rusin, Lyubetsky, Panchin, Mylnikov, Moroz, Kumar and
Aleoshin2009). But when did it evolve?Rememberingthat it is assumedthat the group hasexistedsince
atleast800 My (Parfrey etal.,ReferenceParfrey, Lahr, Knoll and Katz2011) and that the first individual

could probably reproduce sexually (in any case their ancestorsdid), suchafeature must haveappeared
relatively quickly. Among other things, the fact of having different morphological types available must
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be seenas an advantage becauseit allows organismsto be able to copewith different environmental
conditions.

Given these considerations, the complex life cycle in the group may have evolved over a few tens of
thousands of years,with a high frequency in the medium term: a probability of between0.01and 0.02
every20,000yearswith a micro-catastrophetime limit of 1,000,000years

Phase 1

3 b] ﬂT| QTD]
0.01 0.02 20000 1 000 000

The second phase; the aggregation of the zoospores and the formation of synzoospores

Why should zoosporesaggregaterather than go their own way? At first glance,it would seemthat the
efficiency of the dispersion could be reduced,but in reality it is not so.In addition, the increasein size
can serve to dissuade predators from attacking the colony (Mikhailov et al., Reference Mikhailov,
Konstantinova, Nikitin, Troshin, Rusin, Lyubetsky, Panchin, Mylnikov, Moroz, Kumar and
Aleoshin2009). Not only that, but this also meansbeing more competitive when initiating a sedentary
phase. Such is, for example, the strategy used by many sponges (Ereskovsky, Reference
Ereskovsky2010). Let us not forget, then, that the colony (Fig.22(b)) is madeup of cellsthat possesgshe
same genetic heritage (as they derive from the same zygote) and this promotes intracellular

communication and therefore the coordination of the whole (Mikhailov et al., ReferenceMikhailov,

Konstantinova, Nikitin, Troshin, Rusin, Lyubetsky, Panchin, Mylnikov, Moroz, Kumar and
Aleoshin2009), and that genescapableof producing cell membership substancesare presentwithin the
Holozoagroup (SebéPedroset al., ReferenceSebéPedrés,Degnanand Ruiz-Trillo 2017). However, the

aggregationof the zoosporesproducesthe synzoosporgthe mobile phaseof the organism’'slife cycle.It

(or its evolutionary development) canalsorepresentthe embryo of the future animal.

Knowing that there are choanoflagellateshat canform colonies after cell division (SebéPedréset al.,
Reference SebéPedrés, Degnan and Ruiz-Trillo 2017), this phase should also be able to be quickly
completed (a thousand years): a probability of between0.02and 0.03 every15,000yearswith a micro-
catastrophetime limit of 1,000,000years

Phase 2
5] bz ﬂTz ATOE
0.02 0.03 15000 1 000 000

The third phase; the sedentary colony composed of differentiated cells

The asynchronousdevelopmentof the various cellsthat make up the colony constitutes the third stage
of the model. The cellular morphological diversification within the latter canbe favoured by the division

of tasks,which allows an increasein the efficiency of the organism (with what we have already seen
regarding the onset of eukaryotesin mind).

Having started from a single cell characterized by a complex life cycle with different morphological
stages,t should be possibleto evolve a pool of genesthat allows the asynchronousdevelopmentof the
cells,sothat somepresentamorphology different from their neighbours(but which is however foreseen
by the generaldevelopmentplan of the organism; Fig.22(c)). It is not aquestionof O E 1 O Adnydhing C 6
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except,perhaps,someregulation genes(SebéPedréset al., ReferenceSebéPedrds,Degnanand Ruiz-
Trillo 2017). Metazoashare with the most closesttaxonomic groups not only structural genesbut also
others that regulate development (Mikhailov et al., Reference Mikhailov, Konstantinova, Nikitin,
Troshin, Rusin,Lyubetsky, Panchin,Mylnikov, Moroz, Kumar and Aleoshin2009), from which, possibly,
those mentioned above may derive.

In this phase,the evolution of particular regulation genesis required, starting from the pool presentin
the ancestorsof metazoa.Despite the apparent difficulty in its realization, the time necessaryfor its
implementation cannot have beentoo long: a probability of between0.02and 0.04every200,000years
with a micro-catastrophetime limit of 1,000,000years

Phase 3
[ 5 .'713 ﬁTJ A TCI:’-
0.02 0.04 200000 1000 000

The fourth phase; the production of collagen

From the previous phase,we already have a living being that we can defineasaOi A OA ltlisAl & 8
heterotrophic organism (the zygote feeds on bacteria and, possibly, other food particles, before
dividing) whosezoosporescometogether to form the synzoosporghe mobile phaseof the life cycle.We
also have a sedentary phasewith cell differentiation (but with cells that all possessthe samegenetic
heritage). According to our definition, in order to achievethe complete transformation into a complex
animal all that is required is collagen production. With regard to the onset of the embryo, the exact
identification of this stage often depends on the animal group in question. We believe that the
synzoosporeor the first phasesof existenceof the sessilecolony are a good representation. Finally, it
should be pointed out that a phaserelating to the production of collagenis not foreseenin the model
discussedby Mikhailov et al. (ReferenceMikhailov, Konstantinova, Nikitin, Troshin, Rusin, Lyubetsky,
Panchin,Mylnikov, Moroz, Kumar and Aleoshin2009) nor by that of SebéPedréset al. (ReferenceSebé
Pedrés,Degnanand Ruiz-Trillo 2017). However, this synthesisis necessaryto fill the spacesbetween
one cell and another and to ensure mechanicalresistanceto the whole.

Apparently, collagen is absent in the unicellular eukaryotes (Saul, Reference Saul009), but this
situation is not surprising, becausein an organism consisting of a single cell, the cytoskeleton is
sufficient to give rigidity to the whole. Alternatively, the single cell canchooseother solutions, like that
of having an exoskeleton(which appeared,however, only in more recenttimes). Collagenis therefore a
substancethat is produced from scratch by metazoa: there are no certain precursors among the
unicellular ancestors.

However, for eukaryotic organismsthat have a sexual reproduction and is made up of differentiated
cells,it should not beaproblem to deviseasubstancein arelatively short time that canfill the interstices
between one cell and another and provide the desired mechanicalresistance:a probability of between
0.01and 0.02every50,000yearswith a micro-catastrophetime limit of 1,000,000years

Phase 4
[ X b4 ﬁqu. dT{M
0.01 0.02 50000 1 000 000
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Onceall the basic characteristics, which contribute to the definition of metazoa,have been brought
together, biological evolution can encourage the transformation of the cycle described above,
developingsome patrticular featureswhich will leadto the differentiation of the main subgroupsof the
animals (Lecoitre and Le Guyader,Reference Lecoitre and Le Guyade2017). Finally, let us remember
the importance of the tenor of the O, in the environment: this and nothing else may have been the
decisivefactor that sanctionedthe timing of the appearanceof metazoaon our planet.

Evaluation of the probability of passing each stage

We thus obtained the 16 input values to be included in step 1 of the algorithm for calculating the
Macconelognormal statistical distribution (Tables11z14). Figure 23 reports the lognormal distribution
relating to the macro-interval B.

5th Drake metazoa: lognormal distribution @ of the Fraction
110 X, of the total process

4.476E-04
1.940E-03
3.432E-03
4.924E-03
6.416E-03
7.908E-03
9.400E-03
1.089E-02
1.238E-02
1.388E-02
1.537E-02
1.686E-02
1.835E-02
1.984E-02
2.134E-02
2.283E-02
2.432E-02
2.581E-02
2.730E-02
2.880E-02

Figure 23. Fifth Drake metazoa:the lognormal distribution B of the processin the medium term 3T ¢:
the averagevalour is 1.50 x 10Msthe standard deviation is 4.48 x 10M¢

Table 11. Fifth Drake metazoa:the 16 valuesof the minimum and maximum g and b; frequencies,of the
time 3T; of observation and time 3T ¢j of micro-catastrophe,for eachphasedescribedin the previous
paragraph

1 The acquisition of a complex life cycle 0.01 0.02 20000 100000 000

2 The aggregation of the zoospores and the formation of the 0.02 0.03 15000 100000000
Synzoospore

3 The sedentary colony composed of differentiated cells 0.02 0.04 200000 100000000

4 The production of collagen 0.01 0.02 50000 100000000

Table 12. Fifth Drake metazoa:evaluation of probability; the valuesredeemedin darker grey are the
entry data (step 1), thosein clearer grey the intermediate calculations (step 2 and 3)

Step 1 Step 2 Step 3
Probability Probability Observation Intervals in Min in Max in Comp. j Comp. j
min in AT} max in AT; time Max time ATy, phase j ATy ATy, average log var log
B A AT
1 50 0.39 0.64 —0.6720 0.0187
2 67 0.74 0.87 -0.2169 0.0021
3 5 0.10 0.18 —1.9807 0.0348
4 20 0.18 0.33 =1.3723 0.0296
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Table 13. Fifth Drake metazoa:evaluation of probability; the valuesredeemedin darker grey are the
entry data (step 4), thosein clearer grey the intermediate calculations (step 3 and 4)

Step 3 _

Intervals
Max time Sum Sum Average Deviation number over
total average variance fraction tot  fraction tot  Max time tot  time max tot
process logarithm logarithm process process rocess process
i e aw aran
4000 000 —4.24 0.09 1.50x10%  4.48x10° 500 000 000 125

Table 14. Fifth Drake metazoa: evaluation of probability; output data on time 3T (long term):
probability of developmentof f ,, metazoaand its valueswith standard deviation f na and f mg (step 4)

Step 4

Probability tot process Maximum probability tot process Minimum probability tot process
p—— o o

85% 60% 94%

Macro -interval C

The s o | u dfithe rintelligence deduced by the definiton of Kar d a £eéntved on the
energy or individual, and its birth within the metazoa (the case of Homo sapiens)

Biologists use various definitions of intelligence. For example, the one formulated by Pouydebat
(ReferencePouydebat2017) considersthis faculty asan adaptive function that allows anindividual to

improve their behaviour accordingto the context; that is, like the ability to changebehaviour in the face

of new or complex situations. Clearly,though, if this definition is useful for describingthe OET OAT 1 ECA
behaviours of vertebrates and many other animals (the cephalopods,e.g.;Amodio et al., Reference

Amodio, Boeckle, Schnell, Ostojic, Fiorito and Clayton2019), a further element, inherent in the fifth

paragraph of Drake,is required for our discussionof the phenomenon.

From abiological and social point of view, the definition of intelligence convergeseventually on asingle
key concept:the onset of abstract thought, or the ability to put together different mental skills to build

interpretative models of the environment and the actions to be carried out. This definition is wholly

appropriate for any aspecttaken into consideration exceptone: the extent of the energy that a species
can managethrough abstract thought itself. This is what we commonly call techniqueand that we can
measure,in the very first instance,precisely in terms of energy,aspower expressedfor kilograms (kg)

of body mass.

The new question we have to ask ourselvesthen is: what power, per kg of body mass,does a certain
speciesexpress?From simple empirical calculations, we can derive that living beings,in particular
animals, develop an averagechemicalmetabolic power of about 1 W kgz?; this power is sufficient to
support the animal in its usual biological activities. However, for circatwo centuries,the current human
civilization, thanks to techniquesincluding fossil fuels has had an estimated power of 10 W kg which
is afigure ten times larger. This energy surplus allows us to undertake previously impossible activities
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suchas,for example,the construction of large structures like missiles or telescopes;in other words, it
makesus one of the potential civilizations of the galaxy.If thesetechniqueswere not availableto us,as
they were not until two centuries ago,we could never hopeto identify or beidentified by other potential
galacticcivilizations if not by pure chance.

cataloguingthe potentially communicating ETCs.For this purpose, he created a power scale on four
main levels,later revised by CarlSaganaccordingto the following recurring criterion (Saganand Drake,
ReferenceSaganand Drakel975):

1 Wy =1016 W is all the solar power that an orbiting rocky planet receivesin its habitability
area(in Watts).

T W-.=101 W, is all the power radiated by the star.

1 Ws3=101 W,is all the power radiated by the galaxy.

1 W,4=10 W;sis all the power radiated by the observableuniverse.

As you can see,there is recurring growth between one level and the next equal to 101. This feature
allows us to cataloguea civilization with the simple formula:
L 9& gy
Sy

V)

where Kis nothing more than the index at the baseof the four levels Wi, W, W5 and W4, while W grcis
the power expressedby the civilization in its entirety.

Onthis scale,aK1 civilization is ableto managean amount of energyequalto that provided to the planet
by its star, a K2 civilization managesall the energy of the star, a K3 civilization, all the energy of the
galaxy and a civilization K4, all the energy of the universe. The current human civilization of about
10,000,000,000individuals of 100 kg eachwith a power of about 10 W kgzt, hasatotal power of 1013 W

aé"Q v
e
pp

Therefore, given our very basictechnologicallevel, an animal speciesmust havea+ A O A AekedoDa
leastK=0.7in order to berecognizedasintelligent by other civilizations, and it will bethis value of K=
0.7 that we will haveto keepin mind later when we talk about ETC.

Giventhe characteristics indicated above,the intelligence objective that we will take asa referenceis
the one achievedby our speciesK = 0.7. Thus, rather than following a generic model, asin previous
casespelow we will illustrate the main stagesthat lead to man's evolution.

We should also remind you that the various phasesthat characterized the evolution of land life have
been O A A A A byAn&gs 8xtinctions, episodes in which a drastic and rapid (in geological terms)
decreasein the biodiversity of our planet occurred. Theseextinctions followed eachother more or less
regular (in the last 250 My, extinction cyclesz of varying intensity z would occur with a regularity of
about 26 My; Raup,ReferenceRaupl992). It should be emphasized,however, that extinctions do not
have purely negative effects.By eliminating or reducing certain taxonomic groups, they allow others,
which had remained in the shadow of dominant organisms,a chanceand to realize new evolutionary
solutions. If there had been no extinction at the end of the Triassic (at about 201 My), the dinosaurs
would not have becomethe dominant life forms on land, nor would we enjoy birds today. Without the
Cretaceous/Tertiary crisis (K/T crisis), which concluded the Mesozoic (approximately 66 My),
mammals would have remained in the shadow of the dinosaurs and would not have reached their
current sizes.And we would not exist!
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The birth of intelligence, phase by phase

The starting point; the fauna of Ediacara

Theterm O %A E AA R O@Adies those associationsof organisms found in the sedimentary states
between575 and 541 My. Thesefaunasare made up of unusual animals,upon whoselifestyles rivers of
ink have been and continue to be spilled (see e.g. Seilacher, Reference Seilacher, Holland and
Trendall1984; McMenamin, Reference McMenaminl998; Retallack, Reference Retallack2013; Xiao,
ReferenceXiac2013). However,alongsidethese,tracesin the sedimentssuggestthe existenceof worms
or other bilateral organisms(animals with bilateral symmetry and axis of antero-posterior polarity) or
their ancestors.lIt is in this large group of metazoathat intelligent life forms evolve accordingto the
definitions shown in the previous section.

The first phase; the increase in the size of metazoa and the acquisition of nervous and
vascular systems

Although some exceptions can be found, one of the main laws found in the world of animals is that of
the increase in body mass over time (Rospars, Reference Rospar013). The Ediacara fauna was
followed by the explosion of Cambrian life (a geological period between 541 and 485 My), a
phenomenonthat, in reality, lasted a few tens of millions of yearsand which continued in the following
period, the Ordovician (4857444 My; Lefebvre, ReferencelLefebvre2022). Practically, all current phyla
(the different anatomical plans on which the metazoaare built) appeared,plus others which are today
extinct. Mineral tissues begin to spread through the animal kingdom and the first predators evolve
(Gould,ReferenceGouldl989; Erwin and Valentine,ReferenceErwin and Valentine2013). Not only that,
but during the Cambrianthe dimensions of animals begin to increasedramatically: someexceeda half
meter in length. Starting from the Lower Ordovician,there are evenfossil cephalopodswhoseshellsare
over ameter in size (Klug et al., ReferenceKlug, De Baets,Kroger, Bell, Korn and Payne2015).

What producesthis explosion of organismswith anatomicalsystemsand complexorgans,many but not
all of which also have limestone exoskeletonsthat facilitate conservation in the sediments?Various
solutions have been proposed: from the appearanceof eyes (Parker, ReferenceParker1998) to other
causesintrinsic in animal physiology or linked to environmental mutations (Marshall, Reference
Marshall2006). Certainly, the causeof all these changeswas not unique; various factors must have
intervened. Amongthesefactors, certainly, someappropriate geochemicalconditions were producedin
the oceans (Maloof et al., Referenrce Maloof, Porter, Moore, Dudas, Bowring, Higgins, Fike and
Eddy2010). Amongother things, an increasing contribution of chemicalelements,due to the alteration
of the terrestrial rocks, was conveyedto the seas,favouring, in them the development of plant and
animal life (SelosseReferenceSelasse2021).

The developments indicated in this section (increase in size, acquisition of nervous and vascular
systems)are producedin different phyla animalsat different times, including afew million yearsin each
file line: a probability of between0.02and 0.04every500,000 yearswith a micro-catastrophetime limit of
10,000,000years
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The second phase; the development of limbs

In many different phyla, once they have reached a certain size and, above all, a certain complexity,
various organisms developed O1 E i thaOi§, fmobile appendices capable of performing various
arachnids,crustaceansand myriapodes,not only do the great majority of taxa have segmentedlimbs to
move and perform other activities, but many, in particular insects, are particularly equipped with
mandibular elementscapableof articulating together (Lecoitre and Le Guyader,ReferencelLecoitre and
Le Guyade2017), which makethem suited to performing the most diverse functions.

Amongthe chordates the large majority of vertebrates developedsymmetrical appendagessuchasthe

rooted fins of fish or articulated members,increasingly complexand developedin the distal sector (the

one farthest from the body), in the tetrapod group (vertebrates whose limbs are provided of an

articulation with the bone belt z pelvic or scapular z corresponding) and in their ancestors.In the

tetrapods, in fact, fingers evolved not from the spinesof the fins of the actinopterygii fish, but were real

evolutionary innovations (Steyer,ReferenceSteyer2009, and bibliography mentioned). It is thought that

the oldest ancestorsof the tetrapods (organisms still equipped with fins, although strengthened by an

internal axial skeleton) had already made their appearancetowards the beginning of the Devonian
(Zhaoetal.,Referencezhao,ZhangJia,Shenand Zhu2021), towards 410 My, while the first symmetrical

limbs had probably already appearedin the vertebrates, from the lower Silurian (Janvier, Reference
Janver1996), more than 430 My ago.

Finally, it should not be forgotten that, in the phylum of the molluscs,the cephalopods starting from the
front of the O &£l de@®ged tentacles z modified and prehensile lobes (Lecoitre and Le Guyader,
Referencelecdtre and Le Guyade2017). Theseare O A Odaggableof performing evenvery complicated
functions. The tentacles appearedwith the first cephalopods,in the final part of the Cambrian (Staaf,
ReferenceSta€2020), more than 500 My ago.

As canbe seenfrom the examplesshown above,severalgroups of metazoadevelopedlimbs mainly for
locomotion but which, later, further evolvedto adaptto the needsof the organismsthat possessthem.
Asin the previous phase,the various phyla developedtheir limbs at different times, however, within
eachgroup, they always did so after having acquired a certain complexity and nervous and vascular
systemsconvenient: a probability of between0.01and0.02every500,000yearswith a micro-catastrophe
time limit of 10,000,000years

Phase 2
A, B AT, ATgn
0.01 0.02 500000 10 000 000

The third phase; the conquest of dry land

While not wishing to underplay the intelligence of the cetaceansand cephalopods,the only organisms
that havedevelopedatechnologicallevel like the one we seekevolvedon dry land. We do not know if it
would have been possible to obtain civilizations comparable to the current ones in an aquatic
environment, but we continue to follow the processthat leadsusto our species.The next step,therefore,
is what we earned by moving onto dry land, the two previous phasesbeing fully completed at sea.

Thetestimonies of terrestrial activities that are recorded during the first phaseof the primary era (5417
252 My) are rare if not unigue. Theseare the footprints of arthropods that had moved onto dry land,
though it is unknown whether they did this to go from one pool of water to another or for some other
reason(Macnaughtonet al.,ReferenceMacNaughton, Cole,Darlympe, Braddy, Briggs and Lukie2002).
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What prevented the animals from establishingthemselvespermanently on the emergedlands doesnot
seemto have been,as was once believed, the lack of an adequate atmosphere capable of protecting
organisms from UV rays. We saw in the previous section that, after the NOE,the level of O, in the
atmosphere was more or less of the same order of magnitude asit is today (Och and ShieldsZhou,
ReferenceOchand ShieldsZhou2012). It would not have beendifficult for an arthropod, protected by
an exoskeleton,to walk on the mainland in the light of the sun. In reality, the problem seemsto have
beenanother: on the mainland, the environments were practically sterile and without vegetation.After
all, it is always plants that initially occupyanew environment, creating the conditions for colonization
by animals.

Although there are already traces of spores attributed to terrestrial plants in the middle Ordovician,
since around 475 My (Wellman et al., Reference Wellman, Osterloff and Mohiuddin2003), the first
vegetablefossil remains of a certain dimension are only found much later, in the Silurian (4447416 My).
In an extraordinary deposit uncovered near the village of Rhynie, in Scotland,and dated to 410 My
approximately (Garwoodet al.,ReferenceGarwood, Oliver and Spence020), there are cluesthat allow
us to understand why the conquestof the emergedlands doesnot go back directly to the time of the
NOE.In fact,among the exceptional remains in Rhynie,vegetableroots have been found that feature
symbiont mushrooms, as occurs in the large majority of current terrestrial plants (Taylor et al.,
Reference Taylor, Taylor and Krings2009; Bidartondo et al., Reference Bidartondo, Read, Trappe,
Merckx, Ligrone and Duckett2011).

What determined the colonization time of the plants was not therefore the atmospheric conditions, but
those required for the establishment of a plantzfungus symbiosis. This is in fact necessaryto allow
plants not only to developaradical support systembut aboveall to allow them to obtain (mainly thanks
to fungal hyphae) water and mineral elementsfrom the ground. Thatis, it was necessaryto wait for the
plants to meetthe O C | rhuBhBoomsto createthe symbiosiscapableof making them ableto live on the
emergedlands (SelosseReferenceSelsse2017).

Oncethe plants were established on the continents, the metazoaarrived. Fossil remains of various
terrestrial arthropods (Garwood et al., ReferenceGarwood, Oliver and Spence020) were found in
Rhynie.In any case at the end of the Devonianperiod (4192359 My), the plants were solidly in placeon
the continents: many stretchesof coastwere occupiedby forests madeup of real O O O dvAn@@nihigh
(Steyer,ReferenceSteyer2009).

It is in this context that there was the appearanceof the first, in which the limbs did not yet have the
ability to support the animal during its movementsoutside the water. Rather,they servedasspecialized
O b A A foi mbv@mentsin water betweenthe florid aquaticvegetationof coastalenvironments (Steyer,
Reference Steyer2009). However, even before the end of the Devonian, some traces testify to the
existence of tetrapods capable of moving, at least temporarily, on dry land (Schoch, Reference
Schah2014).

Betweenthe carboniferous (3597299 My) and the permian (2992252 My), the molluscs conqueredthe
continents (Mordan and Wade,ReferenceMordan,Wade,Ponderand Lindebrg2008; Stworzewiczetal.,
ReferenceStworzewicz, Szulcand Pokryszko2009), evenif, at leastat the beginning,they were probably
confined to humid environments. Note, however, that despite the fact that the speciesof terrestrial

molluscs (freshwater or mainland) are currently more numerous than those living in the seasand
oceansthe cephalopods(which group molluscsendowedwith intelligence) constitute awhole that has
always been exclusivelymarine. Having said that, strictly intelligent terrestrial animals are limited to
vertebrates, so we will limit ourselves, in the following phases,to following the evolution of the
tetrapods.

Although alsoin this casethe various phyla conquer the continents independently, the colonization of
eachanimal group must necessarilywait for that of the plants. Beforethe end of the primary era,various
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metazoaphyla had established themselveson dry land: a probability of between0.02 and 0.05 every
500,000yearswith a micro-catastrophetime limit of 10,000,000years
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The fourth phase; the differentiation  of land animals

Knowing how to exploit the resourcesof the continents doesnot meanhaving completely left the liquid
environment. In fact, most modern amphibiansdependon the proximity of pondsand pools of water for
reproduction. Furthermore, their skin needsa certain amount of humidity for them to survive: only rare
forms have been able to colonize arid environments (even if some Australian frogs have succeeded,
thanks to precautions to retain water, living underground and using the rare downpours for
reproduction; Barker et al., ReferenceBarker, Griggand Tyler1996).

Chorion

Allantoid

Figure 24. Fifth Drake ETC:scheme of the amniotic egg: the embryo bathes in the amniotic fluid,
delimited by the amnion,impermeable;the yolk saccontainsthe nutrients for the embryo; the allantois
is the embryonic annexthat contains waste and hasarole in respiration; the chorion is the outermost
layer of the egg(figure modified from Steyer,ReferenceSteyer2009).

Although the ancient terrestrial tetrapods have differentiated from a morphological and taxonomic
point of view (in this regard, see Steyer, ReferenceSteyer2009; Schoch,ReferenceSchoct2014), the
great diversification of the vertebrates on the continents is produced only when these organisms
definitively abandonthe liquid environment for reproduction. It is therefore necessaryto wait for the
onset of amniotes a group that includes all reptiles, birds and modern and fossil mammals. What
differentiates the amniotes from the other tetrapods? The key to their successs the amniotic egg(Fig.
24), an evolutionary innovation which means they no longer need a liquid environment for
reproduction. Or better: they transfer this environment within the eggitself. The embryo, in fact, is
immersed in the amniotic fluid, delimited by amnion which, being waterproof, recreates the aquatic
environment necessaryfor developmentwithin it. The chorion, the outermost layer, is permeable to
gases,allowing the embryo to breathe and gaseousexchange,assisted by the allantoid. As it is very
difficult to recognizea fossil eggasamniotic, discrimination is madefrom the bone remains. The oldest
known amniotes are Hylonomyslyelli (Dawson,ReferenceDawsan1860) and Protoclepsydropsaplous
(Carroll, ReferenceCarrall 1964), both found in Canadiancarboniferous sedimentsfrom about 310 My
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ago(Van Tuinen and Hadly, Referencevan Tuinen and Hadly2004). Starting from theseO B O A A Gi@ 01 006
amniotesbecamecapableof colonizing all terrestrial environments, eventhe most arid. Theycould thus

move away from the coastsand swampy areasto colonizeeventhe mostisolated parts of the continents.

The amniotes, therefore, quickly diversified (Benton, ReferenceBenton2014): from the base of the

Permian, we find ecosystemswith O O A b that iodcdped various ecological niches: herbivorous,
carnivorous and intermediate. The dimensions increasedfurther (but this also applied to amphibious
tetrapods, which remained linked to the liquid environment, seee.g.Steyer,ReferenceSteyer2009).

Starting from the apparition of the amniotic egg,afew million yearsare necessaryfor the differentiation
of the terrestrial vertebrates and the occupation of the niches present in the new environments: a
probability of between0.5and 1 every500,000yearswith a micro-catastrophetime limit of 10,000,000
years
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The fifth phase; the upright posture and manual skills

The next stage,in reality, consists of two phasesthat can be fulfilled independently: the acquisition of
upright posture and that of manual skills. Only in our speciesthey coexist.

The acquisition of upright posture amongmodern mammals s typical of man and also of kangaroos.
However, amongthe current primates, we are the only onesto resort to the bipedal posture to walk
(although gibbons know how to march erect, using open arms for balance; Fleagle, Reference
Fleade2013). However, it seemsthat, in the past at leastanother primate walked in a bipedal posture,
evenif it wasthought to be more similar to that of the gibbonsthan to ours (Rook et al.,ReferenceRook,
Bondioli, Kéhler, Moya-Solaand Macchiarellil999; Moya-Solaet al., ReferenceMoya-Sola,Kéhler and
Rook2005; Hammond et al., Reference Hammond, Rook, Anaya, Cioppi, Costeur, Moya-Sola and
Almécija2020, but seealsoSusmanReferenceSusmarR005). Despitethis exception,the bipedal posture
is the characteristic that allows you to place a fossil hominid in the restricted group from which our
specieshasevolved (Fleagle,ReferenceFleagl2013).

In any case evenbefore the mammalsachievedupright posture, it had beenachievedby the dinosaurs.
In fact, this peculiarity contributes to characterizing this group of peculiar reptiles (Benton, Reference
Benton2014) and hasbeeninherited by their descendantspirds. All birds, regardlessof their degreeof
intelligence, have a bipedal stature.

It is interesting to note that the American palaeontologist Dale A. Russell speculated on a possible
descendantof the dinosaurs, if they had not becomeextinct during the K/T crisis (remembering that,
without the extinction of the dinosaurs, the mammalswould have remained confined to their niche).
The scientist hypothesized that a representative of the Troodontidae family (=Stenonychosauridae)
could haveevolvedinto aO A ET | O(@®R{sERiladbdiSBguin ReferenceRusselland Séguirl982; Naish
and Tattersdill, ReferenceNaish and Tattersdill 2021), anintelligent humanoid being derived from the
great Mesozoicreptiles. Of course,its form, which would have beensimilar to ours, was guided by the
anthropomorphism typical of our species.Nonetheless,the American palaeontologist proposed the
evolution of alife form endowedwith intelligence comparableto ours starting from a different group of
tetrapods. What was special about this family of dinosaurs compared to the others that led to him
choosing it as the cradle of the dinosauroid? Two characteristics above all: a relatively high
encephalizationcoefficientcomparedto its contemporariesand afront limb whosefingers had acertain
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degree of opposability. We therefore find the two skills that are our characteristic prerogative: the
upright posture station and manual dexterity.

The latter capacityis typical of animals that must grasp objects, such as arboreal mammals,the most
characteristic of which are undoubtedly the primates. Theseare equipped with a series of adaptations
to live in the trees (stereoscopicvision, opposablethumbs, etc.; Kemp, ReferenceKemp2005; Benton,
Reference Benton2014). The oldest representative of the group, known by a partially preserved
skeleton,was dated to about 55 My, about 10 years after the extinction of the dinosaurs.

The opposablethumb is atypical feature of the primates (Kemp, ReferenceKemp2005), but no monkey
is capableof touching the fingertip of the fingers of the samehand with its thumb. Althoughiit is believed
Broom1938) had an anatomical hand conformation capableof producing simple stone tools (Susman,
ReferenceSusmari991; McHenry and Coffing, ReferenceMcHenry and Coffing2000), human manual
skills were evolved well beyondthe possibilities of the primitive hominids and our ancestors.

This phasebrings usto the threshold of our kind, ajump of afew hundred millions of years compared
to the previous phase.But this is justified by the occupationof two characterswhich, although they can
develop independently, must contribute together (and achievea relatively sophisticated evolutionary
level) to give impulse to evolution towards anintelligence like that of humans:a probability of between
0.005and 0.01every500,000yearswith a micro-catastrophetime limit of 10,000,000years

Phase 5
As Bs AT ATys
0.005 0.01 500 000 10 000 000

The sixth phase; the change of diet and the growth of the brain

The brain has a high energy cost and needs a large protein contribution (Rospars, Reference
Rospar2013). Its developmentand increaserequired the contribution of preciousresourcesto allow it
to develop adequately. For this reason, the anthropologist Stanford (Reference Starford2001)
hypothesizedthat for human evolution a changeof diet from herbivorous/omnivorous, typical of the
australopithecines,to a more purely carnivorous one wasimportant.

The abundanceof animal carcassesilled by the multiple African plio/pleistocenic carnivores and the
herd habits (which would allow them to contend for and win prey from predatory mammals) would
haveallowed a population of hominids to undertake a carnivorous diet.

The large protein intake thus obtained would have favoured an increase in the size of the brain
comparedto that of the other primate populations. Stanford's proposal aroused various reactions but,
apart from the correctnessor otherwise of the hypothesis,if the first representatives of humankind are
comparedwith their Australopithecian precursors,there are important morphological changessuchas
arelative reduction of the chewing system (a shift from a diet containing more fibres to one poorer in
thesefoods) aswell asan increasein the cerebral volume (McHenry and Coffing, ReferenceMcHenry
and Coffing2000).

Evenwithout hypothesizingwhat the exactdiet of our ancestorswas,with the datain handit is possible
to find a correlation between a changeof diet and the increasein the brain that occurred towards the
beginning of the Pleistocene between2.5and 1.5My. Thetimes in which it was achievedare relatively
short, lessthan 1 My: a probability of between0.05and 0.1 every500,000yearswith a micro-catastrophe
limit time 10,000,000years
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The seventh phase; the organization of the brain for abstract thinking

The next phase consists of the ability to conceive abstract thoughts. Although a number of animals
possessan ability for abstraction, for example,the ability to managedifferent numbers and quantities
of objects(Dehaeneet al.,ReferenceDehaae, DehaeneLambertz and Coheril998), human possibilities
gofar beyondthis. The skills related to cognitive functions, therefore to calculation,to abstractthought
and also to language, are linked to the development of the frontal lobes (Fig. 25) and to the
circumstancesof these cerebral regions (Grimaud-Hervé, ReferenceGrimaud-Hervé1997). If, thanks to
appropriate endocranial casts, one evaluates the evolution of the human brain, starting from our
australopithecoid ancestors, it is observed that, starting from Homo erectus (Dubois, Reference
Dubois1893) the organ significantly developedin the aforementioned regions.In particular, in modern
man, cerebral evolution is manifested aboveall in the form of an enlargementin correspondencewith

the cranial coronal suture (Fig.25).

coronalsuture

Figure 25. Fifth Drake ETC:simplified schemeshowing the human brain, with the various brain lobes
indicated.

The increase in endocranial capacity was obtained in a different way in Neanderthal man, Homo
neanderthalensigKing, ReferenceKingl864), and in modern man, Homosapiens(Linnaeus, Reference
Linnaeusl758). If we comparethe skulls of thesetwo specieswe note in factthat the skull of the Sapiens
ismore O OT @md#alier than the other, which, in turn, is more elongated.

The brain proportions aside,what would havebeenthe first manifestations of human abstractthought?
It is difficult to answerthis question.However, it is possiblethat they already manifested themselvesin
H. erectus A particular artefact, found on the island of Javajs in fact attributed to this species:it is a
molluscshell decoratedwith aO U E @atténC(dattersall, ReferenceTattersall2016), madewithout any
apparent practical purpose. No symbolic activity hasyet beenassociatedwith Neanderthals,although,
at abrain level, all the conditions necessaryto achievethis would seemto have beenbrought together.
Maybeit wasjust a matter of time.
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Although current abstractabilities gofar beyondthe decoratedshellmentioned above,it is very possible
that, starting from the onset of H. erectus certain human populations acquired the ability of abstract
thought. In this case,a few tens of thousands of years would have been enough for his statement: a
probability of between0.5and 0.9 every500,000yearswith a micro-catastrophetime limit of 10,000,000
years

Phase 7
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The eighth phase; the birth of articulated language and technique

One of the characteristics that distinguishes us from all other animals is undoubtedly articulated
language. In fact, although the great apes are capable of learning rudimentary sign language to
communicatewith their guardians (Tattersall, ReferenceTattersall2016), they are unable,due to their
anatomy,to expressthemselveswith the range of sound and articulations that we have.

Themorphological characteristicsthat permit this are linked to the morphology of the larynx and to that
of the hyoid bone,locatedat the baseof the tongue,betweenjaw and thyroid cartilage of the larynx itself

(Fig.26).

hyoid bone

Figure 26. Fifth Drake ETC:simplified schemeof the neckand human skull to represent the position of
the hyoid bone; this bone has been coloured in grey, as well as the cervical vertebrae, in order to
facilitate their identification.

It is not easyto reconstruct exactly the morphology of the anatomical region linked to human vocal
capabilities starting from disarticulated bone remains. However,the hyoid bone of a fossil hominid can
be found, studied and compared with ours. In particular, one belonging to H. erectus(Capassoet al.,
ReferenceCapaso, Michetti and D'Anastasi®2008) was found. Its morphology is very reminiscent of
that of amodern bone,although someminor differencessuggestamore limited modulation of the vocal
tract which probably limited the use of articulated language.A hyoid bone of Neanderthal (Arensburg
etal.,ReferenceArensburg, Tillier, VandermeerschPDuday,Schepartzand Rak1989) is alsoknown, even
more similar to that of amodern manthan that of H.erectus The fossil evidencetherefore suggeststhat
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the ability to produce complex vocalizations existed at least from the common ancestor between
Neanderthal and modern man (de Boer, Referencede Boer2017), evenif this doesnot meanthat they
were already able to communicatelike us.Asregardsthe technique,we know that H.neanderthalensis
was capableof refined stoneworking (Tattersall, ReferenceTattersall2016), not lessskilled than that of
contemporary H. sapiens although the latter also expressedthemselvesin other ways, including rock
painting. Of course,we are still very distant from modern technical skills.

However, articulated languagewas necessaryto explain and transmit (first orally and then in writing)
the technicalinstructions for the production of increasingly complicated objectsand,therefore, to make
technological progress from prehistoric to current levels. It was also necessaryto be able to express

abstractthought: a probability of between0.4and 0.8 every500,000yearswith a micro-catastrophetime
limit of 10,000,000years

Phase 8
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Atthe end of thesefinal eight phaseswe havereachedthe onsetof H.sapiensthe only speciespossessing
the intelligence described at the end of the initial section of the macro-interval C. Thanks to its
characteristics,our specieshasacquired atechnical capacitysuchasto be ableto sendmessageseyond

our SolarSystem.Of course,this did not happenin oneday; it took a couple of hundreds of thousandsof
years.

Evaluation of the probability of passing each stage

Wethus obtained the 32 input valuesto beincluded in step 1 of the algorithm of calculatingthe Maccone

lognormal statistical distribution (Tables15z18). Figure 27 showsthe lognormal distribution relating
to the macro-interval C.

5th Drake ETC: lognormal distribution F of
the fraction X0 of the total process
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Figure 27. Fifth Drake ETC:the lognormal distribution 5 of the processin the medium term 3T o: the
averagevalour is 5.89 x 10M¢the standard deviation is 2.19 x 10M¢

Table 15. Fifth Drake ETC:the 32 values of the minimum and maximum g and b; frequencies,of the

time 3T; of observation and time 3T oj of micro-catastrophe corporate, for eachphasedescribedin the
previous paragraph
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1 Increased metazoa size (nervous and vascular system) 0.02  0.04 500000 10000000
2 Limb development 0.01 0.02 500000 10000000
3 Conquers mainland 0.02 0.05 500000 10000000
4 Differentiation of land animals 050 1.00 500000 10000000
5  Station erected and manual skills 0.005 0.01 500000 10000000
6 Diet and growth change 0.05 010 500000 10000000
7  Organization of the brain on abstract thinking 0.50 090 500000 10000000
8 Birth of articulated language and technique 040 080 3500000 10000000

Table 16. Fifth Drake ETC:evaluation of probability; the valuesrequestedin darker grey are the entry
data (passl); thosein clearer grey the intermediate calculations(step 2 and 3)

S w2 I

Min in  Max in Intervals in Min in Max in  Comp. j Comp. j
; Max time ATy,

GO ~1 O\ Lh ds D b =

Table 17. Fifth Drake ETC:evaluation of probability; the valuesrequestedin darker grey are the entry
data (step 4); thosein clearer grey the intermediate calculations(step 3 and 4)

Time total Sum Sum var. Average tot  Deviation tot Max time tot Intervals number
imcess med. ]oi i irocess imcess irocess over time max
80000000 -520 0. SRl e AT

Table 18. Fifth Drake ETC:evaluation of probability; output data ontime 3T (long term): probability of
Homof , developmentand its valueswith standard deviation f ha and f g (step 4)

Maximum robablh tot_process Minimum probability tot process

3.5% 1.3% 5.7%

Evaluation of the total probability: Drake's fifth parameter
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Having defined the chancesof the three macro-intervals A, B and C necessaryto describe more
accuratelythe probability of intelligent life starting from bacteria,we now goto combinethem in anew
total lognormal which will represent the fifth parameter of Drake.

We should clarify that the application of the Macconelognormal method for only three parameters
cannotberigorous becauset doesnot respectthe conditions of the central limit theorem which ensures
that a sufficiently high number of random variables convergetowards a normal (in our caselognormal)
distribution; however, sincein this context we are looking only for the order of magnitude of the Drake
parameters,we considerthis method amply justified.

We obtained six input valuesto be included in step 2 of the algorithm of calculating the lognormal
statistical distribution of Maccone (Tables 19z722). Note that for the macro-intervals, step 1 is
completely skipped becausewe havedirectly the final frequenciesA and B; of step 2. Furthermore, the
period of reference for the realization of the entire processis the sum of the three macro-catastrophe
times of the macro-intervals A,B and C:

0,Gyx3=1,Gy

Figure 28 showsthe lognormal distribution of the entire processA,B and C.
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Figure 28. Fifth Drake total: the lognormal distribution B of the processin the medium term 3T o: the
averagevalour is 1.34 x 10Msthe standard deviation is 7.17 x 10M¢
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Table 19. Fifth Drake total: the six valuesof the A; and B; frequenciesminimal and maximum for each
phase

4; B;
A Eukaryotes 0.29 0.71
B Metazoa 0.60 0.94
C Homo 0.01 0.06

Table 20. Fifth Drake total: evaluation of probability; the tabulated values are the intermediate
calculations(step 2 and 3)

Min in AT, il Max in AT, i Comi. i aveﬁe loi Comi. i var loi

1 0.29 0.71 —0.7264 0.0644
2 0.60 0.94 —-0.2692 0.0172
B 0.01 0.06 —3.4425 0.1700

Table 21. Fifth Drake total: evaluation of probability; the tabulated values are the intermediate
calculations(step 3)

Sum average Sum variance Average fraction tot Deviation fraction tot
]oiarithm loiarithm irocess irocess
—-4.44 0.25 1.34x 1072 1T

Table 22. Fifth Drake total: evaluation of probability; output data on time 3T (long term): probability
of developmentof intelligent life f; and its valueswith standard deviation fia andf iz (Step 4)

Probabilii tot irooess Maximum imbabilii Minimum imbabi]ii

1.3% 0.6% 2.1%

The oxygen curve

At this point, it is possibleto make someconsideration on the well-known oxygengrowth curve reported
in Fig.29. We found, in the calculation of the fourth parameter, a good probability of the development
of the prokaryotes (50%) in 100 My, starting from at least Mo &y. The positioning of the first
photosynthetic prokaryotes is controversial, but in any casethe first oxygenproduced was reabsorbed
by oxidative chemicalphenomena.Whenthesedisappeared the oxygenfreed by the prokaryotes began
to invadethe planet bringing about avalue of 1% of the current oneto M ¢ &Y(GOE){riggering the first
massextinction of microorganisms,but favouring the developmentof heterotrophicaerobicprokaryotes


https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/astrobiology-resolution-of-the-statistical-drake-equation-by-maccones-lognormal-method-in-50-steps/C9A4FAF1F98AD7F29FF535B401066972#fig29

International Journal of Astrobiology

and aboveall of the heterotrophic eukaryotes We found the sameprobability of about 50% due to the
onset of eukaryotes, but in 500 My starting from M¢ 83y. Once the latter have also become
photosynthetic (at about M p &Yy),the percentageof oxygenbeganto rise decidedly getting to the level
of the current onesaround M T &y¥(NOE).Let's now try to estimatethe growth speedof oxygenin these
two cardinal events,the GOEand the NOE Wetake into consideration Fig.30 which describesa marine
environment from the share0 (sealevel) towards the depth L. The light intensity | (W mz2) will be equal
to I(L) =1(0) k I o on surfaceof the seaand equalto I(L) to the depth L.

% O:

0.5

0.4} -

0.3 .

0.2
0.1} .

0.002
0 —T f

-3.8 =3 -2 -1 Ga O

Figure 29. Fifth Drake: the curve depicted shows the climb of the concentration of oxygen in the
atmosphere during the GOEfrom 0 to 0.2% between M¢ &rmd M p &wand, during the NOE,between
M1 @anfil Mt &y The greenand red curve represents the minimum and maximum hypothesizedvalue
(figure modified by Holland, ReferenceHolland2006).

Io

O

L Lo D)

L+dL  * o & 1L+dL)

Figure 30. Fifth Drake: luminous penetration I(L) between depth L and the depth L + dL on an m2 of
marine surface.Little grey discsrepresent the suspensioncells.

For eachsquaremeter of seabed betweendepth L and L + dL, the number of photosynthetic cellsin the
volume elementwill be equalto:

Ne=  1gmir
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where mis the density, or the number of cellsfor m3. Therefore, calledr the linear sizeof the cellsand 5
their absorption coefficient (between 0 and 1; O for totally transparent cells and 1 for totally opaque
cells), the effective impact section Sex of the cells presentin the direction of the light rays on 1 m2, will
be:

StF  17wjr “r2gd L

Consequently (5 xm xr 2x dL) is the percentageof darkening, due to the dL layer, of the light intensity
I(L) to depth L; sothe light intensity beyondthis layer will be:

) . A) . ZWTrTeTA,
) A ) wrTOTA,
A 2)'wr QA

Integrating both membersbetween 0 (sealevel) and L, we have:

INZTn ) 20 "'mG7,
D7 E AR CRS

and, finally, by extracting the exponential:

W Ao,
) 1 TFAQDI@a

In this way, solving the differential equation for separation of the variables, the light intensity (W mz2)
is obtained which comesto depth L starting from intensity | o to sealevel:

L L Rtz o Ly ©% .
Therefore, similarly to cells suspendedin the liquid, the water moleculesthemselvesalso reduce the
intensity accordingto asimilar law, thus the complete equation of the reduction of light intensity caused

by the water and the cells in suspensionis written by adding, to the exponent, the factor due to the
absorption of water molecules:

L Lidinigfofy g 0% ¢

We now estimate the world marine surface Sinterested in the phenomenonof photosynthesis:it is the
coastalareaof the planet whose waters do not exceed20 m depth; that is:

S =xD@z= 93

Havingplace:
C=10"m Extension of the continental coasts
D=10"m Thickness of the continental coasts, where the depth does not exceed 20 m
c=10" Fraction of the coasts not directly above the seabed

The dW light power, captured by photosynthetic cells with depth L on the entire surface S will instead
be:

W | Moz 0 orOlg 0 v
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where | is the fraction of the cell surfaceinterested in photosynthetic absorption. We observe that |
must necessarilybe lessthan the absorption coefficient > which measuresall luminous absorption, both
photosynthetic and not.

If we add the contribution of all the layers of the seabedwe obtain the total power absorbedby the cells.
Toobtain this sum,we ideally integrate the latest formula obtained for dwW between0 and C Hsompared
to depth L (obviously the light absorption is practically zero beyond a certain depth). It is obtained for
total power W:

_ {o> > ok 3
T 4 o> ¥ v

If we now make mtend to infinity, we obtain the value of saturation of the power captured for
photosynthesis (turbid waters):

{2 ok
(0]

Ty

This is obviously valid for 5 EO, which is the limit of totally transparent cells (moreover, if 5 goesto 0,
1, that is lessthan 5, must do the same,but their quotient doesnot). Aswe should have expected,this
valueis independent of the size of the cellsthat carry out photosynthesis (saturation value), and of the
water solution coefficient 3.

Togetl o (effective photosynthetic power per m2), we must multiply the three factors:

We= 10" (Wm ™) Solar base power to the ground
n=0.154 Average sun efficiency in the year
y=0.3 Visible light fraction used
Getting:
Iy=46.2 (W fmz] Photosynthetic power for m’ effective
Therefore:
)
Tv T4l
Havingplace:
Wor= Sx =462 10" W Basic photosynthesis power

To obtain the energy necessaryto produce an O, molecule,we must multiply the following factors:

ve=545x 10" (s7h Medium light frequency in photosynthesis

h=6.63 %107 (I's) Plank constant

n=10 Number of photons for each O, molecule
Getting:

75



E. Mieli et al

£=3.62x107"% (1) Energy for oxygen molecule produced

Let's now give an estimate of the oxygen moleculespresent after the GOEand after the NOEstarting
from the data of the current atmosphere.

Sr=53-10" (m%) Earth surface

M,=10" (kgm %) Air mass for O,

Pcoe = 0.2% GOE oxygen percentage
prok=20% NOE oxygen percentage
Moys=2 %1077 (kg) Mass molecule oxygen

There will bethe following values:

Neoe = 8t % M, % paop/Mass = 5.3 x 10%! Number of oxygen molecules GOE
Nyor =871 % M, ¥ pnopMoss = 5.3 10% Number of oxygen molecules NOE

Wejust haveto try to evaluatethe oxygenproduced by aworld cyanobacteriapopulation and a similar
population of photosynthetic eukaryotes. To do this, we must estimate the two optical-structural
parametersfor prokaryotes and eukaryotes,that is | (fraction of the photoactive surfaceof the cell) and
S (luminous absorption coefficient of the cell). We therefore place the following values (where the
indices (dand @dindicate respectivelyO b O E A&nhdd OAHOAOUT OA 08 qd,

o= 1.0%1077
a.=4.0x 1077
w,=5.0x107"
we=1.0%107"

where we choseto attribute to the eukaryotesa fraction of photosynthetically active surfacefour times
greater than the prokaryotes, given that the eukaryotes could probably be more efficient; in addition, it
was chosento attribute to the eukaryotesan absorption coefficient five times minor of the prokaryotes,
giventhat the eukaryotesare without cell wall.

Finally, remembering that the calculatedvalue of the total power (J/S) captured for photosynthesisis:
) .
Tv 53w
and energy,for oxygenmolecule produced,is:

e= 351®2 J)

The total number of oxygen molecules produced to the second is obtained for prokaryotes and
eukaryotes:

| T (11 AAOI AO
Frave T N9 TERETI A
PN ] |

1
A O
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Takinginto accountthat in amillion years,there are 1 My = 3.15 x 1013s (s), the minimum formation of
the GOEand NOEis respectively:

T GOE: N GOé(N Ossproc'3.15x 1013) = 66 My
T noe= N nod (N osseuc3.15 % 1013) =330 My

As you can see, even if photosynthetic eukaryotes are more efficient than their corresponding
prokaryotes, the quantity of oxygenof the NOEis 100 times higher; therefore, the time of realization of
the NOEremains higher than five times. Obviously,we did not considerthe phenomenaof reabsorption
of oxygen (oxidation, breathing of the heterotrophic, etc.) that expandsthe estimatedtimes.

Considerations on the fifth parameter

Unlike the fourth parameter of Drake which, in the previous section, we calculated around 0.5
(probability of 50%) in a span of 100 million years, the fifth Drake parameter is just above 0.01
(probability of 1%) in a period of 1500 million years (GOEand NOEexcluded),therefore much lower.
This doesnot surprise us becauseafter all, H. sapienss the only attempt to be successfulon aninfinite
number of speciesthat appearedon the planet. Moreover, the subdivision of the calculationin the three
macro-intervals made us highlight two things:

a the essential role that oxygen played in determining the time of realization of the evolutionary
processesz see both the GOE and the NOE, the occurrence of whichdgui the times and gave a
decisive push towards first the eukaryotes, and then the metazoa;

b the bottleneck highlighted in the last step, or the onset of intelligence whose probability has been
calculated at around 3% in 0.5 Gy, while neither the appearanoé eukaryotes (probability of 50%
in 0.5 Gy), nor that of metazoa (85% probability in 0.5 Gy) were particularly problematic from our
calculations.

The Drake social parameters: fcand f.

The sixth and seventh parameters of Drake are rightly traditionally defined as social parametersand
completethe descriptive framework of apotential galacticcivilization.

Obviously,the approachto thesetopicsis lessrobust than the previous onesbecausdt restson plausible
hypotheses but without any experimental feedback.

Sixth Drake: fraction of planets where life decides to communicate

As mentioned in the introduction, the sixth parameter of Drake, in this paper, represents only the
fraction of civilizations that freely decideto communicateand not to hide.

While the sixth original parameter intended to count civilizations that become technological and
communicating, we delegatedthis aspectto the fifth parameter through the definition of intelligence,
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In addition, we overturned onto the seventhparameter all those casesin which civilizations are forced
or induced not to communicateand therefore ceaseto be visible.

What remains in the sixth parameter is the deliberate social choice of galactic civilization not to
communicate from the beginning of their history. Onsuchan elusive topic, we are not able to express
scientific opinions and therefore setan averageprobability of 50%:

Drake 6

fq. min f:': IMax
4.0% 107" 6.0% 107"

Seventh Drake: temporal fraction of a civilization's duration

With the seventhparameter,we moveto aslightly different context from the previous onesbecausewe
must no longer examinethe probability of the manifestation of an event, but the duration of the same
after having established an acceptableconfidenceinterval for its occurrence.The lognormal 5 (Xo), a
function of the probability composite X o, is transformed into another distribution function Fy(3T), a
function of the time 3T of duration of the galacticcivilization and the confidenceinterval p that we will

defineimmediately.

The mathematical issuesend here, while those of the choice of entry dataremain to be faced:in fact, it
is amatter of hypothesizingwhich events,completely unrelated to the particular planetary context,can
constitute challengesor universal strands that jeopardize any galacticcivilization; we must alsosetthe
probability of survival and the 3T ¢j duration of eachchallengebeyond which the dangeris considered
overcome.Theresult is the mathematical picture that we will describein the following sections.

Finally, we reiterate that we have made small forays into the sixth parameter of Drake (percentage of
civilizations they chooseto communicate), as can be seen from the fourth and seventh challenge
(respectively, spontaneousinvolution and point n). This, however, is a false misunderstanding because
in this context, we have analysed above all the causesthat, in some way, lead the civilizations to no

longer communicate after a period of communication leaving out of the sixth parameter an analysis of
the socio-cultural motivations that lead them to isolate voluntarily from the beginning of their history,

always keepingthemselveshidden from the others.

Is Gott's delta -T argument applicable to the duration of galactic civilizations?

In 1993, astrophysicist Richard Gott published an article entitled @nplications of the Copernican
Principlefor our future prospectgin which he madethe attempt to calculatethe probable duration of the
humanracebefore its inevitable extinction (Gott, ReferenceGott1993). The genesisof the article began
in 1969 when Gott passedthrough Berlin and, on the occasion,visited the notorious wall. Gott applied
amathematician'sreasoningto try to predict the duration of the life of the wall: he did not visit it in the
year of its construction (which occurred in 1961) nor in the year of its demolition (which took placein
1989), but in onerandom momentofits existenceit was therefore reasonableto assumethat his holiday
in 1969 placedhim within the two intermediate quarters of the life of the wall with 50% probability. If
the visit was taking placeright at the beginning of the secondquarter (i.e. only the first quarter had
passed)the wall had 3/4 of its life in front of it, that is, it would remain standing three times longer than
the time sinceits construction. If the visit had placeditself at the end of the third quarter, instead,the
wall had only 1/3 of life in front of it and it would remain standing for 1/3 of the time since its
construction. At the time, the wall had beenin existencefor 8 yearsand Gott concludedthat there was
a 50% probability that the symbol of the Cold War still had a lifespan oscillating between 2.7 and 24
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years.Aswe know, the wall was knocked down 20 years and a few months after Gott's visit, perfectly
inside his prediction range.Accordingto Gott,this analysiscanbe applied in the forecastof anytemporal
eventaslong asthe observeris placedwithin it in a completelyrandom way.

We gavethe classicexampleof a probability of referencep =1/2, but we canextend the exampleto the
general caseof a probability of reference any p. In this case,the relationship between future and past
life is expressedby:

o l'vp r:]é(('b(b

yUY o r]

IV R Ny
vp n

In the caseof the duration of human civilization with p =1/2 and a duration to date of about 200,000
years,this would give a minimum future value of about 70,000 years and a maximum value of 600,000
years.

But is this way of proceedingcorrect? In our opinion, no, precisely becauseof the main prerequisite of
Gott'sreasoning,or the supposedrandomnessof the moment chosento make the calculation: while in
the case of the Berlin Wall it is beyond any doubt that the visit of the astronomer to Berlin was
unconnectedto the history of the wall itself, in the caseof the duration of a galactic civilization, the
moment in which the question of Gott arises can only be immediately following the formulation of
abstract mathematical thought, give or take athousand years. Therefore, this is not a random moment
of our civilization, but it is the eraimmediately following the birth of abstractmathematicalthought; the
era of the Galilei, Penroseand Gott. Delta-T reasoning cannot be applied and, as we will seein the
conclusionsi,it is wrong by excessor by defectdependingon whether we intend to analysethe duration
of the entire speciesor only that of the technologicalcivilization.

We will therefore not follow the Gott's delta-T reasoning, but rather that of the reformulation of the
Macconedistribution function applied to the duration 3-T.

The calculation of the distribution curve of the duration of a galactic civilization
Asin the previous Drake parameters,let us define the mathematical quantities usedin order:

1 3T isthe time of the bottleneckor challengephase,or the averagetime of permanenceof the
risk conditions of the j phasebefore it is definitively overcome.

1 A, Bj are the minimum and maximum probability, of the X variable, of survival of the galactic
civilization in the 3T ¢ period of the j phase.

AmA o
1 = Af "8 is the socalled logarithmic mean value of the Maccone lognormal
IR |
distribution.
Aij ] Bj n Aj . . . .
7 A kBuw (P—A' is the socalled logarithmic variance of the Maccone lognormal
I
distribution.
i Xg H
F(Xo) k < Qﬁ. a is the lognormal distribution of Maccone function of theoverall
0

probability Xo.
1 &= B;&fd js the total time of permanence of the risk conditions, sum of the individuatsT o].

79



E. Mieli et al

At this point, from the three input values for eachphaseA;, B; and 3Toj, applying the formula of the
lognormal, the average <X,>and the variance A(X;) of the random variable X, would be obtained.
However,theseare the averageand deviation of the probability of overcomingall the bottlenecksin the
total time 3-To, while now we want, given an appropriate confidencevalue of the probability of survival
p (e.g.50%), the averageand the deviation of another random variable which is the survival time of
civilization 3T,.

Wethen proceedasfollows to obtain the distribution of the random variable 3-T, function of X; let's set:

SJ"Yk #
7!

1 is the fraction of time comparedto 3T o for which to impose our probability of survival p. Obviously,
the probability of survival in the 3T, time will be:

< )6>d:p

By extracting the natural logarithm and isolating 3-T,, we obtain:

.. .. | b .. -
YL Y S YT
Placingnow for convenience:
YYl bm @ T
YY w 1
The previous equation canbe written briefly as:
y /1 (X

where, mind you, we passedfrom the averagevalue <X > to the complete X, random variable. By
reversing the last expression,you have:

-be

n |

which is agrowing monotonous function. Then,accordingto the distribution theorem of afunction of a
random variable, the new distribution for the y = 3T, variable is obtained from the lognormal
distribution B (Xo) by replacing the value of X, just found accordingto y and multiplying everything by
the X, derivative alwaysaccordingto y. That is to say:

_ )
Od FQ 00 O

By replacing the well-known valuesof y and ¢, we have:

y y v
y YYI
oYY F QY x Y o#ﬁ

Y'Y

andfinally, in amore compactform:
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This is our distribution function of the duration of galacticcivilizations. Oncethe input valuesof all the
phases/challengesA, Bjand 3T oj will havebeeninserted, we will calculate<aT,>and A(3Tp), from the
definitions of meanvalue and variance,with numerical methods. The curvesin Fig.31 show, by way of
example,in the A box,the classiclognormal of Macconewith respectto the fixed temporal value of 3T o
= 450,000 years determined by the sum of all critical phases;box B, on the other hand, representsthe
distribution functions lasting 3T, of a galactic civilization, calculated starting from the lognormal
function of Maccone,and imposing the probability of survival of civilization progressively from 40 to
60%: the descenif the time 3T is evidentasthe probability of survival,choserasa referencejs growing.

A - lognormal ® of the fraction X, B - distribution F of the time AT,
. — - =40 ‘ 20, 0 0 0,
2.200.00 with AT,=450.000 5 AE04 60%“ 1th p=400, 45%, 50%, 55%, 60%
1,980.00 .
1,760.00 3:22-2: 55%
1,540.00 L7E0s [\ 50%
1,320.00 e [\ 45%
1,100.00 L4E-04 [ 40%
880.00 1.2E-04 ‘ ‘
660.00 9.6E-05
440.00 7.2E-05

220.00
0.00

4.8E-05

2.4E-05
0.0E+00

5.055E-05
1.852E-04
3.199E-04
4.545E-04
5.892E-04
7.238E-04
8.585E-04
9.931E-04
1.128E-03
1.262E-03
1.397E-03
1.532E-03
1.666E-03
1.801E-03
1.936E-03
2.070E-03
2.205E-03
2.340E-03
2.474E-03
2.609E-03

Figure 31. SeventhDrake: box A: classiclognormal function of Maccone;box B: distribution functions
of duration 3T,.

We verify this result by finding the locus of points of maximum shown in Fig. 31(b). Recallthat the
abscissaof thesepoints is not exactlythe averagevaluesof the curvesbecausethe latter are not perfectly
symmetrical, but we canstill makethis approximation.

First of all, we calculate the derivative with respectto 3T, of our distribution function F(3Tp). The
calculationis alittle laborious, but after afew stepswe will get (Appendix O):

0 p yyi B
T“O S"Y F —y'l- 0 U—- 0 ] T
Y a¥_

Y'Y
2

o T% ¥Y ¢¥a

=3 o)

By placing the steady point of the derivative (we do not report, for brevity the condition on the second
derivative <0):

Q "o Y'Y
’(S"Y Tt

we getthe seconddegreeequation with y =3T:
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which hasa single solution for positive valuesof 3T,.

The parametric coordinates,comparedto parameter p, of points of maximum, are then:

Sy ed 10 vy
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oYY ro——
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and,consequently,from the first of the two:
y
n Q
t |=:)7'Y
having placedthe positive constants:
1] Lu, 13
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The product Cx D =cost> 0, therefore:
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Then, the locus of points of the maximum of our temporal distributions will be a hyperbola branch
equilateral aswe had to expect(Fig.32(a)).
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Figure 32. (a) SeventhDrake: the equilateral descentof the maximum distribution functions of the
duration of civilization (equal to approximately <3Ty>); (b) seventh Drake: the exponential descentof
the probability of survival at the time 3T with about z =72 300 years;(b): seventhDrake: distribution

of duration 3t for five reference probability valuesp: the one chosenby usis 50% which determines an
averagevalue of about 50,000 years.

This meansthat, by analysingthe two trivial limit casesthe certainty of surviving (p© g% makesour
temporal distribution function diverge in a Dirac delta at the origin of the axis of the times, which
translated in poor words meansthat only the today is certain, while for infinitesimal probabilities
(p© ) divergesboth the duration of civilization and its deviation, which meansthat civilization could
last an arbitrary time. Only intermediate casesfor example(p = 0.5), give us useful information for our
distribution of life times. Figure 32(b) is, trivially, the exponential descentof the probability of absence
to the time 3T with z =72,300.

The seven challenges of galactic civilizations (and plan B)
The two difficulties we now haveto solve are:

1 toimaginefuture scenarios,evenoneswhich are remote in spaceand time
2 to free thesescenariosfrom our planetary and cultural context

In other words: what could be the challengesthat any galactic civilization would most likely faceto
persist over time? We hypothesizedthe following sevenrisk factors and aplan B for each:

self-destruction due to evolutionary failure

self-destruction due to atechnologicalerror
technologicalinsufficiency to copewith planetary changes
spontaneous naturalinvolution of civilization

artificial genetic involution of civilization

dead-endroad after transition of artificial intelligence

reachingof point mand subsequentinsolation of advancedintelligence

No o~ wWN PR
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Plan B: interstellar journey in case of failure

We know the first three challengeswell becausethey are typical of a technological civilization in its
dawn like ours and therefore are today the subject of heated debate.The remaining four are scenarios
that could arrive oncethe first three have been overcome;perhaps they appear lessfrightening to us
becausethey are (or seem)not to beimminent, but thinking in terms of tens of thousandsof years,they
constitute pitfalls just asdevastatingasthe first three.

The interstellar journey is the potential escaperoute from a hypothetical failure with the various
challenges.Since the challengesoccur in more or less early periods of civilization, the interstellar
journey is or is not an effective method of escapedependingon the challengeto which it is applied.

The first challenge: self-destruction due to evolutionary failure

It is inevitable that, at a certain point, an intelligent speciesequipped with the instinctual and cultural
background that supported it in its evolutionary journey is faced with a sudden technological
acceleration. The reason is obvious: science,but also nature often does not progress gradually, but
proceedsin sudden and unexpectedjumps, followed by periods of relative stasis. Theseaccelerations
are arisk (Menichella,ReferenceMenichella2005).

In our previous paragraph on the fifth Drake parameter, we followed the footsteps of + AOAAHO O

(Reference+ A O A 29E4) tO cataloguethe level of a galacticcivilization on four levels:

W, =10"°"W is all the solar power that an orbiting rocky planet in its habitability area
receives (in Watts)

W,=10"W, 1s all the power radiated by the star

Wi=10""W, is all the power radiated by the galaxy

W,=10""W, is all the power radiated by the observable universe

Accordingto this scale the level of acivilization, which developsatotal W ercpower, is expressedby the
indexK=1, 2,3 and4 at the bottom of the powers Wk and is calculated:
L aé "oy .
PP

U

For acommon animal species(including ourselves,until two centuries ago) K doesnot exceed0.6, but
for ustoday it already standsat 0.7 and is constantly growing. This meansthat our accessto energy is
increasingand,at the sametime, the level of responsibility that we must havein the managementof this
energy level is growing. In a nutshell, a generic galactic civilization must try not to burn itself with fire
onceit hasbeendiscovered,especiallyif the levels of energyinvolved are of planetary dimensions,asis
atomic energyin our current case.

However, a galactic civilization does not automatically have within its instinctual background such
skills; and this is simply becausetechnologicalchangesbelongonly to the last phaseofits development,
that is to its culture. We can only hope that culture will be able to channel the behaviours from the
natural basethat forged the speciesin questionin time. It is anarduous,perhapsdesperatetask, but the
stakesare the highestpossible:survival in the immediate future. This is what we must do in the control
of nuclear armamentsand beyond.

We think it is plausible that this step is universal for galacticcivilizations and that it is very difficult to
overcome (just about 10%). The challengearises when, potentially, a civilization is able to expressa
technology and ends when the culture of the society has defusedall that canlead to self-destruction,
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deriving from its natural past (about 100,000 years): we assigna probability of surviving the challenge
of between0.05and 0.150n a challengetime limit of 100,000years

Challenge 1

A [ Aip
0.05 0.15 100 000

The second challenge: self -destruction due to a technological error

This second caseresembles the first, but lacks intent, that is, while always dependent on the bad
managementof acquired technology,self-destruction is due to an error of evaluation where neither the
nature nor the culture of acivilization haveany responsibility.

It is achallengethat cantemporally overlap even partially with the first but which tendsto arrive later,
when the technological power acquired is very high, the problems seem solved and the civilization
lowers its level of control over the potential consequencef its actions.

This stepis alsoinevitable for galacticcivilizations and difficult enoughto overcome(around 20%). The
challengepresentsitself sincea civilization is in possessionof a mature technology and endswhen the
technologyitself provides sufficient tools suchasinterstellar travel to makethe civilization safe(about
50,000 years): probability of surviving the challengebetween0.1 and 0.3 on a challengetime limit of
50,000years

Challenge 2
A, ir ATpa
0.1 0.3 50000

The third challenge: technological failure to face emerging planetary changes

This phasedependsstrictly on the third Drake parameter which gives us the probability of terrestrial

planets remaining permanently in their habitability area. Sincethe third parameter also hasits own
statistical distribution, we must also consider planets subjectedto trauma, evenif not definitive but in

any casesignificant, of their stability during the existenceof a civilization: known exampleswould be
recurring meteor bombardment, severe shifts in the planet's rotation axis and severeclimate change
dueto geologicalactivity.

In this case,the only countermeasurethat a civilization canadopt to facethese eventsis an adequate

high.

This passages lesscommon than the previous for galacticcivilizations (in fact it dependson the third
parameter) and is easierto overcome(around 50%). In this casetoo, the challengepresentsitself when
a civilization enters into possessionof a mature technology and ends when the technology itself
provides the sufficient tools to ensurethe safety of the civilization (about 20,000years): a probability of
overcomingthe challengeof between0.4and 0.6 on a challengetime limit of the 20,000years:
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Challenge 3
As B ATos
0.4 0.6 20000

The fourth challenge: spontaneous involution

With this parameter,we moveawayinto the real future, that is, in thosescenarioslessfamiliar to science
and more typical of by sciencefiction. The fact that a civilization must necessarily progress, in the
technological sense of the term, is certainly our belief, dictated by the continuous presence of
environmental pressure, often caused by ourselves, which favours a technologically advanced
civilization over alessadvancedone,whatever the price. Already in our small terrestrial civilization, we
havelearned that this is not alwaystrue, or rather, it is not possibleto speakof technologicalprogress
without consideringthe price.

Obviously,we do not think that hugenumbers of galacticcivilizations suffer from flower child syndrome,
but that in caseswhere external and internal dangersseemlessimpending, the choice not to progress,
and therefore not to risk, is possible. In those cases,civilizations could deliberately chooseto never

becomean evolved ETCwith a high + A O A A&tam@ter, but to live its life comfortably with a K of
between 0.6 and 0.7 without too muchtrouble and with little probability of beingidentified.

Thereis alsothe casethat this involutive phenomenonis determined by the progressiverobotization of
activities at the expenseof the initiatives of the civilization that originally createdtheseautomatisms.In
short, if the machinesdo everything, why change gvolve,explore and,aboveall, risk? A civilization could
involuntarily wither away and find itself stuck (Gros,ReferenceGros2005).

Wealsoconsiderthis passagauncommonfor galacticcivilizations and easyto overcome(around 80%).
The challengepresentsitself when acivilization is in possessionof afairly mature technologyadvanced
enoughto makeit feel safeand endswhen it choosesto expandbeyond its planet (about 30,000 years):
a probability of overcomingthe challengeof between0.7and 0.9on a challengetime limit of 30,000years

Challenge 4
Ay By AToa
0.7 0.9 30000

The fifth challenge: artificial genetic involution of civilization

A few years agowe might have treated this parameter asremote sciencefiction scenario,but instead
must acceptthat the article Fhenewfrontier of genomeengineeringwith CRISPRCas@réleasedin 2014
by Jennifer A. Doudna and Emmanuelle Charpentier, actually paves the way for precision genetic
manipulation (Doudnaand Charpentier,ReferenceDoudnaand Charpentier2014). This implies that the
assessmentof this scenario overlaps with the first scenariowhich instead dealswith the risk of self-
destruction dueto limits inherent in the species(lesslegantly called obtusenesk Let ustherefore leave
out the part linked to the first parameter, becauseit hasalready beendealt with, and look only at the
long-term consequencef apotential negativedrift causedby geneticmanipulation.

The negative consequence®f geneticmanipulation could be the following: unlike the natural selection
that takes place over geological periods and gives the ecosystemtime to always create a balance
between all its parts, artificial genetic manipulation happensover very short timeframes, without the
certainty that the ecosystemwill onceagainfind a balance.
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This stepis probably commonfor galacticcivilizations and easyenoughto overcome(around 70%). The
challengepresentsitself when a civilization is in possessionof a sufficiently advancedtechnology (as
we aretoday!) and endswhen this technologyis at high enoughlevel that it canbe correctedin the event
of need (about 50,000 years): a probability of exceedingthe challenge of between0.5 and 0.8 on a
challengetime limit of 50,000years

Challenge 5
As Bs ATos
0.5 0.8 50 000

The sixth challenge: dead -end road after transition of artificial intelligence

This parameter cannotbe facedwithout defining what we meanby artificial intelligence To this end,we
will follow the stepsof RogerPenrosewhose monumental works @henewmind of the emperord(1990)
and Ghadowf the mind3(1994) are cornerstoneson this topic (Penrose,ReferencePenrosel990).

Artificial intelligenceis not the mere automation of which we spokein the fourth challengebut the actual
birth of synthetic consciencesPenrosedefines the simple automation, which includes the totality of
machines built up to date, as weak artificial intelligence (WAI), while the possibility of creating
consciousmachinesis defined as strong artificial intelligence (SAI). The power of Penroses reasoning
lies in having demonstrated that the secondcannotbe a simple extension of the first, that is, machines,
however complex,basedonly on an algorithmic operation cannotbecomeconscious.

The demonstration is complex, but it is worth a brief mention: through Goédel incompleteness
theorem (Goédel,Refaence Goédell931), Penrose points out that the possibility of formulating an
unprovable but true theorem, such asthe one constructed by Gddel,is the clear demonstration of the
impossibility of amachineto dothe same;the theorem, in fact,statesthat it is possibleto build aninfinite

number of true but not demonstrabletheoremsthrough aformal starting systemand afinite number of
axioms;this systemwould actually work asan algorithm. How then doesthe human mind manage,if it

works like an algorithm, however complex,to formulate atheorem like the one built in the Godeltest?
Theansweris that the human mind is consciousand consciousnesss not basedon an algorithm, but on
something beyond that. For Penrose,this is an aspectof the still controversial quantum mechanics,
namely the collapse of the quantum wave function (Paffuti, Reference Paffuti2013); the latter

phenomenon would not happen according to the subjective mechanism described by the classic
interpretation of Copenhagen(i.e. the system analysed decidesthe result of the measure when it

interacts with the observer), but accordingto a spontaneousmechanism,objective and unrelated to the
observer and instead linked to the level of energy involved. The processis hypothesized to have
happenedinside the cytoskeleton microtubules of the neurons (Penrose,ReferencePenrosel994). In

October 2022, further confirmation of this line of thought is provided by Christian Matthias Kerskens
and David LopezPérez(Kerskensand Pérez,ReferenceKerskensand Pére2022).

Without going further into this theme,what we are interested in pointing out now is that we are still a
long way from building conscious machines;we can, at most, build excellent and fast automatisms,
nothing more. To build truly consciousmachineswe would needto equip them with a mechanismas
effective as that present in the brains of animals, with an objective collapse of the quantum wave
function.

All this may seemsomewhatabstract and naive, but Penroseformulated this hypothesisin 1990, when
it was thought that the Moore® law on the exponential increasein calculating power would inevitably
andin afew yearslead us to artificial intelligence. After more than 30 years,we have machineswhich
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are very fast machines,but which are unable to make any real evaluation without having received
adequateinstructions on the matter. Sowhat are we talking about when we discuss a transition to
artificial intelligence?We certainly do not meanthe control unit of the International SpaceStation, let
alone the many voice response systemsthat are as stupid as a thermostat. We mean technological
changethat givesmachinesaccesgo the true mechanismsof animal consciousnessilf this leap occurred,
then yes,a galacticcivilization would haveto facethe problem of how to managethese new synthetic
consciencesin the sameway as, in challenge number five, it had to face the problem of managing
artificial genetictransition.

We therefore learn that, while the genetictransition here is already taking place after the discovery of

CRISPRCas9that of SAlis still far away.But, if it happened,what would be the challengesthat a galactic
civilization would face?The sciencefiction literature is packedwith stories on the topic, which we can

summarize in a single sentence:a civilization would find itself having to managethe onset of a new

synthetic specieghat potentially would be in a position to all the leversto put it at risk. To overcome
this danger, the newly formed synthetic consciousness(SAI) should be rigidly separated from the

extraordinary technologicaltools that instead come from the automation (WAI). This is the challenge.
In the caseof failure, the galacticcivilization could be destroyed by emergingsynthetic civilization which

might then not havethe tools or motivations to survive itself (after all, what is asynthetic consciousness
driven by?).

This passagehas the same probabilistic and temporal characteristics as the previous one (it doesnd
matter that the first is already underway and the other not): a probability of overcomingthe challengeof
between0.5and 0.8on a challengetime limit of 50,000years

Challenge 6
As By ATys
0.5 0.8 50000

The seventh challenge: achievement of point y

If the sixth challengehasbeensurvived, would all the problems related to an SAlbe solved?The writer
and mathematician Vernor SteffenVingein 1993 hypothesizedthe occurrence of a phenomenoncalled
singularity of civilization or point m(Vinge, ReferenceVingel993). This term meansthe explosion of an
authentic intelligence due to the transfer of its principle of developmentfrom organic basesto synthetic
baseswith consequentacceleration of the trend to improvement; in short: a civilization designsand
builds intelligent machinesthat in turn designand build smarter machinesand soon. It is clear that, if
the problem of the realization and the control of SAlwere resolved,the point mcould be the destiny of
acivilization.

The characteristic of point myor a singularity is precisely that of going beyond our logical-scientific and
moral understanding. Aswith a black hole, all we know about point mis that intelligence at this point
expandsand the decisionsthat will be made by such a civilization are inaccessiblefor us. One of the
possible decisionscould be to definitively disappearfrom the sight of primitive not mcivilizations and
therefore to becomecompletely invisible to others.

We cannot excludethe possibility of reaching such an exotic outcome for a galacticcivilization, but, as
we havealready saidin the sixth point, we still know too little about what the mechanismsof SAlare to
be ableto saywhether apoint mis inevitable. For this reason,we attribute to the overcoming of the risk
of point ma high probability of success:probability of overcomingthe challengeof between0.5and 0.9
ona challengetime limit of 100,000years
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Challenge 7
Az B Aigz
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Plan B: escape to other planets and interstellar travel

It is reasonableto think that, in the event of failure seenin one or more of the previous challenges,
galactic civilizations would attempt to move to other suitable solar systems considered. It must be
emphasizedthat thesewould not be planned trips, but rather dictated by emergenciesitherefore, their
probability of successis low, especiallyif the galactic civilization is not mature enough (Mallove and
Matloff, ReferenceMallove and Matloff1989). To take into accountthe maturity of the civilization at the
time it could attempt interstellar travel, we have assigned a variable and gradually increasing
probability A; depending on the hypothetical technological background present at the time of
presentation of the challengein question (Zubrin, ReferenceZubrin 1999).

The minimum and maximum A and B; probabilities, previously defined, must then be corrected through
the following formula:

Ad A+ (- A) p
Bio B+ (- B) p

In this way the valuesAsand Bjeathich take into accountthe plan B of interstellar movement,are slightly
increasedcomparedto A and B;. The probabilities assigned tay; are as follows:

b Challenge T
1 Self-destruction due to evolutionary failure 1%
2 Involuntary technological error 3%
3 Technological insufficiency to face planetary changes 5%
e Spontaneous involution 10%
5 Artificial genetic transition ended up on a dead track 20%
6 Transition of artificial intelligence ended up on a dead track 20%
7 Reaching point Q 50%

The calculation of the seventh Drake parameter

At this point, we haveall the elementsnecessaryto calculatethe duration of agalacticcivilization. Tables
23725 and Fig.33(a) and (b) report the calculation carried out starting from the four input valuesfor
eachchallenge:

Min. prob. challenge j Max. prob. challenge ; Span challenge ; Plan B probability j
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Figure 33. (a) Seventh Drake: Macconelognormal for the entire process 3T o; (b)

Drake 7 (static civilization)
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