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SEARCHING FOR E.T  
a Universal Units Proposal
EUGENE TERRY TATUM, M.D.  Bowling Green, Kentucky, USA

email  ett@twc.com

Given the geocentric nature of mks units, scientific units used by an extraterrestrial civilization are likely to be very different 
from our own. The following question is posed: “Can we devise a standard set of physical units likely to be recognized 
by an extraterrestrial intelligent civilization?” A system of universal scientific units based upon the root mean square 
charge radius of the proton (Lu), rest mass of the electron (Mu) and vibration period of the super-cooled cesium atom (Tu) is 
proposed. This might improve recognition and understanding of any scientific numbers encoded in an intelligent signal. 
 
Keywords: SETI, Universal scientific units, Proton charge radius, Electron rest mass, Cesium vibration period, Mass-energy equivalence

1  INTRODUCTION AND BACKGROUND

The search for extraterrestrial intelligence has been intensified 
since the recent discovery of exoplanets associated with most 
stellar candidates examined to date. Whether Earthbound or 
alien, any civilization sufficiently advanced to send or receive 
communication signals will likely incorporate, and search for, 
certain number sequences. Even without the decimal point, 
number streams containing 3141592653… and 2718281828… 
should be universally recognizable as representative of nat-
ural numbers pi and e, respectively. The same is true for the 
dimensionless fundamental physical constants. In contrast to 
speed of light c or gravitational constant G, the dimensionless 
physical constants referred to here contain no units. However, 
they are also believed to be constant over time and universal in 
nature. The fine-structure constant a is perhaps the best known 
of these. It can either be expressed as 0.0072973525664(17) or, 
more commonly, in its reciprocal form, as 137.035999139(31). 
Mass ratios of various Standard Model particles are also with-
out units and considered to be constant and universal. Perhaps 
the most widely known of these is the proton-to-electron mass 
ratio mu, which equals 1836.15267389(17).

Scientific numbers expressed in dimensional units are another 
matter entirely. It is not particularly useful to encode outgoing 
messages from Earth containing dimensioned physical con-
stants incorporating our standard meter, kilogram and second 
(mks) unit nomenclature or any other system derived and 
only understood in geocentric terms. Alien civilizations would 
surely have very different units for measuring and comparing 
the physical world. We cannot expect that a number stream 
encoded as 299792458, which we would instantly recognize as 
correlating to speed of light c, would be meaningful for any al-
ien civilization. Rather, we must consider a unit system based 
upon the many things we would expect to have in common. 
There is considerable evidence that the laws of physics are 
the same everywhere we look in the universe. It is, therefore, 
likely that intelligent extraterrestrial life, if it does exist, would 
have discovered many of the same laws of nature that we have. 
Moreover, they may already have established a more logical 
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set of physical units than our parochial and geocentric mks 
system. 

2  A UNIVERSAL UNITS PROPOSAL

As for the problem of incorporating and searching for the nu-
merous scientific numbers requiring units, it is the purpose of 
this paper to propose a rational solution to the following ques-
tion: 

“Can we devise a standard set of physical units likely to be recog-
nized by an extraterrestrial intelligent civilization?”

If we were to start from scratch, we might choose units of 
length, inertia and time that would be easily discoverable any-
where in the universe. Since the visible universe is largely com-
posed of atomic matter, a reasonable place to start in devising 
a logic-based set of universal physical units is with subatomic 
quanta which could be easily discovered by any intelligent civ-
ilization. In particular, quanta of the most common and basic 
universal element, hydrogen, would be reasonable and likely 
candidates. If we look back at our own history of early discov-
ery, there was particular focus on this simplest of elements. It 
is not accidental that the electron, and soon after, the proton, 
were the first subatomic particles discovered and characterized. 
Given their ease of discovery and measurement and their obvi-
ous unitary nature, it is proposed that they should be the basis 
for unitary charge, mass and length standardization. Although 
one could argue, at least in the case of the proton, that quarks 
and gluons are even more basic, their precise characteristics 
have been very difficult to establish, and nature doesn’t appear 
to allow for experimentation with individual quarks. They ap-
pear to be perpetually locked within the proton and neutron.

Of the two above-mentioned subatomic quanta for considera-
tion, the electron has a rest mass Me considerably smaller than 
that of the proton. Therefore, Me is chosen as the likely candi-
date for a universal mass unit. In our own mks system, Me is 
9.10938356(11) x 10-31 kg. Thus, the kilogram can also be con-
sidered to be equal to 1.0977691227 x 1030 electron rest mass 
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units. A length unit, of course, cannot be established from the 
electron, since it behaves as a point particle with no measurable 
spatial dimension. Therefore, a logical choice for a fundamental 
universal length unit is the root mean square charge radius of 
the proton, which is 8.751(61) x 10-16 m [1]. Thus, the meter can 
also be considered to be equal to 1.14265 x 1015 proton radii.

Establishing a time interval as a likely candidate for a univer-
sal time unit is a somewhat trickier proposition. Obviously, in 
keeping with the above theme, some regular periodic atomic 
behavior should be chosen as the time standard. Subatomic 
particle spins cannot be chosen, because “spin” in this con-
text does not mean actual regular particle rotation, but rath-
er something more nebulous. Therefore, atomic energy level 
transitions of characteristic photon wavelength and frequency 
become a logical next place to look for a fundamental vibration 
period. In our Earth-based system, a great deal of time and ef-
fort has already been given to this question. The logical and 
practical choice for a number of years has been an energy tran-
sition within the super-cooled cesium atom with a frequency of 
9.19263177 x 109 Hz and a period of 1.087827757 x 10-10 s. And 
although there are a number of competing choices for regular 
atomic vibration, this cesium choice appears to be especially 
regular and reliable and, therefore, a likely candidate for a uni-
versal time unit. This proposed cesium time interval standard 
is reported to be accurate to within one second per roughly 30 
million years, or approximately 465 seconds in the 14 billion 
year life of the universe.

A secondary advantage of the above cesium time standard 
as a universal time unit candidate is the alternative universal 
length standard it implies with respect to speed of light c. Since 
length is the product of velocity and time, this cesium time 
standard implies that light in a vacuum travels 2.99792458 x 
108 m/s times 1.087827757 x 10-10 s = 3.261¬2255715 x 10-2 m 
(call it the “cesium length”) per cesium vibration period (call 
it the “cesium time”). This distance of 3.2612255715 cm (ap-
proximately 1.284 inch) could be a physically useful alternative 
length standard in the everyday world of human or like-sized 
alien. Also, such a system of cesium time and length standards 
allows for speed of light c a normalized value of unity. This 
can be useful in the many physics equations incorporating c. 
To give but one example, E = mc2 simply reduces to E = m in 
a universal system making use of such cesium time and cesium 
length standards. Changes in the potential and kinetic energies 
applied to any inertial object increase or decrease inertia m by 
an amount equal to the change in total energy. The energy-mass 
equivalence discovered by Einstein perhaps becomes a little less 
mysterious in a world defined by such cesium standards. 

Staying with the proton charge radius (Lu), electron rest mass 
(Mu) and cesium vibration period (Tu) as respective universal 

length, mass and time unit alternatives to our geocentric mks 
system, one can easily calculate speed of light c and gravita-
tional constant G in these new units. Referring to Table 1, c 
becomes 3.7264 x 1013 Lu/Tu and G becomes 1.073348 x 10-15 
Lu

3/MuTu
2. The Planck constant h becomes 1.033267758 x 

1017 MuLu
2/Tu and the reduced Planck constant hbar becomes 

1.6444967122 x 1016 MuLu
2/Tu. If one chooses to work with 

Planck length (hbar1/2G1/2c-3/2), Planck time (hbar1/2G1/2c-5/2) and 
Planck mass (hbar1/2c1/2G-1/2) in this proposed universal unit 
system, one can easily convert these universal Planck formulae 
into the appropriate universal numbers and units by making 
use of the converted values of c, G, h and hbar provided in Ta-
ble 1. These resulting converted Planck length, time and mass 
values (not shown) can also be incorporated and searched for 
as number sequences in signals communicating the presence 
of intelligent life.

The various number sequences given or alluded to in this paper 
have so far been in the decimal system format. Humans have 
presumably evolved such a system based on the total number 
of digits on the upper extremities. However, if one considers 
the number variety of upper extremity digits seen in the wide 
spectrum of terrestrial species (from the three-toed sloth to 
primates), it should be obvious that all number sequences giv-
en or alluded to in this paper should also be incorporated and 
searched for in translated form within modular numbering 
systems other than the decimal system. 

3 CONCLUSION

A system of universal scientific units based upon the root mean 
square charge radius of the proton (Lu), rest mass of the elec-
tron (Mu) and vibration period of the super-cooled cesium 
atom (Tu) is proposed. This might improve recognition and un-
derstanding of any scientific numbers encoded in an intelligent 
signal.

TABLE 1  Proposed universal units and representative  
fundamental constants 

Length (Lu) Mass (Mu) Time (Tu)

Proton Radius
8.751(61) x 10-16m

1.14265 x 1015 Lu/m

Electron Mass
9.10938356(11) x 10-31kg

1.0977691227 x 1030 Mu/kg

Cesium Period
1.087827757 x 10-10s
9.19263177 x 109 Tu/s

c = 3.7264 x 1013 Lu/Tu

G= 1.073348 x 10-15 Lu
3/MuTu

2

h = 1.033267758 x 1017 MuLu
2/Tu

hbar = 1.6444967122 x 1016 MuLu
2/Tu

1. Mohr, P.J., Newell, D.B., and Taylor, B.N. CODATA Recommended 
Values of the Fundamental Physical Constants: 2014. arXiv:1507.07956 
[physics.atom-ph] DOI: 10.1103/RevModPhys.88.035009
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COMPUTING THE MINIMAL CREW  
for a multi-generational space journey towards Proxima Centauri b
FRÉDÉRIC MARIN1 & CAMILLE BELUFFI2  1 Université de Strasbourg, CNRS, Observatoire astronomique de Strasbourg,
UMR 7550, F-67000 Strasbourg, France  2 CASC4DE, Le Lodge, 20, Avenue du Neuhof, 67100 Strasbourg, France

email  frederic.marin@astro.unistra.fr

The survival of a genetically healthy multi-generational crew is of a prime concern when dealing with space travel. It 
has been shown that determining a realistic population size is tricky, as many parameters (such as infertility, inbreeding, 
sudden deaths, accidents or random events) come into play. To evaluate the impact of those parameters, Monte Carlo 
simulations are among the best methods since they allow testing of all possible scenarios and determine, by numerous 
iterations, which are the most likely. This is why we use the Monte Carlo code HERITAGE to estimate the minimal crew 
for a multi-generational space travel towards Proxima Centauri b. By allowing the crew to evolve under a list of adaptive 
social engineering principles (namely, yearly evaluations of the vessel population, offspring restrictions and breeding 
constraints), we show in this paper that it is possible to create and maintain a healthy population virtually indefinitely. An 
initial amount of 25 breeding pairs of settlers drives the mission towards extinction in 50 ± 15% of cases if we completely 
forbid inbreeding. Under the set of parameters described in this publication, we find that a minimum crew of 98 people is 
necessary to ensure a 100% success rate for a 6300-year space travel towards the closest telluric exoplanet known so far. 
 
Keywords: Long-duration mission,  Multi-generational space voyage, Space genetics, Space colonization, Space settlement

1  INTRODUCTION

In 2016, the closest-to-Earth exoplanet was discovered [1]. This 
exoplanet, Proxima Centauri b, is believed to be rocky with 
an inferred minimum mass of 1.27 +0.19/-0.17 Earth masses, 
which makes it a good target for a future manned exploratory 
mission. Proxima Centauri b is also slightly larger than Earth 
(0.94-1.40 REarth [2]) and revolves with a period of 11.2 days 
on a stable, low-eccentricity orbit around our nearest stellar 
neighbour, Proxima Centauri. This red dwarf has a luminosity 
of about 0.15% that of the Sun but Proxima Centauri b is situat-
ed only at a semi-major axis distance of 0.05 astronomical units 
(AU) from the star. The exoplanet is thus irradiated by a stellar 
flux that is ~ 0.65 times that for Earth [3, 4], leading to an equi-
librium temperature of 234 K [1]. Considering an atmosphere 
with a surface pressure of one bar, one could expect liquid wa-
ter to be present on the surface of the planet [5, 6]. Proxima 
Centauri b is thus within the range of potential habitability and 
becomes an interesting target for an exploratory mission.

The distance towards Proxima Centauri is estimated to 
1.295 parsecs [7]. This corresponds to about 4 ×1013 km and it 
takes 4.22 years for light to reach us. The fastest human-made 
objects are far from reaching such high speeds and a manned 
mission to Proxima Centauri b would thus take much longer. 
As an example, the Apollo 11 spacecraft reached speeds near 
40,000 km.h-1, with an average velocity of about 5500 km.h-1. 
Any space travel onboard of Apollo 11 would have taken ap-
proximatively 114,080 years to reach Proxima Centauri b, dis-
regarding food, water, oxygen or power supplies. If we aim at 
exploring or colonizing the closest exoplanet from the Earth, it 
is mandatory to find a faster spacecraft. One of the pioneering 
international attempts to design and study a space vehicle able 
to reach neighbouring stars was the Orion Project [8]. Based 
on nuclear energy, the Orion Project would have achieved both 

a strong thrust and a large specific impulse, in theory enabling 
very inexpensive large-scale space travel. Instead of a combus-
tion chamber-nozzle configuration, Orion’s concept was to 
eject fission charges up to a few hundred meters behind the 
vehicle, intercepting the plasma on a thick pusher plate made 
of steel or aluminium. Huge shock absorbers transformed the 
50,000 g received by the plate into constant thrust. The theo-
retical cruising speed reached by a thermonuclear Orion vessel 
would have been 8-10% of the speed of light, but the project 
lost political support in 1963 because of concerns about propel-
lant contamination [9]. At 10% of the speed of light, the travel 
would have taken 42 years – but to get it to interstellar veloci-
ties requires a truly stupendously large vehicle [10].

While the concept of external nuclear propulsion was 
abandoned, other concepts of spacecraft emerged such as the 
Daedalus project. This can be considered as the first really de-
tailed study of an interstellar probe that gathered great minds 
between 1973 and 1978 [11]. More recently, the Breakthrough 
Starshot Initiative was started. It consists of a set of multiple, 
very light spacecraft that use lightweight sails to catch laser 
beams shot from Earth which accelerate them to one-fifth the 
speed of light [12]. Even if this project is appealing, the probes 
are not yet built and their essentially negligible mass confines 
such spacecraft to unmanned missions. 

For a safer estimation of the human capabilities to reach 
high speeds, one should consider real missions that will fly in 
the coming years. By 2018, the NASA mission “Solar Probe 
Plus”, recently renamed “Parker Solar Probe”, will be launched. 
Its goals are to come as close as 8.5 solar radii to the Sun to 
trace the flow of energy that heats and accelerates the solar 
corona and solar wind; to determine the structure and dy-
namics of the plasma and magnetic fields at the sources of 
the solar wind; and to explore the mechanisms that accelerate 
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and transport energetic particles [13]. The Parker Solar Probe 
will reach record breaking orbital velocities as high as 724,205 
km.h-1 (~ 200 km.s-1), which translates into about 0.067% the 
speed of light. At this speed, an interstellar journey would still 
take about 6300 years to reach Proxima Centauri b. While we 
can’t yet actually launch ships at this speed, it shows that our 
technology is able to remain operational at high speeds. We 
will therefore use this 200 km.s-1 velocity as a starting point 
for this paper. At 0.067% the speed of light, a futuristic inter-
stellar journey cannot take less than one generation to reach 
the closest exoplanet to Earth. Future development in space 
engineering might reduce the time needed to reach Proxima 
Centauri b, but current estimates must rely on the assumption 
that multi-generational crews are needed to achieve interstellar 
exploration (other methods for space exploration are described 
in detail in [14]).

This is the aim of this paper: to quantify the minimal ini-
tial crew necessary for a multi-generational space journey to 
reach Proxima Centauri b with genetically healthy settlers. To 
do so, we use the Monte Carlo code HERITAGE presented in 
the first paper of the series [14] and run simulations account-
ing for a 6300-year trip at 200 km.s -1. It is much longer in du-
ration than what was investigated before, since we rely on the 

technology of the Parker Solar Probe instead of non-existent 
technologies; but this will allow us to determine if population 
stability over millennia is achieveable. In Section 2.1 we show 
that fixed rules within the ship are not a reasonable option for 
sustaining genetic diversity. We advocate adaptive social en-
gineering principles and present in Section 2.2 the results of 
our computations. The impact of inbreeding restrictions on the 
population is studied in Section 2.3, and the rate of success for 
a variety of initial crew is presented in Section 2.4. We discuss 
the relevance of Proxima Centauri b as the first target to be 
explored by a multi-generational space expedition in Section 3 
and conclude our paper in Section 4.

2 SIMULATING A JOURNEY TO PROXIMA CENTAURI b

To simulate a multi-generational space journey, we use the 
Monte Carlo code HERITAGE extensively presented in [14]. 
As a brief reminder, a Monte Carlo simulation is a comput-
erized mathematical technique that takes into account chance 
events in decision making. The code accounts for a wide range 
of possible outcomes and their probabilities of occurrence de-
pending on randomized actions. It reveals the extreme possi-
bilities, as well as all the possible consequences of intermediate 
decisions. Applied to interstellar multi-generational spacecraft, 

TABLE 1  Input parameters of the simulation
Parameter Value Units

Number of space voyages to simulate 100 (integer)

Duration of the interstellar travel 6300 (years)

Colony ship capacity 500 (humans)

Number of initial women 75 (humans)

Number of initial men 75 (humans)

Age of the initial women 20/1 (years)

Age of the initial men 20/1 (years)

Women infertility 0.10 (fraction)

Men infertility 0.15 (fraction)

Number of child per woman 2/0.5 (humans)

Twinning rate 0.015 (fraction)

Life expectancy for women 85/15 (years)

Life expectancy for men 79/15 (years)

Mean age of menopause 45 (years)

Start of permitted procreation 35 (years)

End of permitted procreation 40 (years)

Chances of pregnancy after intercourse 0.75 (fraction per year)

Initial consanguinity 0 (fraction)

Allowed consanguinity 1 (fraction)

Life reduction due to consanguinity 0.5 (fraction)

Chaotic element of any human expedition 0.001 (fraction)

Possibility of a catastrophic event 1 (boolean)

Year at which the disaster will happen 2500 (year; 0 = random)

Fraction of the crew affected by the catastrophe 0.30 (fraction)

 Note The μ/σ values shown for certain parameters indicate that the code needs a mean (μ) and a standard deviation value (σ) to sample a number from of a 
normal (Gaussian) distribution.

FRÉDÉRIC MARIN & CAMILLE BELUFFI
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such a method allows for the determination of the successes 
and failures of the mission depending on a number of input pa-
rameters. The results of the simulation must be averaged over 
several iterations to have a representative (median) outcome.

For all the simulations presented in this paper (with excep-
tion of Fig. 5), the results are averaged over 100 interstellar 
journeys. We briefly remind the reader that HERITAGE takes 
the following iterative steps: first it creates the initial crew ac-
cording to the parameters that are listed in Table 1 (which, 
unless stated otherwise, are the one used in this paper). The 
code checks every year for accidental and natural deaths, then 
checks for every crew member that she/he is within the pro-
creation window. If so, HERITAGE randomly associates two 
crew members of different sexes and evaluates if they can have 
a child. Infertility, pregnancy chances, inbreeding limitations 
and other parameters (such as the fact that the female crew 
member is not already pregnant) are verified before a success-
ful mating. A new crew member is created in the vessel and 
the loop ends after surveying the whole female community that 
is within the procreation window. The code saves all the data 
onboard and starts a new year, until the completion of the in-
terstellar mission. In this paper, the code parameters are the 
same as the ones used in the first paper of the series, except 
for the duration of the travel that corresponds to the necessary 
time to reach Proxima Centauri b at a velocity of 200 km.s-1. 
We also set the date at which a plague-like catastrophic event 
happens as year 2500 after launch in order to check whether a 
catastrophe can lead the population to extinction. HERITAGE 
is entirely described in [14] and we advise the reader to refer to 
it for more details.

2.1 Using fixed social engineering principles

The anthropologist John Moore fixed a number of social engi-
neering principles for the perpetuation of a multi-generational 
crew in a closed habitat. Namely, the starting crew should be 
young, childless married couples, allowing the crew to better 
adapt to their new environment before starting the reproduc-
tion. The second social engineering principle is to postpone 
parenthood until late in the female reproductive periods so that 
genetic variation is better maintained. The spacecraft would be 
then populated with smaller sibships and the age-sex distribu-
tion would be echeloned, reducing the number of non-repro-
ductive young and old people, therefore stabilizing the social 
network. In the first paper of the series [14], we used different 
population estimations to model a 200-year journey. Namely, 
we considered a Moore population of 150 space settlers [15] 
and a Smith population of 14 000 humans [16]. In both cases 
the crew members were equally partitioned between women 
and men and all hand-picked to avoid initial consanguinity.

Running HERITAGE for such crews leads to a catastroph-
ic outcome where all the crew disappears along the journey 
towards Proxima Centauri b, see Fig. 1. A very small popu-
lation of 150 people dies after a tenth of the journey has been 
accomplished while a larger (14,000 humans) crew dies around 
the 1300th year (data averaged over 100 interstellar trips). The 
x-axis has been cut when the last human onboard disappeared. 
In this case1, the decrease of population is due to the fixed 

Fig. 1 Crew population for a 6300-year trip where a fixed birth 
control is applied: an average number of 2 children is authorized, 
accounting for a standard deviation of 0.5. Top: a Moore-like 
population; bottom: a Smith-like population.

number of children authorized by the social engineering prin-
ciples (see Sect. 2.2). The main problem, identified in the first 
paper of this series, is that a too larger number of permitted 
children would lead to overpopulation. The complication aris-
es from the severity of the rules that do not account for the ac-
tual conditions within the spacecraft at a given time. As it was 
concluded in [14], the fixed social engineering principles rec-
ommended by Moore are not adapted for long interstellar trips.

2.2 Using adaptive social engineering principles
 
We have shown in the previous section that the social rules must 
be adaptive, i.e., they must evolve with time and take into ac-
count the real situation onboard the vessel. To do so, the HER-
ITAGE code was modified to account for adaptive social engi-
neering principles: the average number of children per woman 
N (and the related standard deviation σ) is no longer constant 
but in evolution. Every year the code calculates the number of 
living people in the vessel and compares this number to a secu-
rity threshold. This security threshold is set at the discretion of 
the user and represents the amount of people the vessel can sup-
port without suffering from overpopulation or scarcity of food/
supplies. In this paper we will use a value of 90% of the colony 
ship capacity in order to have a security margin in the case of an 
accident such as the destruction of a given vessel sector, hence 
reducing the habitable space or supplies onboard. 

If the amount of people inside the vessel is lower than the 
threshold, the code allows for a smooth increase of the pop-
ulation by allowing each woman to have an average of 3 chil-
dren (with a standard deviation of 1). When the threshold is 
reached, HERITAGE impedes the couples' ability to procreate 
but allows women that were already pregnant to give birth 
even if the total number of crew members becomes marginally 
higher than the threshold. This is a moral procedure to pre-
vent social tensions in the vessel due to imposed abortion. The 
impossibility to produce offspring is maintained until natural 
deaths happen, which cause the crew population number to be 
lower than the security threshold. Procreation can start again 
from this point.

In the orange curve of Fig.2 we see that the space crew does 
not survive much longer than a Smith-like population, despite 
the adaptive social engineering principles. Even if the initial 
crew is comprised of only of 150 citizens, the narrow period 
allowed for procreation (between 35 and 40 years old) estab-
lished by Moore is too restrictive. The age-sex distribution is 

1 Since the possible parameter space to explore for all possible fixed 
social principles is huge, we restrict ourselves to criteria based on the 
rules suggested by Moore.
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echeloned during the first centuries and it is easy to find breed-
ing partners within a diverse pool of crew members, but the 
dispersion allowed by the Gaussian distribution of children 
per woman ultimately averages the age-sex dispersion after 
several centuries. The amount of adults that are within the al-
lowed procreation window becomes smaller and the pool for 
permitted reproduction decreases, leading the vessel towards 
slow extinction. This is the reason why the orange curve in Fig. 
2 shows a spike followed by a collapse. It is thus mandatory 
to increase the allowed procreation window. The impact of the 
parameter phase space is shown in the same figure: in orange 
is a simulation with procreation permitted between 35 and 40 
years, in red the period is 34-40, in violet 33-40, and in black 
32-40. As shown in Fig. 2, a ship can have a stable population 
at the level of the security threshold if the period for procrea-
tion is equal to or larger than 33-40 years old. One can also see 
the impact of this parameter on the crew recovery after a cata-

Fig. 2 Crew population for a 6300-year trip where adaptive social 
social engineering principles are accounted for. Different results, 
based on the period allowed for procreation, are shown. In orange 
is a simulation with procreation permitted between 35 and 40 
years; in red the period is 34-40, in violet 33-40, and in black 32-
40. The initial crew is composed of 75 women and 75 men.

strophic event happening at year 2500. For larger procreation 
windows, the recovery time is shorter.

We thus saw that using adaptive social engineering princi-
ples, it is feasible to have a successful manned mission travel-
ling for 6300 years towards Proxima Centauri b. However, the 
question of inbreeding was not yet discussed. In Fig. 3 below we 
show the inbreeding coefficient aboard the vessel as a function 
of time. The range of consanguinity (maximum-minimum) is 
shown in red and the average consanguinity factor F per crew 
member is shown using the solid black line. The mean is meas-
ured from only those who show a non-zero coefficient and it 
should be compared to the inbreeding coefficients presented 
in Tab. 2. We find that, for an uncontrolled population, the av-
erage consanguinity factor per crew member lies between 6% 
and 6.5%, which corresponds to breeding between first cous-
ins, half-uncle/niece or half-aunt/nephew (the procreation 
window preventing great-grandfather/great-granddaughter or 
great- grandmother/great-grandson mating). It is slightly larg-
er than 5% – the limit where deleterious effects onset [17]. 

We observe an initial peak of high consanguinity (~ 18% 
on average) that happens during the first centuries. This cor-
responds to the first generations of space settlers, whose pop-
ulation number is relatively small and where random brother/
sister mating can occur more often than when the onboard 
population reaches several hundreds of people. The high 18% 
averaged consanguinity factor quickly decreases when the pop-
ulation is big enough so that there are more chances to ran-
domly mate between unrelated or distant-related pairs rather 
than brothers and sisters, leading to a stable population level.

The lower graph in Fig. 3 shows the fraction of crew mem-
bers showing a non-zero consanguinity and we find that about 
10% of the crew has signs of inbreeding. A 13% peak of in-
breeding follows the restoration period consecutive to the cat-
astrophic event but the remaining curve is plateauing at ~ 10%. 
While this is already a great success to have a 90% final crew 
still perfectly healthy after a 6300-year multi-generational jour-
ney, one may want to design a mission where the human genet-
ic heritage is perfectly safe to ensure humankinds' survival. In 
conclusion, if the inbreeding coefficient does not reach highly 
dangerous levels, it remains questionable to have a genetically 
unhealthy crew landing on an extra-solar planet. For a purely 
genetic safety purpose, we will then restrict inbreeding within 
crew members in the following section.

2.3  Effects of inbreeding restrictions on the population
 
The necessity to restrict inbreeding is a conservative security 
condition to ensure a genetically healthy crew. Using HER-
ITAGE, we explored the impact of controlled consanguinity 
within the crew and present the results in Fig. 4. Results are 
averaged over 100 space travel for each set of parameters. It 
appears that a spaceship where inbreeding is tolerated up to 
10% is able to reach destination without any trouble. The aver-
aged population is almost at the security threshold. However, 
when inbreeding is restricted to a value of 5% at maximum, the 
averaged population is lower (slightly larger than 400 space set-
tlers). This effect is even more visible when inbreeding is strict-
ly prohibited: the average population within the ship is about 
320 people at the end of the journey. This is due to the fact that 
not all realizations of the journey are successful. A fraction of 
the simulations ended due to the inability of the crew to repro-
duce when following the inbreeding restrictions.

We illustrate the fact that not all interstellar travel reach 
destination in Fig. 5. We present 10 single-journey simulations 

Fig. 3 Inbreeding within the crew for a 6300-years trip toward 
Proxima Centauri b when adaptive social engineering principles 
are accounted for but without a control on authorized levels of 
consanguinity (see Fig. 2). Procreation is permitted between 32 
and 40 years. Top: inbreeding coefficient as a function of time. The 
range of consanguinity (maximum- minimum) is shown in red 
and the average consanguinity factor F per crew member is shown 
using the solid black line. The mean is measured from only those 
who show a non-zero coefficient. The dotted line at 0.05 represents 
the limit where deleterious effects onset. Bottom: fraction of crew 
members showing a non-zero consanguinity.
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TABLE 2  Inbreeding coefficients F
Relationship F

Identical twins 100%

Self fertilization 50%

Brother/sister 25%

Father/daughter or mother/son 25%

Grandfather/granddaughter or grandmother/grandson 12.5%

Half-brother/half-sister 12.5%

Uncle/niece or aunt/nephew 12.5%

Great-grandfather/great-granddaughter or great-grandmother/great-grandson 6.25%

Half-uncle/niece or half-aunt/nephew 6.25%
First cousins 6.25%
First cousins once removed or half-first cousins 3.125%

Second cousins or first cousins twice removed 1.5625%

Second cousins once removed or half-second cousins 0.78125%
Third cousins or second cousins twice removed 0.390625%

Third cousins once removed or half-third cousins 0.195%

Note Values of the inbreeding coefficients F  for consanguineous matings (one generation, no previous in-breeding).

randomly extracted from Fig. 4 (but the median of them being 
representative of the larger sample of 100). We see that there are 
two modes: low or negative early growth leading to complete 
failure after ~ 500 years, or steady initial growth leading to suc-
cess. The random nature of births, deaths and mating, coupled 
to a strict rule of zero consanguinity allowed within the ship 
potentially drives the vessel to a doomed fate since, in several 
cases the pool for mating is not diverse enough. Three out of 
ten simulations failed before the first millennium of space mis-
sion. After 1000 years of interstellar travel, we observe no fail-
ures at all. Since we chose the disaster to occur relatively late in 
the mission, it has little effect on the total population and never 
leads to a mission failure. By 2500 years, if any of the crew have 

Fig. 4 Crew population for a 6300-year trip. Adaptive social 
engineering principles are accounted for and the different curves 
show the impact of inbreeding restrictions onto the population. 
The initial crew population is 60 members and procreation is 
permitted between 32 and 40 years. In orange is a simulation 
with no inbreeding restriction; in red the maximum inbreeding 
coefficient is set at 10%, in violet at 5%, and in black at 0%.

Fig. 5 Ten single-journey realizations extracted from Fig. 4. The 
allowed consanguinity was set to 0%, the initial crew population is 
60 and procreation was permitted between 32 and 40 years.
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survived then their population has invariably reached a level 
so high that reducing them by one-third still leaves more than 
sufficient breeding pairs for a complete recovery (see Sect. 2.4). 
This suggests that the crew could potentially survive multiple 
such disasters, provided their frequency was sufficiently low. 
Of course, if they occurred too frequently or too early in the 
mission (when the population was still low), or caused more 
fatalities than we have stipulated, then they could potentially 
indeed prove fatal, but we do not explore this in detail here. All 
successful missions actually have a population level very close 
to the security threshold but the average of the ten expeditions 
results in an crew population lower than the security threshold 
such as seen in Fig. 4 (30% of failure leads to 0.3 × Security 
Threshold ≈ 300). The reader must keep in mind that the sim-
ulation can only have two outcomes: success or failure. Such 
interstellar mission should be launched with a 100% success 
rate and the Monte Carlo method allows us to determine which 
initial conditions are needed to achieve this goal.

2.4  Estimating the success/failure rate 

Due to the randomization of events within its Monte Car-
lo architecture, HERITAGE is able to estimate if a mission is 
destined to succeed or fail if the simulations are looped over 
several dozen attempts. In the following, we will estimate the 
success rate of a multi-generational space ship with different 
initial crew populations. We fix the ratio of women and men 
to parity and we allow procreation to happen between 32 and 
40 years. While it is debatable whether a crew with zero con-
sanguinity is mandatory or if a few crew members can show 
small (i.e. < 5%) inbreeding coefficient, we restrict inbreeding 
to a null quantity for conservative reasons. By doing so we can 
focus on the most constrained simulations. We looped HERIT-
AGE one hundred times for each simulation in order to have 
statistically significant error bars.

The results of our investigation are presented in Fig. 6. The 
standard deviation to the mean of the success rate is present-
ed at 3-σ (i.e., there is a 99.7% probability that the estimated 
success rate is certain). We can see that, for less than 32 initial 
crew members in the vessel, the simulation gives a chance of 
success that can reach 0% as inbreeding cannot be prevented in 
such small communities. With larger initial crews, the chances 
of reaching the ship destination with a healthy crew increases. 
The slope appears to be linear, with small variations due to the 
statistical approach. 

A mission has about a 50 ± 15% chance of being successful 
if the initial crew is composed of 25 women and 25 men (25 
breeding pairs). It has been observed in laboratories that the 
genetic diversity a colony of animals (but this could be applied 
to humans as well) composed of 25 pairs can be sustained 
practically infinitely by careful pairing, especially if spontane-
ous mutations are taken into account [18]. In comparison to 
random mating using at least 25 breeding pairs per genera-
tion, a consistent order rotational breeding scheme allows the 
creation of an outbred stock (a colony within which there is 
some genetic variation and which has been closed for at least 
four generations) with half these numbers [19]. 

This is the reason why HERITAGE, based on random pair-
ing, predicts that 0% of the missions carrying less than 14 ini-
tial breeding pairs can reach Proxima Centauri b. A rotational 
breeding scheme control would be questionable morally, so in 
case of populating a distant planet, a larger group is needed 
to provide for sexual preferences, fertility problems, sudden 

Fig. 6 Success rate of a 6300-year mission towards Proxima 
Centauri b as a function of the initial crew population. The results 
and the standard 3-σ significance of the reported proportions 
are estimated by averaging 100 simulations for each population 
number. The allowed consanguinity was set to 0% and procreation 
was permitted between 32 and 40 years.

deaths, etc. Finally, we see from Fig. 6 that the success rate 
reaches a plateau of 94-98% chance of success when the ini-
tial crew population is equal to or exceeds 68 members. The 
code clearly indicates that unpredictable accidents may hap-
pen during the flight time that would ultimately wipe out a 
population even if the initial crew population is moderately 
large. In order to ensure a safe multi-generational space travel 
towards Proxima Centauri b, a minimum initial crew of 98 set-
tlers is necessary (under the input parametrization presented 
in this paper).

3 DISCUSSIONS

We have seen throughout this paper that space travel to Proxima 
Centauri b is feasible under a number of given conditions. First, 
any multi-generational crew must follow social engineering 
principles in order to be able to survive centuries-long journeys. 
However, those rules must be adaptive, otherwise the popula-
tion is slowly doomed to a fatal end as inbreeding or overcrowd-
ing occur. By means of adaptive social engineering principles, 
where the number of offspring is controlled yearly within the 
ship, it is possible to regulate the population level. A security 
threshold must be defined so that the population always stays 
under the maximal limit imposed by the size of the vessel itself. 
As expected, we found that restrictions on the consanguinity 
levels have a profound impact on the chances of success of the 
mission. It is important to maintain a genetically healthy crew, 
but this may drive the breeding scheme to ultra-conservative 
constraints. By restricting the offspring to being genetically 
pure, we found that 50±15% missions successfully reach their 
destination for restricted mating between 25 initial breeding 
pairs. If the initial crew is comprised of 34 initial breeding pairs, 
the chances to reach their destination with a completely genet-
ically healthy crew rise up to 94-98%. An initial ship with 98 
settlers (49 initial breeding pairs) ensures a mission with a 100% 
success rate at 3-σ significance. We can then conclude that, un-
der the parameters used for those simulations, a minimum crew 
of 98 settlers is needed for a 6300-year multi-generational space 
journey towards Proxima Centauri b.

3.1  Comparisons with previously published results

In this paper, we found a minimum crew that is less than what 
was advocated by Moore [15] and Smith [16]. In the former 
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case the minimal initial crew population was estimated at 
about 150 - 180 people, and in the second case the numbers are 
larger, between 14000 and 44000 people. If the simulation by 
Moore relies on numerical methods, the mating scheme we use 
here is much more efficient since we try to minimize the effects 
of inbreeding by not assigning each female member to a unique 
male partner. The very narrow procreation window used by 
Moore naturally drove the initial population to larger numbers 
since the necessity for gene diversity was higher. By relaxing 
the procreation window and perfecting the mating scheme, the 
final population of initial crew member logically decreases. The 
case of Smith is quite different. First the 14000 - 44000 people 
estimation do not rely on Monte Carlo computations; they are 
found by multiplying statistics. The absence of repeated and av-
eraged Monte Carlo simulations prevent a real determination 
of the initial crew needed for a multi-generational interstellar 
mission. On the other hand the great achievement of Smith is 
to maximize genetic diversity. The impact of mutation, migra-
tion, selection and drift is not included in HERITAGE. For this 
reason we emphasize that the minimum crew of 98 settlers we 
found is a lower limit under the conservative conditions spec-
ified in this paper. The initial crew will be smaller if we allow 
a small consanguinity within the crew members but it might 
get larger once the central issues of population genetics will be 
accounted for.

3.2 On the habitability of Proxima Centauri b

The question of the real potential habitability of Proxima Cen-
tauri b is to be investigated before any interstellar expedition. 
The fact that Proxima Centauri b closely orbits a red dwarf star 
might be problematic. During the pre-main sequence phase, 
the change of irradiation due to the star evolution may have 
had a strong impact on the exoplanet. The greenhouse gases 
(if any) could have been wiped out, leading to a planet subject 
to X-ray and extreme ultraviolet irradiation (and strong stellar 
winds). Any water molecules in the atmosphere or surface of 
Proxima Centauri b could have evaporated, resulting in a bar-
ren, Venus-like exoplanet [20, 21]. This scenario is balanced 
by the unknown true complex evolutionary history of Prox-
ima Centauri b that cannot be probed yet. The fate of Proxi-

ma Centauri b strongly depends upon its initial water content 
(which is not constrained by planet formation models), the 
amount and composition of its initial gaseous envelope and 
its possible migration with respect to its host star. Varying one 
or several of those aspects can lead the planet to be safely hab-
itable [20, 22, 23]. The presence of one or multiple exomoons 
in stable circular orbits around the exoplanet may affect the 
habitability of the target [24, 25] and remains to be charac-
terized and observed for extra-solar systems. Atmospheric 
characterization will be possible in the future thanks to the 
European Extremely Large Telescope (E-ELT) that will ena-
ble high-resolution spectroscopy of the exoplanet atmosphere. 
Infrared interferometers and spatial missions with high reso-
lution detectors will look for tracers and molecular signatures 
such as H2O, O2, and CO2 to determine whether the surface of 
this exoplanet is habitable.

4 CONCLUSIONS AND FURTHER DEVELOPMENT

Hence, if Proxima Centauri b is really habitable and if future 
multi-generational spacecraft are travelling at a human-feasible 
speed of 0.067% of the speed of light, any vessel should embark 
at least 98 initial crew members (under the conservative con-
ditions specified in this paper). To pursue those investigations, 
it is necessary to look at other fine details. In particular, the 
central issues of population genetics (effects of mutation, mi-
gration, selection and drift) have to be included in HERITAGE 
[16], together with better estimates of the process of repro-
ductions based on clinical experimental results. Finally, linked 
with gene deterioration and health issues, the impact of cosmic 
rays has to be taken into account. While a frontal shield will 
be surely included in all vessel designs to prevent irradiation 
by high energy cosmic particles, the deterioration and natu-
ral wear of the shield may impact the population onboard. All 
those subjects will be investigated in forthcoming publications 
based on HERITAGE.
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This paper discusses a variety of ethical concerns raised by worldship travel. It is argued that there are many ways in which 
worldship travel risks wrongfully exploiting the shipborn, i.e., the generations of persons who are born and must live their 
entire lives aboard ship. Avoiding this exploitation requires refraining from instigating worldship missions whenever they 
would fail to grant to the shipborn a range of personal freedoms, including educational freedom, vocational freedom, and 
reproductive autonomy. 
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1  INTRODUCTION

Given the enormous distances from Sol to any other star, 
the prospect of crewed interstellar travel is daunting indeed. 
The closest potentially habitable world, Proxima Centauri 
B, is some 420 years away at 0.01c, assuming instantaneous 
acceleration and deceleration. Other worlds are more distant 
yet. One much explored idea is the use of multi-generation 
ships, or “worldships,” in which anywhere from a handful to 
several thousands of humans live, work, procreate and pass on 
the voyage to subsequent generations aboard ship. Depend-
ing on the length of the trip, anywhere from one, to several, 
to several hundred generations might live and die aboard 
before the worldship reaches its destination. The engineering 
requirements for such a vessel are formidable but not perhaps 
as perplexing as the requirements for maintaining a viable 
human population on board for such long periods. Whether, 
e.g., forms of social organization exist which are capable of 
ensuring the survival of the crew for the entire voyage remains 
open. For a discussion of these more technical aspects of 
worldship travel, see [1]-[7].

But issues of possibility or feasibility aside – whether techni-
cal or social – two important questions remain:
 
 •  What counts as voluntary, informed consequent to set 

out on such a voyage?
 •  Is it permissible to subject future generations – the 

shipborn – to the conditions of life aboard a world-
ship?

It must be admitted that the answers to these questions are not 
already known and that it is uncertain whether at present they 
even can be answered in a decisive, satisfying and general way. 
This is because the answers to these questions are highly con-
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tingent on the context and details of the envisioned interstellar 
voyage. At the time of departure:
 
 • What technologies will be available?
 • How long will the voyage take?
 • How urgent is its planning and implementation?
 • What will life be like en route?
 •  How certain is it that the target system contains habit-

able worlds?

It is hoped the reader agrees on two points: First, that there are 
contexts in which the answers to these questions unveil world-
ship travel as unproblematic. And second, that there are con-
texts in which the answers to these questions imply that world-
ship travel is morally impermissible. However, in between 
those extremes are the hard cases where serious deliberation is 
required concerning whether it is wise to initiate a worldship 
voyage. And, unfortunately, these are the contexts humanity is 
most likely to confront, at least given conservative assumptions 
about technological advancement.

This paper does not aim to answer the question of whether 
it is permissible to initiate worldship travel but rather to lay out 
a number of ethical issues that, ideally, ought to be resolved 
definitively before an answer can be given. Though relevant ex-
isting work is addressed below (e.g., [1], [2], [8], [9]), there re-
mains a dearth of rigorous, theoretically-informed philosoph-
ical and ethical literature on worldship travel – a lacuna this 
paper is intended to fill. As argued below, the likely context of 
worldship travel is one where such travel is optional rather than 
necessary. Worldship technology will not be available soon 
enough to avert short-term threats to life in the Solar System, 
meanwhile, it will become available long before it is necessary 
for averting geological-scale threats to humanity. This means 
that, when it first becomes available, any harms or disadvantag-
es associated with life aboard ship will not be counterbalanced 
by an overriding obligation to ensure the survival of the human 
species. It is argued that worldship travel risks exploiting the 
shipborn in unacceptable ways – an issue not recognized in an 
earlier discussion of the rights of the shipborn [8]. This paper 
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also discusses how to minimize the risk of such exploitation 
and how to avoid several already-anticipated problems related 
to living aboard a worldship (as well as to living in space settle-
ments more generally), such as restrictions on freedom of as-
sociation, education, vocation and reproductive autonomy. Fi-
nally, this paper discusses the limits of historical analogies and 
analogies with science fiction, and provides a brief outline of 
proximate recommendations for realizing ethically defensible 
worldship travel. A theme throughout is that emphasis should 
not be placed on meeting some minimum consideration for the 
shipborn but rather on working towards a future that provides 
the best possible life for persons living on worldships.

2 THE CONTEXT OF WORLDSHIP TRAVEL

A ‘context for worldship travel’ is here defined as a synthesis 
of information about human society (e.g., its size, physical 
breadth, technological development, details about its physical 
environment) as well as its rationale for engaging in interstel-
lar travel (e.g., for species preservation, scientific investigation, 
etc.). With that in mind, it is important to dispense with two 
types of contexts – often discussed by advocates and in science 
fiction – that do not offer much guidance on the kind of hard 
cases that will be the focus of this paper.

The first context to sidestep is one in which the use of gen-
eration ships is unnecessary because of technological advance-
ments that allow for sub-generational interstellar transit times 
– in which case the issue of obligations to shipborn is largely 
moot. The second context to sidestep is one where human life 
on Earth (and elsewhere in the solar system) is under more or 
less immediate threat of extinction and where species survival 
requires a last-ditch effort to send out an interstellar settlement 
mission. This would be a kind of scenario often envisioned in 
science fiction, for instance in Stephen Baxter’s Ark [10] and 
in Edmund Cooper’s Seed of Light [11]. However, this latter 
context broaches a rationale for interstellar travel – species 
survival – that is widely promulgated by interstellar advocates. 
It is therefore worth detailing why, in most contexts, species 
survival does not provide a compelling basis for instigating in-
terstellar travel.

One reason for discounting the species survival rationale is 
that, if it is indeed within humanity’s power to mount a last-
ditch effort to colonize another star system, and if this is also 
the only feasible means for ensuring our survival, then it is rela-
tively uncontroversial that humans would be morally obligated 
to engage in such a mission, even if it leads to deplorable living 
conditions for those who must endure the voyage. Nevertheless 
one should stop short of saying that there is no upper bound on 
the amount of suffering that voyagers and the shipborn should 
be made to endure. Moreover, there are surely examples of cul-
tures so nefarious, e.g., Nazi Germany, that it is probably better 
that humanity should expire than that such a culture continues 
as the sole remaining example of homo sapiens sapiens. Iron Sky 
[12] is no model of acceptable space settlement!

Nevertheless, that a duty to ensure species survival becomes 
urgent and overriding in extreme contexts does not mean it has 
this status in less extreme contexts. If, for instance, humanity 
is not under imminent threat of extinction, or if such a threat 
could be mitigated more effectively by means other than inter-
stellar migration – where humanity could continue to exist for 
some time while still retaining the interstellar option should 
it later on prove singly necessary – then there would not be 
any urgent ethical duty to support interstellar migration. In any 

case, such a context is quite unlikely. Mitigating well-known 
existential threats, such as asteroid collisions, solar flares, etc., 
may well require engagement with solar system exploration (to 
avert collisions, establish settlements elsewhere in the Solar 
System, etc.). But these tasks can be accomplished by exclusive-
ly interplanetary means. Which is all to say that the most like-
ly contexts for worldship travel are not ones in which species 
survival provides a strong and urgent rationale for initiating 
interstellar settlement.

An obvious rejoinder here is that, given that the future is 
always uncertain, a context might arise which requires (a) in-
terstellar migration for survival on urgent terms and (b) de-
stroys humanity's capability of pursuing such migration. Such 
a worry is most likely to be felt by those who are skeptical about 
humanity’s ability to solve its more local problems quickly 
enough to avert disaster, and who believe humanity could re-
alize interstellar travel quickly enough, if only it could muster 
the resources. Skepticism is warranted here; local problems are 
very likely more easily solved locally; meanwhile, the drain on 
materials and energy caused by a crash program for interstel-
lar travel at present would almost certainly exacerbate these 
problems. The mere chance of this unfortunate context arising 
is insufficient for committing the large amounts of resources 
that would be needed, unless there are persuasive grounds for 
thinking that the probability of solving local problems is so low, 
and that the probability of an interstellar mission succeeding is 
so high, that the expenditures on an interstellar project could 
be defended on decision-theoretic grounds. If, as seems more 
likely, the probability of mission success is low, and the condi-
tions needed to justify it are unlikely to be realized, then there 
is no compelling justification for the expense. Of course, as this 
expense decreases, so too does the strength of the justification 
needed for meeting it.

What, then, is a more likely context for worldship travel? 
Purely in consideration of technological and industrial capa-
bilities, it seems unlikely that crewed interstellar travel will 
be realized before there is a significant extraterrestrial human 
presence ([13]-[15]). Presumably, this vastly expanded human 
society will have vastly expanded economic capacity and in-
dustrial capabilities. In such a scenario, a worldship project 
would be a significantly smaller per-capita economic and ma-
terial expenditure, and thus, comparatively easier to justify to 
the public at-large. What reasons might motivate members of a 
system-wide society to initiate interstellar migration?

It has already been explained why the species-survival ra-
tionale is unpersuasive. Another common rationale is escap-
ism – migrating to another solar system in order to escape 
perceived or real hostility or confinement to a place of relative 
freedom. Here again there is no urgency in the need to escape 
our solar system. For instance, John Lewis [16] has estimated 
the carrying capacity of the Solar System to be in the quad-
rillions. Even if he is off by one or two orders of magnitude, 
there is still the prospect for a total human population in the 
trillions. For centuries, if not millennia, the solar system will be 
able to provide locations to which one can ‘escape' if one feels 
the need.

Thus, securing species survival and opportunities for “es-
cape” are compatible with forestalling worldship missions un-
til humanity realizes the relevant technical and social wisdom 
to provide the shipborn with a meaningful and dignified life. 
Artificial demand might be induced prematurely by a corpo-
ration hoping to profit from the sale of worldship berths – im-
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agine Mars One, but on a much larger scale. It is this overhasty 
worldship travel that is the most ethically troubling. What con-
cerns regarding it might there be?

3 WORLDSHIPS AND EXPLOITATION

In order to avoid charges of arbitrariness or subjectivism it is 
necessary to identify a philosophically and ethically perspicu-
ous grounding for the later sections of this paper. An appro-
priate concept here is that of exploitation as described in [17] 
and [18]. The case of duties or obligations to the shipborn is a 
special case of a moral general discussion about duties or ob-
ligations to future generations. There are well-recognized dif-
ficulties with the assignment of rights to future persons (see, 
e.g., [19] and [20]), and therefore in order to provide a moral 
evaluation of actions affecting future persons it has been pro-
posed that future persons can be wrongfully exploited by the 
actions taken by the present generation. What will be argued 
here is that worldship travel risks the wrongful exploitation of 
the shipborn.

Traditionally, the essence of exploitation is the taking of un-
fair advantage. Typical examples include: severely underpaying 
employees whose only alternative is unemployment, charging 
an exorbitant fee for immediately necessary resources or assis-
tance, and so forth. Two common features of these kinds of 
examples is that the exploiters unfairly benefit from the exploit-
ing transaction, meanwhile the exploited are unfairly harmed 
or disadvantaged, either because they must act out of urgency 
or with severely restricted options. 

This provisional gloss on exploitation may appear only par-
tially relevant to the case of worldship travel. While the ship-
born might be described as living unfairly disadvantaged or 
harmful lives (as compared to those born in the Solar System), 
it is not clear in what way the initial voyagers unfairly benefit. 
They too are consigned to a life aboard ship. One might even 
argue that their lot is worse, since subjectively the initial voy-
agers will live the rest of their lives comparing their existence 
aboard the ship to their presumably more free existence back 
in the Solar System. It would seem the only unfair benefits the 
initial voyagers might be accused of deriving from the mission 
would be, e.g., satisfying a desire to initiate interstellar migra-
tion, or satisfying a desire to assist in ensuring the long-term 
survival of the human species. However, it is a red herring 
whether this kind of desire-satisfaction is regarded as a bene-
fit in the relevant sense. This is because exploitation can occur 
even if it does not make the exploiters better off, and even if it 
leaves the exploited better off.

Consider an example inspired by [17] and [18], in which a 
patient in need of life-saving surgery agrees to a surgeon’s de-
mand of a prized heirloom as payment for the procedure, but 
where this doctor has mistakenly assumed that the heirloom is 
of great monetary value when it is in fact of only purely senti-
mental value to the patient. In this case not only is the doctor 
not better off (monetarily speaking), the patient is also better 
off since she is alive rather than dead. Still, the patient has been 
exploited because, as Matthew Rendall argues, she “receives 
less than she deserves according to the relevant ‘fairness base-
line’” [18, p. 237]. In order to avoid wrongful exploitation, it 
is not enough to merely ensure that transactions do not result 
in individuals with lives that are not worth living. What can 
and should be objected to in certain cases is that the outcome 
for exploited individuals “should have been better, not that it is 
absolutely bad” [18, p. 236].

That something like this kind of exploitation might arise 
aboard a worldship can be motivated by a case discussed by 
Hallie Liberto [17], due originally to Derek Parfit [20]:

  The 14-Year-Old Girl: This girl chooses to have a child. 
Because she is so young, she gives her child a bad start 
in life. Though this will have bad effects throughout this 
child's life, his life will, predictably, be worth living. If this 
girl had waited for several years, she would have had a 
different child, to whom she would have given a better 
start in life. [17, p. 81]

The intuition here that the girl ought to wait to conceive sug-
gests that moral blame should be assigned to those who create 
situations in which avoidable harms or disadvantages occur. 
The wrongness in these cases of exploitation is exacerbated 
when the avoidable harms and disadvantages are not com-
pensated for in a reasonable way. In this case, the satisfaction 
the girl feels in heaving a child does not make up for the dis-
advantages her child must endure. Just as the girl ought to be 
censured for conceiving at an age where she will be forced to 
raise her child in avoidably disadvantageous circumstances, so 
too should mission planners be censured who attempt to in-
itiate worldship travel that will subject shipborn to avoidably 
harmful or disadvantaged lives. This comes with an important 
proviso – that when judging whether the shipborn are avoida-
bly harmed or disadvantaged, their lives should be compared 
not only to the lives of other shipborn but also to the lives of 
people that remain in the Solar System. Otherwise there is a 
risk judging as acceptable a situation in which no shipborn is 
disadvantaged with respect to other shipborn, even though all 
shipborn live in deplorable conditions.

At this point it might be argued that focusing on exploita-
tion misses the point, because there is clear historical precedent 
indicating that it is permissible to subject future generations 
to less-than-ideal conditions. For, were it to be judged that 
reproduction aboard a worldship was wrongfully exploitative 
because of the disadvantages it brings to the shipborn, then, 
according to Ed Regis,

  This would make the preponderance of historical and per-
haps even contemporary procreation immoral, a conclu-
sion probably not acceptable to many of those who pro-
created in those conditions, nor to their offspring... How 
can anyone know, in advance of its even being conceived, 
what life prospects might or might not be acceptable to an 
unborn child? [8, p. 255]

Cameron Smith and Evan Davies lodge what is essentially the 
same objection:

  ...the argument that it would be immoral to bring chil-
dren into a world involving risk is unrealistic; risk attends 
any life. Regarding the material conditions into which 
children are born, it is immediately evident that the entire 
set of material conditions of modern, Western civilization 
are not necessary for a happy existence; many human cul-
tures over thousands of years and across the globe have 
had rich and fulfilling lives without, for example, three 
cars per family. So, exactly what constitutes ‘deprivation' 
in such an argument must be clearly defined.... moral 
parents will always want to provide a healthy and rela-
tively safe environment for their offspring, but we should 
consider that in the developed world today we might be 
laboring under the illusion that if conditions for life in 
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a given space colony are not identical to our own, they 
would be ‘bad'. It could also be argued that, given the op-
portunities of life off of Earth, humanity would be acting 
immorally if it did not undertake space colonization as an 
insurance policy for future generations. [9, p. 176]

This analogy with historical precedent is far less compelling 
than it might appear initially. Regarding procreation under 
less-than-ideal situations, it is important to distinguish be-
tween two questions. One question is whether reproduction 
is permissible under already established situations involving 
relative harm or disadvantage. Without assuming that repro-
duction must be always permissible for hopeful parents (e.g., 
accepting the impermissibility of reproducing in a Nazi labor 
camp), it can still be granted that reproduction is permissible 
in, e.g., North Korea, or in Cold War era East Berlin. It is on the 
strength of such examples being cases of permissible reproduc-
tion that motivate Regis, Cameron, and Davies to suggest that 
reproduction on a worldship would also be a case of permis-
sible reproduction. This much seems true as far as it goes – at 
least, these parents are not morally blameworthy for the harms 
or disadvantages their children face. But the blameworthiness 
(or not) of prospective parents is beside the point.

When contemplating possible designs, timelines, and sce-
narios which might bring about interstellar travel, the impor-
tant question is not about whether, as parents aboard a world-
ship, it would be wise to conceive the next generation. The 
important question is a different one – namely, whether it is 
permissible to create the conditions of life aboard a worldship. 
Thus, the main issue is not one of deciding what is permissible 
for people already living such a life. Rather, it is one of decid-
ing whether it is permissible to subject people to such a life in 
the first place. So the relevant historical analogy is not with, 
e.g., the decisions of hopeful parents living in North Korea or 
Cold War era East Berlin about whether to rear children. In-
stead the analogy is with the decisions of the North Korean and 
U.S.S.R. authorities about whether to subject their populations 
to these conditions in the first place. So the relevant question 
to ask is not what life is like on the east side of the Berlin wall, 
but whether someone should build the Berlin wall! It is safe to 
say that such authorities have acted wrongly on account of the 
conditions to which they have subjected their citizens. Simi-
larly, mission planners would be acting wrongly if their actions 
subjected generations of humans to harmful or disadvantaged 
lives aboard a worldship.

It must be acknowledged that the wrongfulness of exploita-
tion is not absolute but rather it is contingent and propor-
tionate to the level of harm or disadvantage experienced by 
the shipborn. The better the life is that can be provided to the 
shipborn, the less exploitative and the more permissible ini-
tiating worldship travel becomes. Thus, the guiding thought 
of mission planners should not be only to determine whether 
they have met the minimum conditions for ensuring that the 
shipborn experience a life (barely) worth living. If this is done 
there is a risk of turning the worldship question into a race to 
the bottom. Rather, the focus of mission planners should be on 
securing gains in technology and knowledge so as to provide 
the best possible life for the shipborn. They are, after all, people 
who should be cared for; they are not mere means to interstellar 
colonization. Meanwhile, it should also be acknowledged that 
exploitation is, as Liberto describes, a pro-tanto wrong:

  
  …there might be circumstances in which it is 

all-things-considered permissible to wrongfully exploit 

a child [by] giving birth to her. For instance, if the only 
child a couple can have is one who will suffer an unfair-
ness relative to her peers, and the couple cannot adopt, 
and the couple will suffer tremendously if they go child-
less, then there might well be sufficient moral reasons in 
favor of having the child to outweigh the reason against 
– that of wrongful exploitation. [17, p. 83]

This is all to say that any adverse conditions faced by the ship-
born must be balanced against the rationale for the voyage. 
Since it is unlikely that worldship travel must be instigated ur-
gently, it is similarly unlikely that worldship travel will occur in 
situations where its rationale counterbalances the harms and 
disadvantages it inflicts upon the shipborn. Thus, progress on 
ethically permissible worldship travel depends on minimizing 
these harms and disadvantages.

One requirement here is to reduce the risks and uncertain-
ties associated with worldship travel. It must be acknowledged 
that practically all of the work here remains to be done – es-
pecially in the identification of risks. As Kristian Ekeli argues, 
acting in ignorance of risk is excusable “only if it is unavoidable 
ignorance” [21, p. 425]. Perhaps on an individual level igno-
rance about the risks of worldship travel is unavoidable. No one 
presently living has the requisite resources or experience for 
identifying what problems might be faced. But on a group or 
societal level this ignorance is avoidable – given sufficient time 
and experience with living off of Earth. So at present, and for 
quite some time into the future, it would simply be negligent for 
humans to initiate worldship travel. How could such negligence 
be avoided? There are several known areas of concern. Satisfac-
torily addressing these concerns is a prerequisite for avoiding 
negligent or exploitative worldship travel. However it must be 
kept in mind that this is a speculative and evolving endeavor. 
Some issues that appear significant at present may prove to be 
irrelevant when worldship travel is close to being realized. Sim-
ilarly, some issues which cannot be anticipated may be critical. 
This all ought to reinforce the point that humanity is simply 
not ready – that humanity does not even know how far from 
being ready it is – to instigate ethically unproblematic world-
ship travel.

4 ANTICIPATED PROBLEMS

Below are a series of discussions related to problems for world-
ship travel that have been anticipated in both the philosophical 
literature and in science fiction, in particular those related to: 
securing the consent of the initial voyagers; social organization 
aboard ship; freedom of education and vocation; issues relat-
ed to identity and reproductive freedom; and population size. 
The bad news is that the answers to many of these questions 
probably cannot be learned for decades, if not centuries. The 
good news is that, by the time there is a considerable human 
presence in space, answers to most or all of them – along with 
answers to new questions not presently anticipated – will be 
forthcoming.  

A theme that emerges below is that something is at stake in 
interstellar migration beyond ensuring crew survival and be-
yond mitigating the exploitation of the shipborn. That some-
thing is cultural continuity. An apparent human value is for 
there to exist some kind of cultural connection (e.g., a sharing of 
values, traditions, etc.) between those that remain in the Solar 
System and those that venture elsewhere. Acknowledging such 
a value helps to explain reactions that some individuals might 
have to stories like Heinlein's Orphans of the Sky [22], where 
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virtually all knowledge about the ship, its origin, and its pur-
pose has been lost. Not only does one pity Hugh Hoyland on 
account of the life he is forced to live, but one also feels sorrow 
for all aboard Ship who no longer have any knowledge of their 
abandoned heritage.

4.1  Initial Consent

If some individual, as an autonomous rational agent, wishes 
to spend the remainder of their life aboard a worldship, rath-
er good reasons would be required for prohibiting them from 
doing so. However, it is open whether a person would be able 
to provide consent that is either adequately informed or suffi-
ciently autonomous. Interstellar migration of any kind, includ-
ing worldship travel, is without precedent. Nevertheless it is in 
some ways analogous to one-way Mars settlement efforts, such 
as Mars One. If it is difficult to accept practices related to secur-
ing consent to participate in Mars One, then similar practices 
would presumably call into doubt the ability to accept apparent 
acts of consent to worldship travel.

David Koepsell has recently argued that Mars One would 
unacceptably undermine the autonomy of participants. Koeps-
ell analyzes Mars One as an instance of experimentation in-
volving human subjects. Some terms of the Mars One “exper-
iment” include:
 
   ...it will not be possible to leave the study, and the crew 

will be complete captives of those conducting the study, as 
well as forced to be subjects of the reality-TV show. Final-
ly, as is presumed and more or less admitted by Mars One, 
the subjects will be left on Mars with no hope of return, 
where they will struggle to survive as much as possible, 
and likely die. [23, p. 104]

Thus, Koepsell argues, “their inability to leave, and the nature 
of the public broadcast of their struggles and deaths, all suggest 
a lack of autonomy and dignity” [23, p. 104]. (And it goes with-
out saying that such an experiment would be rejected summar-
ily by an institutional review board!) Bolstering Koepsell's as-
sessment is that the scientific returns of Mars One would pale 
in comparison to the suffering experienced by participants, 
especially as whatever scientific gains Mars One might achieve 
could also be acquired through “other mission plans... in which 
astronauts will be returned to Earth” [23, p. 106]. Therefore, 
Koepsell concludes, “there is no viable argument that this study, 
proceeding as it is planned, is somehow necessary to attain the 
potentially beneficial knowledge it may produce” [23, p. 106].

A key component of Koepsell's assessment is that the Mars 
One “experiment” places severe limits on the personal free-
doms of participants and subjects them to a high risk of death. 
This much is correct – that a person's autonomy – one's ability 
to act according to their own will, and to form and act upon 
their own long-term goals – would be unacceptably compro-
mised if they are sent to Mars with an abysmally low chance 
of surviving. Presumably, Koepsell would not object, at least 
as strongly, to Mars settlement attempts that allow for greater 
personal freedoms and have high chances of success.

Analogous lessons for worldship travel should be drawn. On 
a mission with a high chance of failure, or that would feature 
harsh, toilsome living conditions, setting out on a worldship 
would unacceptably compromise the autonomy of the initial 
voyagers – the equivalent of selling oneself into slavery. Mean-
while, on a mission with a high chance of success, and that 

would feature extensive opportunities for personal growth, set-
ting out on a worldship would not compromise the autonomy 
of the initial voyagers. More generally, the greater the threat to 
personal autonomy a mission poses, the more difficult it is to 
secure the voluntary, informed consent of the initial voyagers.

It is true that a person, whether a Mars One participant, or a 
potential worldship voyager, might still express a desire to car-
ry forward despite being informed that their death is extremely 
likely. It might consequently be asked whether such individuals 
are processing this information rationally. As Julian Savulescu 
and Richard Momeyer note in the context of medical ethics:

  ...in order to genuinely respect autonomy and patients' 
values, physicians must be prepared to do more than pro-
vide patients with information relevant to making evalua-
tive choices. They must attend to how that information is 
received, understood and used. Good education is not re-
stricted to providing information. It requires encouraging 
in others the requisite skills for dealing with information 
rationally. [24, pp. 287-8]

Similarly, in the context of Mars settlement and worldship trav-
el, it is not enough merely to present potential emigres with 
information about the conditions of life they are likely to face. 
It must be ensured that these individuals are processing this in-
formation rationally and in a way that coheres with their long-
term goals. 

Importantly, the requirements here ought to be stricter than 
those applicable to, e.g., consenting to experimental medical 
procedures. This is because decisions about whether to un-
dertake experimental medical procedures are typically made 
under duress – where the risks associated with having the ex-
perimental procedure appear less of a burden than the risks 
associated with alternative courses of action or inaction. In the 
contexts under consideration here, it is difficult to imagine that 
any potential worldship émigré will be under similar duress. 
Just the opposite – their decision to set out on a worldship 
would be a conscious effort to create a life that is considerably 
harsher, more restricted, and less dignified than the life they 
would leave behind. It would be the equivalent of a perfectly 
healthy person opting for an experimental procedure that, if 
successful, would diminish their quality of life while providing 
them with no medical benefits.

It is not being suggested that, as a default assumption, all 
persons agreeing to embark on a worldship are irrational and 
thus abdicate their autonomy. Rather, this assumption applies 
just to those proposals with especially harsh consequences for 
initial voyagers. Between this and a voyage of luxury which 
poses no issues related to informed consent there is again a 
range of hard cases where ethical deliberation will be required. 
The more that can be done to ensure quality of life aboard ship, 
the less concern there will be about undermining the autono-
my of the initial voyagers.

4.2 Social Organization
In Baxter’s Mayflower II [25] those in control of the ship decide 
that it is necessary to exert “total social control” over the crew, 
including over vocational skills and reproductive couplings, 
so that “a duty of maintenance of the Ship is hammered home 
into every individual at birth.” A society such as the one Baxter 
envisions is far removed from the kind of liberal democratic 
norms that most in the Western world take to be ideals of gov-
ernance or social organization. Is the abandonment of these 
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ideals inevitable in the context of worldship travel?

This question is not unique to worldship travel. It is also 
open whether liberal democratic society is possible in inter-
planetary and other space settlements. The essence of the prob-
lem is that in the instantaneously lethal environments in space, 
all life-giving resources – food, water, air – must be manufac-
tured. Corrupt resource management, civil unrest, vandalism, 
and terrorism are all potential sources of disruption to these 
resources which could lead to the deaths of some or all citi-
zens. As Charles Cockell and others have explored in detail 
([26]-[28]), this creates a situation in which totalitarian rule, 
as well as extreme curtailments of speech, assembly, and the 
press, might well be adaptive for space societies. (This stands 
directly in opposition to individuals such as Robert Zubrin 
who have argued, via dubious historical analogizing, that space 
settlements will enable rather than strain democratic norms; 
see [29] for discussion.)

According to Cockell, the need to limit personal liberties is 
proportionate to the size of a space society. For smaller socie-
ties,

  Access to information will do much to dispel a sense of 
political or economic collusion... The overriding culture 
that underpins this access to information is that the peo-
ple who run the settlement are in the same boat as the 
people they govern. All of them are facing an environ-
mental foe that threatens instantaneous death. The sense 
of camaraderie and common purpose should therefore be 
enormous and should lead to a general disposition that it 
is in everyone's interests to discuss ideas, disagreements 
and points of dissent. If people feel that their ideas are 
being listened to, then there is less chance that they will 
feel compelled to engage in active civil disobedience. This 
culture is more easily achieved in a small settlement in 
which a truly participatory form of democracy where all 
views can be heard may be possible. [30, p. 28]

Meanwhile, Cockell suspects, “[t]he likelihood of resentment 
against a more distant and opaque authority becomes greater 
as the population size increases, mandating greater efforts to 
maintain active lines of discussion and debate” [30, p. 28].

Alternatives to liberal democratic society are frequently 
mentioned in the context of worldship travel, usually examples 
of long-lived terrestrial cultural institutions, such as the Catho-
lic Church. A notable example from science fiction is Harry 
Harrison's Captive Universe [31] in which Aztec tribes (the “Ar-
rivers”) are unknowing passengers aboard a worldship main-
tained by a religious overseer culture (comprised of “Watch-
men” and “Observers”). Predictably, the religious-like devotion 
of the “Observers” is also their downfall, as it causes them to 
fail entirely to identify potential destinations. They have come 
to believe that they must find a world like the one the “Arrivers” 
inhabit aboard ship, with an artificial “sun” that transits around 
the “valley” where the Arrivers live. Consequently, they judge 
the strange arrangements they keep finding – planets orbiting 
around stars – as unsuitable!

Against this family of proposals John Moore worries that, 
for example, religious institutions may not be capable of ensur-
ing mission success:

  Of the social forms we might try to emulate, some are 
clearly inappropriate for multi-generational space travel. 

Roman legions and nunneries, for example, were very ef-
ficient for their purposes, but they were not organized to 
reproduce the species. [32, pp. 80-1]

Of course, more is at stake than mere species reproduction. A 
common theme of this paper is the need to devise a form of 
social organization able to provide the shipborn with a life free 
of exploitation – and ideally, one that is dignified and comfort-
able. A life, in Tony Milligan's words, “which the agents them-
selves could readily accept as meaningful in spite of suffering 
and meaningful and worthwhile in its own right rather than 
being simply a part of someone's grand plan” [33, p. 16]. Again, 
it is open whether liberal democratic norms will allow for a 
stable and safe environment aboard a worldship. It is sincere-
ly hoped that, as humans gain experience forming societies in 
space, they will devise democratic solutions to the problems 
raised here. But for the moment it is simply unknown whether 
this is possible – and it would be grossly negligent to instigate 
worldship travel under a condition of ignorance on these mat-
ters.

It is also open as to what kinds of social institutions would 
allow for the satisfaction of other desiderata: It has been pos-
ited that a necessary criterion of mission success is that the 
worldship maintains some kind of cultural connection to hu-
man society back in the solar system – something that would 
be more difficult for a worldship that employs a dramatically 
different form of social organization.

4.3 Educational and Vocational Opportunities

On a worldship there is an obvious need for voyagers to de-
velop the requisite knowledge and skills for maintaining the 
ship, and ultimately, for settling a new world at voyage's end. 
Similarly, there must be enough individuals aboard (with re-
dundancy) that specialize in various mission-critical tasks, e.g., 
medicine and life-support maintenance.

One issue here is that the traditional medium for the trans-
mission of knowledge and skills – language – is plastic. As Sa-
rah Thomason warns, the rate of vocabulary change could be 
accelerated aboard a worldship:

  
  ...the travelers' environment will be so different from any 

Earthly setting that new words will inevitably spring up 
and many old words will fall out of use. Basic vocabu-
lary like mother, father, run, walk, sit, water, I, you, one, 
two, three, animal, and the like will no doubt persist; but 
words like snow, windy, river, ocean, mountain, sun-
burn, summer, winter, horse, tiger, and ostrich are likely 
to be non-useful in the travelers' world, as well as words 
for non-portable Earth-bound cultural artifacts like car, 
train, boat, truck, airplane, skyscraper, tunnel, bridge, and 
so forth. Moreover, teenagers growing up on board the 
spacecraft will presumably be like teenagers everywhere 
in their desire to have their own vocabulary to use as an 
in-group “language.” The words they create are unlikely to 
be the same as words invented by a comparable group of 
teenagers on Earth. [34, p. 101]

A possible means of curbing lost vocabulary would be for voy-
agers to have free access to, e.g., virtual simulations of plane-
tary life, in which they could mimic the experience of living on 
a planetary surface. This would be especially helpful toward the 
end of the mission, in order to reduce the amount of knowl-
edge that must be “rediscovered” regarding planetary life.
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But the problem here is not merely a technical one related 
to reliable ship maintenance. What is disturbing about the sit-
uations envisioned by authors like Heinlein and Baxter are the 
cultural differences and the drastic differences in opportunities 
available to the shipborn when compared with, for instance, in-
dividuals living in contemporary Western societies. An impor-
tant source of contemporary human culture and opportunities 
in the West is the education provided to children in which they 
are taught more than the mere skills and items of information 
necessary for survival. Analogously, it is important that the 
shipborn are also taught more than the bare minimal knowl-
edge and skills needed to maintain critical ship systems.

A story like Baxter's Mayflower II [25] anticipates that 
the kind of curiosity that a liberal arts education encourages 
may be maladaptive aboard a worldship, and thus ought to be 
stamped out wherever it arises. This supports the pursuit of a 
highly rigid curriculum. Nevertheless it is not clear that this 
concern is well-motivated. First, it is worth pointing out that 
human curiosity comes in many forms. Some individuals are 
more prone to acquire novel information (intellectual curios-
ity); others are more prone to acquire novel sensations (social 
or physical thrill-seeking). While these impulses do come with 
risks, they also come with benefits: They can serve as aids in 
the discovery of new information and new knowledge. An es-
pecially rigid curriculum may frustrate those who are driven 
to satisfy intellectual curiosity, but it would do little to curb the 
behaviors of social and physical thrill-seekers. And it would be 
these individuals, rather than the intellectually curious, who 
would be most likely to damage critical ship systems – wheth-
er accidentally or intentionally. Ideally, students should be 
provided with resources that permit them to experiment and 
discover – whether intellectually, socially, or physically – in 
ways that do not threaten the safety of others. For instance, 
when learning about how to maintain ship systems, students 
should have access to educational models that allow them to 
tinker and, hopefully, to discover reliable improvements. This 
requires teaching the shipborn they are living on a worldship, 
rather than attempting to hide that fact from them. After all, if 
the shipborn are forced to labor under false assumptions about 
their physical environment, they will be far less effective inno-
vators and problem solvers.

It is worth reemphasizing that it is impossible to predict 
every challenge that voyagers might face on a worldship. Thus, 
it would be better for the culture on board to be more rather 
than less flexible and prepared to adapt and solve problems – 
both foreseen and unforeseen. A worldship culture consisting 
only of individuals with narrow, fixed skills is not a culture that 
could easily survive damage to key ship systems. But a world-
ship culture that fosters free and creative thought might. Sim-
ilarly, a rigid worldship culture may not innovate or otherwise 
develop improvements to ship systems (or to the crew's social 
institutions) that could be beneficial, helpful or necessary in 
times of distress. Voyagers would be much better off if they 
had more, rather than fewer tools at their disposal – both tech-
nological and intellectual. Not only should the culture aboard 
maintain existing knowledge and abilities, it should grow them 
also.

As Janet de Vigne argues in the context of interplanetary 
settlement, the arts and humanities ought to be included in the 
education of schoolchildren:

  What...do we really need the children of a colony to be 
able to do? What would happen if, among the academic 

and physiologically elite chosen to be ‘the colony', all the 
children wanted to be conductors? Dancers? What would 
happen if there were 57 chemists and no physicists? This is 
where an education must develop an understanding and 
willingness to contribute to societal cohesion. It is unlike-
ly that a child gazing out of the window of a classroom 
in a cage would really be thinking about running across 
the boiling desert sands. ‘Escape' becomes an impossible 
construct and one which again would endanger if [sic] 
the colony even if it could occur. Within the paradigm of 
the arts though, such an escape might be possible, even 
if just for a few hours – and internally, rather than exter-
nally. True liberty might therefore consist in being able to 
be a chemist and a conductor, a physicist and a dancer, 
recognizing the value of each both to the individual and 
to their wider society. [35, p. 223]

De Vigne's point applies equally well to the case of worldship 
travel. If, for instance, a worldship has no labor surplus – if 
everyone on board must perform some particular function re-
gardless of whether it is their wish to do so – their lives will be 
better ones if they have hobbies and other interests to pursue 
when they are off duty. Meanwhile, their lives would be much 
worse if they had no knowledge or skills beyond those strictly 
necessary for their jobs. Thus, the education of the shipborn 
ought to provide them with the information and resources nec-
essary for developing hobbies and interests. 

Avoiding exploitation, then, requires that shipborn have 
considerable freedom to choose between different courses of 
education. If this point needs motivation, consider a novel twist 
on a thought experiment due to [19]. Suppose a pill is capable 
of heightening sexual pleasure, but instead of a mild birth de-
fect, its side effect is that any child conceived would become ca-
pable of learning only one very narrow subject and thus would 
be qualified for only one kind of job. Suppose a couple uses this 
pill and conceives of a child who is affected in this way. Mean-
while, had the same couple forgone using the pill, they would 
have conceived a child that is capable of pursuing the vocation 
of its choosing. The couple should be morally sanctioned for 
using the pill. That is, it would be wrong to severely limit the 
options of a person when such limitations are easily avoidable. 
Aboard a worldship this kind of educational freedom is sim-
ply not possible if the crew is few in number. Thus, worldship 
missions should be implemented only when they involve pop-
ulations large enough so that sufficiently many individuals will 
opt for “mission critical” studies purely of their own volition. 
It is not clear precisely how large the population would have 
to be – likely in the tens of thousands or greater – but it would 
certainly be helpful for the cause of worldship travel to bring 
anthropologists and sociologists to bear on the issue.

Similar remarks are in order concerning freedom of voca-
tion. The fewer options open to the shipborn, the more likely it 
is that bringing them into existence would constitute exploita-
tion. In order to avoid this judgment, the worldship should have 
a population that is sufficiently large so that all mission critical 
roles are filled by individuals that have chosen to pursue this 
work of their own volition. Here it is worth noting that market 
forces can, in extreme situations, constitute unacceptable coer-
cion. Thus, a worldship population is probably too small if the 
only means for filling vital ship positions is via market-based 
coercion (e.g., forcing a person into a line of employment they 
find miserable on pain of that person losing the ability to secure 
the basic necessities of life). Similarly, market-based incentives 
should not be so great that those who opt for mission-critical 
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roles thereby obtain excessive political or economic authority 
over the rest of the worldship's population. It is again a sign 
that the worldship's population is too small if mission-critical 
skills become so highly demanded that the only way of meeting 
this demand is to create an unreasonable inequality benefiting 
those with these skills. It is again unclear precisely how large 
the population would have to be – but a more reliable estimate 
will become available given adequate support for disciplines 
such as anthropology and sociology during human expansion 
into interplanetary space.

4.4 Identity and Orientation

Contemporary western societies have recently earned many 
long-fought legal and cultural victories related to reproductive 
autonomy, gender, and sexual orientation. Though there is still 
much progress to make, it is clear enough that the increasingly 
diverse ways in which humans choose to form intimate rela-
tionships and rear children ought to be accommodated, rather 
than curtailed. This holds not only for contemporary human 
societies but also space-based and worldship-based societies. 
It is certain that aboard a worldship: There will be people that 
want to have children; there will be people that do not want to 
have children; there will be gay people; there will be bisexual 
people; there will be transgender people; there will be agen-
der people; there will be queer people; there will be people that 
identify in as yet unconceptualized ways; there will be people 
that desire as yet unconceptualized varieties of intimate rela-
tionships; and there will be people with mental and physical 
disabilities. No society incapable of including, respecting, and 
caring for all such individuals is worth promulgating. No likely 
context for worldship travel is so urgent as to mandate forced 
participation in reproduction and child rearing.

These considerations again militate against missions with 
crews below a certain threshold. A worldship should contain 
sufficiently many people so that those couples and other family 
units which have non-coerced desires to reproduce are capable 
of raising the needed quantity of genetically diverse offspring. 
Forcing a person to participate in reproductive activities, or 
forcing a person into an intimate relationship, are absolute 
wrongs that should not be tolerated, whether on a worldship 
or anywhere else. Again, it is not clear just how large the pop-
ulation would have to be – and again, experts from relevant 
disciplines should be brought to bear on the issue.

4.5 Size

A basic solution to the issues raised above is worldship popula-
tion size. The population ought to be large enough to be stable 
in a genetic sense. But ideally it should be large enough to pro-
vide the shipborn with opportunities for meaningful personal 
growth, freedom of education, freedom of vocation, freedom of 
gender identity, freedom of sexual orientation, and reproduc-
tive autonomy. An estimate of the approximate minimum size 
must be based on reliable information concerning:
 
  • The rate at which individuals not under coercion de-

sire to reproduce.
  • The rate at which individuals not under coercion 

opt for educations and careers related to critical mission 
tasks.

  • How these rates are affected by environmental condi-
tions (e.g., on planetary surfaces versus orbital habitats).

Obviously, this also requires information about what those 

tasks are and, for a given population, how many individuals 
(with redundancy) are needed to perform those tasks. Only 
once such questions are answered can there be a reasonable 
estimate of the size needed to ensure that a worldship mission 
would avoid unjustifiable intrusions into personal liberties and 
quality of life. Wherever the threshold falls, call it the “ideal 
worldship population minimum” – or ideal minimum, for 
short.

As Fig. 1 describes qualitatively, for especially small crews, 
all crew members must occupy mission critical roles. Only after 
the crew grows to a certain size does it reach the “point of labor 
surplus” when not every crewmember must occupy a mission 
critical role – that is, when at least some crew could pursue a 
vocation of their choosing without jeopardizing the mission. 
As the population increases, the percentage that must occupy 
mission critical roles will continue to fall until reaching some 
minimum proportion. Eventually the population size reach-
es the “point of vocational freedom” where no one is forced 
into an occupation they are unhappy with, all-things-consid-
ered. Similarly, for especially small crews, each crewmember 
would presumably need to participate in reproduction. Only 
after the crew grows to a certain size does it reach the “point 
of reproductive surplus” where at least some crewmembers 
could opt not to participate in reproductive activities without 
jeopardizing the mission. As the size increases, the percentage 
required for maintaining a stable population decreases until it 
reaches some minimum proportion. Eventually the population 
size reaches the “point of reproductive freedom” where no one 
is forced against their will into any sexual activity or into any 
intimate relationship.

It would be exceedingly difficult to justify any worldship 
mission below the point of reproductive freedom. The wrongs 
associated with what would essentially amount to the rape of 
generations of shipborn cannot be balanced against any benefit 
that worldship travel is likely to realize. Meanwhile, the point of 
vocational freedom is less of an absolute boundary. Some degree 
of vocational coercion might be tolerated if it is outweighed by 
goods realized from the overall mission. However, the further 
below this point the population falls, the greater are the goods 
that must be realized in order for the worldship mission to be 
ethically justifiable. Whether the point of reproductive freedom 
is higher or lower than the point of vocational freedom is an em-
pirical matter that simply cannot be determined here – though 
given that relatively small populations (in the hundreds) could 
be genetically viable for worldship travel [32], it seems likely that 
the point of vocational freedom is significantly higher than the 
point of reproductive freedom. Nevertheless as so far described, 
reproductive freedom is purely a negative freedom. In popula-
tions above the point of reproductive freedom no one is forced 
into a sexual or romantic situation against their will. Even if it 
is granted that the possibility of non-sexual reproduction might 
significantly curtail concerns about coerced reproduction; nev-
ertheless that would not alleviate concerns about opportunities 
for companionship, especially for those with non-cisgender 
identities or non-heterosexual orientations. Thus, a more ap-
propriate measure of the point of reproductive freedom would 
be one that also grants to all individuals the opportunity to pur-
sue their preferred kinds of intimate relationships. The popula-
tion size required here may well be comparable to (or beyond) 
the point of vocational freedom.

However, as Cockell warns above, size comes with certain 
risks and dangers. Indeed, with population size increases come 
increases in the number of members of the population who 
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have destructive impulses. Thus, a worldship with a popula-
tion in the thousands might well require extensive surveillance 
in order to ensure public safety. In order to be effective, this 
surveillance may have to extend beyond thresholds currently 
accepted in Western societies. Size, however, provides a poten-
tial solution. The larger a worldship is, the more backups and 
redundancies it should have. Thus, the larger a worldship is, 
the less likely it is that a single act of vandalism or terrorism 
could lead to catastrophe. Indeed, no amount of surveillance – 
whether of a small crew or a large one – can prevent all forms 
of violent expression. The larger a worldship is, the more likely 
it is that it will provide relatively innocuous outlets for satisfy-
ing destructive urges – and that it will survive the effects of the 
actions of destructive individuals.

There is a hopeful lesson through all of this: By the time hu-
man technology has advanced to the point where worldship 
travel is possible, it is likely that humanity will have ascertained 
reliable answers to the questions raised in this paper. That is, 
through advances in sociology and other disciplines, humanity 
should be able to confidently determine minima for reproduc-
tive freedom and vocational freedom. Moreover, human soci-
ety will have extensive experience with space and interplane-
tary settlements, which will inform the principles of worldship 
governance and curricular design. It will also be known how 
prone space-based societies are to failure, especially failure due 
to anthropogenic catastrophes like those caused by homespun 
vandals and terrorists – and what can be done to mitigate these 
kinds of threats. This, of course, will require patience. Without 
this patience it would be negligent to initiate worldship travel.

4.6 Objections

Regis has arrived at what appears to be a contrary judgement to 
what has been argued here, viz., that worldship travel is clearly 
permissible, all things considered. Regis' argument relies on the 
assumption of a large worldship population – in the thousands 

– where each individual is capable of living a reasonably com-
fortable life. Thus, it would appear there is agreement that a 
large population is necessary for ethically defensible worldship 
travel. However, Regis does appear to object to a number of the 
particular conditions argued for in this paper – in particular, 
conditions related to reproductive and vocational freedom. So 
it is worth responding to Regis on these topics.

One issue Regis raises is that he does not believe that world-
ship travel would be likely to violate any the shipborn's rights. 
This point might be raised as an objection to this paper’s em-
phasis on, e.g., ensuring that the shipborn have reproductive 
and vocational freedom, as Regis explains:

  
  Will there be enough people aboard for variety in hu-

man companionship, for adequate choice in selecting 
a romantic partner, or for a stimulating and well-de-
veloped culture? But however we may answer, we must 
understand that here we are no longer speaking of that 
to which anyone could justly claim a right. For although 
these conditions may be necessary for an ideally fulfilling 
life, it does not seem that people have rights to such lives 
nor therefore to the conditions that would make them 
possible. [8, p. 255]

Regis' assumption that “variety in human companionship” 
is not a human right will not be contested. However, there is 
reason to question the relevance of the contrast Regis draws 
when claiming that, although people do not have such a right, 
nevertheless it may be a necessary condition “for an ideally ful-
filling life.” Ethical obligations, including obligations to other 
humans, are not exhausted by merely refraining from com-
mitting rights violations. Indeed, anyone who takes seriously 
the claim that there are duties to future generations must also 
countenance non-rights-based explanations for the wrongness 
of actions that wrong future persons. This wrongness plausibly 
occurs wherever the current generation avoidably exploits fu-
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ture generations. Since a case of exploitation is a de facto case 
of wrongdoing, there is no need to appeal to rights violations in 
order to explain why an exploitative act is a wrong act.

Focusing merely on rights violations is unproductive and 
potentially dangerous. Avoiding rights violations would con-
stitute some absolute minimum requirement for responsible 
worldship travel. Meanwhile, the central question of worldship 
ethics is not to limn the bare minimum obligations mission 
planners have to the shipborn, but rather to make attempts to 
maximize the potential welfare of the shipborn. If something 
less than this is taken as a motivating thought when planning 
worldship travel, then mission planners risk a race to the bot-
tom as far as the shipborn are concerned.

Regis, however, seems unperturbed about depriving the 
shipborn of opportunities that fall short of constituting rights 
violations. Against this backdrop he claims that:

  Any residual aversion to the idea of a space ark proba-
bly stems from our imagining what we would be missing 
if we ourselves were to be on it for our lifetimes. For we 
would be denied all those things that are to be found only 
on Earth, things that we value deeply. Moreover, parents 
want their children to have as good, if not better, lives 
than they themselves had, something it is hard to think 
will be possible aboard a space ark no matter how large 
and well fitted out it is. It is understandable then that we 
tend to recoil from the thought of generations enclosed 
for all their lives in an artificial environment and with-
out the pleasures of Earth that we so value... But against 
this must be placed the fact that these generations, be-
cause they will not have known Earth to begin with, will 
not know and hence not miss what they are missing. The 
spacecraft will be home to them, the only environment 
they know by direct acquaintance. [8, pp. 256-7]

According to Regis, then, it would be permissible to subject 
the shipborn to the conditions of life aboard a worldship be-
cause, lacking any direct experience with life back in the Solar 
System, they would not know what they are missing. This ar-
gument relies on the tacit assumption that no wrong is com-
mitted by depriving a person of a benefit they are either una-
ware of or that they do not anticipate receiving (and hence do 
not subjectively experience). But this assumption is untrue. A 
person can be harmed or exploited without knowing that they 
are being harmed or exploited. Following [36], imagine that a 
prized possession of yours is, without your knowledge, stolen 
and replaced with a convincing replica. You would have been 
wronged – something of great value to you has been stolen 
from you – even though you are unaware of the loss. Still, the 
shipborn are not yet in existence, and so are not yet capable of 
valuing anything at the time when the decision is made to initi-
ate worldship travel. Thus, they cannot value the opportunities 
that they will be deprived of, even if they would have valued 
having them had they lived normal lives back in the Solar Sys-
tem. That they can still be wrongfully exploited can be motivat-
ed using a novel variation on an example from [18]:

  The Stolen Inheritance: A trust has been established that 
will provide a substantial amount of money to each new 
generation of the Bilked family indefinitely into the fu-
ture. That is, the annual payout is low enough, and the in-
itial is value high enough, so that each year the trust never 
nets a loss. This trust is eventually placed in the hands of 
a clever, but fiendish trustee who begins to skim money 

from the trust. The amounts are small enough so that no 
beneficiary notices. However, they are large enough that 
the trust, instead of lasting indefinitely, will have to be dis-
solved at some definite point in the future. Consequently, 
that generation of Bilked's, and each subsequent genera-
tion, are deprived of a benefit they would have received, 
had the trustee performed his duties properly. However, 
since the Bilked family remains unaware of the trustee's 
crimes, the generations living after the dissolution of the 
trust will, in effect, never know what they are missing, 
since they will never experience (or expect to experience) 
life as beneficiaries.

Here it would be judged that this trustee has acted wrong-
ly, and that those wronged are not the current Bilked's (who 
are unaffected by the trustee's crimes) but rather those as yet 
non-existent generations of Bilked's who, through the trustee's 
actions, will no longer receive the money that should have been 
their birthright. A similar judgment is appropriate with respect 
to depriving the shipborn of opportunities for, e.g., vocation-
al and reproductive freedom – even if they are unaware that 
they have been deprived of these opportunities, and even if that 
deprivation occurs prior to the shipborn coming into existence. 
By initiating a worldship mission in significantly non-ideal cir-
cumstances, mission planners deprive the shipborn of oppor-
tunities that they would have valued having, had they actually 
had these opportunities. Consequently, doing so would be to 
act wrongly with respect to the shipborn.

The upshot is that there are reasons for rejecting Regis' re-
laxed attitude regarding the deprivation of non-rights-based 
opportunities for the shipborn. To be fair to Regis, he nowhere 
explicitly argues that mission planners ought to pursue forms 
of worldship travel that only merely avoid rights violations. His 
point is rather that it is difficult to justly criticize missions that 
avoid rights violations. It is hoped that the foregoing remarks 
provide a coherent means by which one might raise this kind of 
criticism – by calling attention to the possibility that non-ideal 
cases of worldship travel would avoidably exploit the shipborn. 

5 Analogies

Science fiction has often been used as a foil for identifying 
certain problems that, at present, are thought that worldship 
passengers might encounter. However, science fiction authors, 
despite their admirable sense of imagination, are not clairvoy-
ant. No doubt some of the problems they have anticipated will 
be encountered in space settlements and aboard worldships. 
But odds are that some of the problems they have anticipated 
will not be encountered. It is also likely that worldship travel-
ers will encounter problems that no one reasonably could have 
anticipated.

Similar cautions apply to attempts to use historical precedent 
to establish the permissibility or viability of worldship travel. 
Examples of past human migrations may provide some exam-
ples of success and failure, but the physical constraints in outer 
space are drastically more lethal than in any place humans have 
attempted to settle on Earth. With respect to cultural universals 
there is only one data point, after a fashion: human society on 
Earth. Features that might be common to every terrestrial soci-
ety may simply be contingent adaptations to the physical con-
straints of terrestrial environments. Thus, it may be discovered 
that entirely novel social arrangements prove most adaptive for 
life in space, or life aboard a worldship. Disciplines relevant 
to addressing these and related issues – such as anthropology, 
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sociology, history and philosophy should be viewed as having 
ongoing relevance to space settlement efforts – interplanetary 
as well as interstellar.

This motivates an important point about analogical rea-
soning: Analogical arguments require the addressing of both 
relevant similarities and relevant differences. It is all too easy 
to point to a handful of similarities between, for instance, 
terrestrial and interstellar migration in order to establish the 
permissibility or viability of the latter based on that of the for-
mer. However, those similarities exist alongside relevant dif-
ferences – differences that should not be overlooked or hastily 
dismissed. It is tempting to argue that, since historical exam-
ples of human expansion and settlement seemed unproblem-
atic ethically, even factoring for the novel hardships faced by 
settlers and their children, that so too must any form of space 
settlement – including worldship travel. But settlers of the past 
could at least claim that they were capable of providing a better 
existence for their children in relatively short order. Worldship 
travel, meanwhile, could easily damn countless generations to 
lives that are worse-off or to lives that are, all things considered, 
barely (or not at all) worth living.

A second point about analogies is in order: It is best if they 
are not the only sources of evidence. It would be much bet-
ter to answer directly, rather than indirectly, questions about 
minimum viable populations, minimum populations for voca-
tional and reproductive freedom, etc. If the only way to argue 
for the permissibility of worldship travel is via analogy with 
past human migration, then an all-things-considered strong or 
compelling argument for the permissibility of worldship travel 
is not forthcoming. Energies should be directed toward acquir-
ing the knowledge and skills that would establish directly of 
worldship travel that it would not avoidably exploit or other-
wise avoidably harm the shipborn.

6 Where to go From Here

The most likely context for worldship travel is one where the 
requisite technology comes along too late to serve as an effec-
tive means for protecting the species from short-term threats 
(e.g., terrestrial global catastrophe), but also far too early to be 
required as an immediate means of escape (e.g., from an over-
crowded solar system or the expansion of the Sun into a red 
giant). Thus, worldship travel is most likely to occur in con-
texts where it is optional, which means any harms or wrongs it 

visits upon the shipborn are not likely to be outweighed by its 
benefits. This means that answering the questions and resolv-
ing the problems raised in in this paper are necessary to avoid 
situations where worldship travel avoidably and unacceptably 
exploits the shipborn. This is a hopeful rather than pessimistic 
development, because it indicates a path forward to ethically 
unproblematic worldship travel.

It is essential to learn all that can be learned about human 
populations and how they adapt to the space environment. Ef-
forts to support interplanetary space settlements will provide 
invaluable models and examples for learning about human 
flourishing in space. This is not merely an engineering or tech-
nological problem awaiting an inevitable engineering or tech-
nological solution. It will require indispensable input from an-
thropologists, biologists, sociologists, ecologists, economists, 
political scientists, and ethicists, among many others. It is no 
good figuring out how to build a worldship absent knowledge 
of how to maintain a happy human population aboard ship. 
Rather than doing the bare minimum, focus should instead be 
on doing the best that can be done for the shipborn. The quality 
of their lives, after all, is very much at the mercy of those who 
initiate worldship travel.

Finally, it should be kept in mind that many of the concerns 
raised here for worldship travel apply with little to no modifica-
tion to permanent interplanetary settlements. After all, a sim-
ilar isolation is possible for interplanetary settlements, where 
the distances can still be impossibly vast on a human scale. 
Those born into a Kuiper Belt society could easily face versions 
of all of the same problems anticipated for the shipborn, with 
no ability to escape to more hospitable locales. Thus, while it 
will be important to learn from interplanetary settlements in 
support of worldship travel, it will be even more important 
to avoid subjecting interplanetary settlers to needlessly harsh 
conditions solely for the learning opportunity. Human settle-
ment in space, whether interstellar or interplanetary, should 
only take place for good reasons, never with haste or false ur-
gency, and with adequate preparation and consideration for 
the well-being of future generations of settlers. Anything less 
would be negligence on an astronomical scale. 
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Despite the fact that intelligent life might well evolve on a super earth, or on a terrestrial planet orbiting an M-class red 
dwarf, a conceptual exploration of how the social dynamics of science are likely to interact with the environments on those 
planets suggests that such species are unlikely to develop the capability for, or an interest in interstellar communication. 
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1  INTRODUCTION –THE DRAKE EQUATION

The Drake Equation is a simple conceptual framework for 
estimating the likelihood of detecting a signal sent by an alien 
civilization. There are several variations and adaptations of the 
factors proposed by Frank Drake in 1961, but the most com-
mon form is derived from Shklovskii & Sagan [1].

  N = R ✳ ƒg ✳ ƒp ✳ ne ✳ ƒl ✳ ƒi ✳ ƒc ✳ L  
With…

N =  likelihood of detecting a signal or being contacted.
R =  Rate of star formation in our galaxy.
ƒg =  Fraction of stars suitable for life.
ƒp =  Fraction of stars with planetary systems.
ne =   Number of planets per system with conditions amenable 

to life.
ƒl =  Fraction of amenable planets that develop life.
ƒi =  Fraction of planets with life where intelligence evolves.
ƒc =   Fraction of planets with intelligence where the technologi-

cal capability for interstellar communication and an inter-
est in interstellar communication develops.

L =   Lifetime of civilizations capable of interstellar communi-
cation.

When initially proposed, almost all of these factors were 
purely speculative, but recent and rapid advances in exoplanet 
detection [2] have provided a solid foundation for the empirical 
estimation of many of the physical elements. This has spurred 
renewed interest in the equation, led to new analyses of the like-
lihood of discovering extra-terrestrial intelligence, and initiated 
fresh speculation of where it will be most fruitful look in the 
search for extra terrestrial life [3].

With a few noteworthy exceptions, the two social factors 
in the equation have largely been left out of this recent flurry 
of analyses and commentary. In part, this is simply a reflec-
tion of the nature of the new data. However, it also reflects a 
long-standing, explicit bias against these social elements. This 
bias takes many forms, and often goes unspoken, but when it 
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is acknowledged, something similar to Ćirković’s articulation is 
typical, “Thus, we obtain a physically more desirable picture for 
the explanation of Fermi’s ‘paradox’ in which sociological influ-
ences are much less relevant,” [4].

The desire to avoid invoking social or anthropomorphic ex-
planations for the paradox of why alien life has not yet been 
found is best practice in most of the disciplines involved in the 
search for extraterrestrial intelligence and should be accepted 
as such. It does, however, undervalue the critical role that the 
social aspects of civilization play in the model offered by the 
equation. It also overlooks the ways in which the social elements 
could be combined with the new exoplanetary discoveries to 
further refine the search for extra-terrestrial intelligence.

2  THE SOCIALLY CONTINGENT ELEMENTS OF  
THE DRAKE EQUATION

When commentators have engaged the social elements in the 
Drake equation, it has usually been in terms of the lifetime of 
a technologically sophisticated civilization, the L factor. In fact, 
debates regarding how the existential threats to the human race 
translate into the L factor in the equation are so prominent that 
they have been explicitly used as the central conceptual element 
in mass market science fiction [5]. In contrast, the development 
factor (ƒc) is rarely discussed. It is, however, the factor where 
the social elements of science can be combined with the new 
exoplanetary data to best effect.

Science and the development of the technologies necessary 
to become a communication capable species are inherently so-
cial processes. In addition to the direct efforts made by govern-
ments to influence research, such as in the push for the rapid 
development of chemistry, nuclear physics, computers, rocket-
ry and a whole host of other technologies during World War 
2, there are also market forces as well as broader and far more 
fundamental social forces at work. Further, these social forces 
do not operate in a vacuum. The drives imparted by the social 
context of scientific discovery are at least partially determined 
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by the society’s environment and that provides a basis for the-
orizing about the effects that exoplanetary environments might 
have on the likelihood of an intelligent species developing the 
capability to communicate.

3 ANALYTICAL APPROACH – PATHS UNTRAVELLED

One way to approach the cultural aspects of the Drake equa-
tion is to project the human experience onto alien civilizations, 
as has been done when speculating about the L factor. This in-
volves, at least implicitly, an assertion that some aspects of cul-
ture are universal across human societies and are likely to be 
universal across intelligent species. This approach, particularly 
in the way the universality question was explored by Ashkenazi 
[6], provides a conceptually interesting perspective for applying 
the human experience. However, when engaging the social side 
of the development of science and technology, it is more useful 
to turn the question around and ask: What steps in the human 
development of science and technology are not logically univer-
sal, but are likely to be necessary to become a species capable of 
interstellar communication? From there, it is then possible to 
speculate constructively on exoplanetary conditions that might 
significantly reduce or enhance the likelihood that an otherwise 
capable alien species will achieve all of the necessary scientific 
or technological steps along the path to interstellar communi-
cation. 

This necessary-step approach clashes with an unarticulated, 
but nonetheless powerful presumption that given the time, an 
intelligent species will discover pretty much any significant sci-
entific fact or technology that exists. Part of this presumption is 
the result of using ourselves as a model of a communication-ca-
pable species. We cannot see the scientific paths that humans 
did not follow and we have no way of knowing just how many 
things there are out there that humanity could have discovered 
but have not and possibly will not. As a result, we believe that we 
will discover everything and when we use ourselves as a model, 
we tend to project that egocentric belief in inevitable discovery 
onto others.

The fallacy of the belief that an intelligent species will even-
tually discover everything to be discovered can be seen when 
the concept is turned around to consider an extreme example of 
how an alien species might fail to discover many of the things 
that humanity has found. On a water world, no matter how in-
telligent an aquatic species may become, the obstacles between 
them and any of the technologies that require the discovery and 
control of fire would be all but insurmountable.

When scientific progress is considered in terms of chains of 
discovery, the pursuit of many of the links in those chains were 
driven by or were dependant upon unlikely convergences of so-
cial and economic forces [i.e. 7, 8] and it seems likely that alien 
species might choose to not invest the resources needed to fol-
low a line of discovery that humanity has found to be valuable. 
AC versus DC electrical grid, electric versus petrol cars, thorium 
versus uranium nuclear reactors, there are countless examples 
where slightly different social or environmental circumstances 
might have shifted the development of science and technology 
onto an alternate path. That, in turn, might have prevented the 
discovery or development of things that were not anticipated at 
the point where the decision was made.

Taken as a thought experiment, The Mote in God’s Eye [9] 
provides a pertinent example. The alien species in the novel did 
not pursue the fictional form of space drive that the humans 

used because the catastrophic loss of an early prototype led to 
the belief that it would not work. This led to the entire line of 
research being abandoned as unworthy of the investment. In es-
sence, market forces effectively prevented them from taking the 
necessary steps needed to open up that fictional line of inquiry.

Applying this idea to the technological development element 
of the Drake equation, in combination with some of the basics 
of what has been discovered about exoplanets, leads to some 
interesting conclusions about what kinds of exoplanetary envi-
ronments are more or less likely to lead to detectable alien life. 

Reaching orbit and exploiting that ability in a meaningful 
way is used here as an example of how the critical technologi-
cal step approach can be applied to the discussion of the Drake 
equation. Obviously, it is debatable whether that specific scien-
tific and engineering accomplishment is indeed a critical step 
on the path to interstellar communication. However, reaching 
orbit provides a clear milestone referent that can be used to 
consider how both the specific achievement and the history of 
scientific and technological progress that made it possible can 
be influenced by exoplanetary environments.

4 SUPER EARTHS

Super earths represent what is perhaps the simplest and most 
straightforward instance where an environmental constraint 
found on an exoplanet might effectively prevent a species from 
achieving the critical technological step of reaching and exploit-
ing orbit in a meaningful way. Even a modestly higher level of 
gravity than what is found on Earth would represent an insur-
mountable barrier. As a crude example, consider the Saturn V. 
With a first stage thrust of 3.4 Million kg, its 2.8 Million kg take 
off weight would exceed its take off thrust at just 1.21G and its 
118,000 kg low-Earth-orbit payload capacity drops to zero at 
just under 1.04G. Even at gravitational pulls below that 1.04G 
level but above the level experienced on Earth, there will be a 
point where the reduced payload capacity from the additional 
gravity will make it irrational to even pursue the idea of putting 
something into orbit.

That threshold between rational and irrational is socially de-
termined. It is derived from a marketplace that is broadly con-
ceived to extend beyond the purely economic and include the 
intangible values a society places on specific accomplishments 
or discoveries that might be expected from the endeavour. Still, 
no matter how much those intangibles might be treasured, the 
values placed upon them are not infinite, nor are there infinite 
resources available to pursue them. If a slightly higher level of 
gravity meant that it took a Saturn V to put Sputnik in orbit, 
would an alien species choose to pursue all of the critical and 
expensive steps it took to develop and build such a machine? 
Right up to the point where it becomes impossible to put a 
chemical rocket into orbit, it cannot be ruled out, but as gravity 
increases and costs go up, the odds it will happen go down.

Conversely, a lower level of gravitational pull would reduce 
both the economic and social costs of pursuing orbital capabil-
ities and should make it more likely that a species pursues that 
goal. Plate tectonics are probably necessary to sustain a habita-
ble environment over the time spans needed for intelligent life 
to evolve [10], and with more than just planetary mass involved 
in plate tectonics it is an open question how close Earth is to the 
minimum size needed to sustain that recycling function [11], 
but even a small decrease in the pull of gravity could be signifi-
cant. It would only take a roughly 3% drop in the pull of gravity 
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to double the low-orbit payload capacity of a Saturn V.

While the social construct of a marketplace, where scientif-
ic and engineering possibilities must compete for the resources 
needed to attain them is an interesting consideration, it is only 
the most superficial aspect of how the physical and social might 
interact to shape scientific and technological development. 
Through the reference to the value a society might place on an 
achievement or discovery, discussing the impact of the market-
place also provides some indications of the broader influence of 
the social. For example: It is reasonable to argue that the avail-
ability of a desirable and attainable extraplanetary destination, 
such as a large or nearby moon, is likely to increase the value a 
society places upon reaching orbit and lower the threshold be-
tween rational and irrational. The values an alien society places 
upon attaining orbit, or pursuing any of the discoveries and ac-
complishments necessary to attaining orbit are neither fixed nor 
universal, but they are likely to be profoundly and predicably 
influenced by exoplanetary environments.

5 BEYOND THE MARKETPLACE

It borders on the tautological to say that we cannot even begin 
to imagine what we are incapable of imagining. However, in one 
form or another, what we can and cannot imagine is a signifi-
cant avenue of inquiry across several disciplines and subdisci-
plines in the humanities and social sciences. Often these studies 
focus on language, as in how the use of analogies enables and 
limits the policy options a government or society can consider 
implementing [i.e. 12]; or psychology, such as how pre-exist-
ing beliefs can shape the cognitive structures of perception so 
profoundly that it becomes impossible to imagine alternatives 
to those held beliefs [i.e. 13]. More fundamentally, socially con-
structed identities of ourselves, of others and of the very nature 
of reality have a profound impact upon what is desirable, or 
possible or even what is imaginable [i.e. 14].

It is tempting to reference one of humanity’s many great sci-
entists and say that it only takes one extraordinary act of im-
agination out of a pool of billions of individuals, but there are 
two significant flaws with that argument. First, many advanc-
es, particularly those requiring massive financial investment, 
require the dedication of a large social organisation such as a 
nation. Second, even though it only took one Einstein to im-
agine relativity, it took countless generations of discovery and 
invention, fostered and enabled by the societies involved, to cre-
ate the intellectual and social context where he could conduct 
the thought experiment he describes as the source of that in-
sight. From the puzzle presented by measurements of the speed 
of light, to the optics that enabled those measurements, to the 
trade imperatives that drove the development of the clear glass 
needed for those optics, the social and economic context was 
critical to creating a moment where Einstein’s insight could not 
only occur, but could take on the meaning that would even-
tually transform our understanding of the universe. Further, 
without the scientific community of publishing and other forms 
of sharing, his insight would have been lost to obscurity. In a 
community dominated by the church, it could have been lost 
through repression.

Returning to The Mote in God’s Eye [9] as an example of a 
thought experiment from speculative fiction. For the aliens in 
the novel, the social aspect of science is a factor in regards to a 
biological imperative where they die if they fail to breed every 
few years. This created a social and political situation that was 
overwhelmingly dominated by overpopulation pressures. In 

that context, the life of an individual was less than worthless. 
Individuals were a burden on society and there was no value to 
be found in pursuing any of the life-extending medical or bio-
logical technologies that would have allowed them to discover 
a medical solution to their Malthusian predicament. A human 
who was familiar with hormonal birth control could easily im-
agine the possibility of chemically mimicking pregnancy in or-
der to keep the aliens’ bodies from shutting down, but the aliens 
had abandoned medical research at such a primitive state that 
they could not even imagine that solution.

When that idea of intellectual paths that might not be trav-
elled is applied to the question of reaching orbit, there are prob-
ably several essential avenues of research that, if missed or dis-
missed, could reduce a species’ collective ability to imagine that 
spaceflight is possible or desirable, but none could possibly be 
more critical than astronomy.

In that regard, it would difficult to overstate the centrality of 
astronomy across the entire history of humanity. Almost every 
human being, past or present, has lived in a world where the 
heavens are the realm of the gods, and movement up into that 
realm, or through that realm was a fundamental construct in the 
collective imagination [15]. In that way, the concept of space-
flight has been with us since before the dawn of civilization and 
the collective imagination is a tremendously powerful thing. It 
is the driver behind religion and idealistic social movements, 
and the desire to accomplish something that had always been 
in the realm of the gods must have helped elevate the value that 
the societies involved in the space race placed upon reaching 
orbit, and then the moon. It can be argued that it still motivates 
nations such as China, India and Japan.

The observation of celestial bodies underpins the oldest of 
known mythologies and the measurement of the movements of 
those bodies appears to be the essential purpose of the oldest 
and the most monumental construction projects of the ancient 
world. From optics, to the detailed data on planetary motions 
that unlocked the heliocentric universe, to the observations that 
confirmed the curvature of space, astronomy is such a ubiqui-
tous part of humanity’s development of science that it can be 
difficult to imagine how huge swaths of knowledge that we 
take for granted could have possibly been established without 
it. However, just because astronomy is ubiquitous across hu-
manity, it does not mean that astronomy is an aspect of human 
society that we can presume will be universal across intelligent 
alien species.

6 M-CLASS STARS AND TIDALLY LOCKED EXOPLANETS

The vast majority of potentially habitable worlds thus far dis-
covered orbit closely around M-Class stars [16], including the 
now famous TRAPPIST-1 system with seven rocky planets with 
at least three in or near the habitable zone [17]. Planets in the 
habitable zones of these stars are also highly likely to be tidally 
locked, with one face always turned toward the star, and while 
it appears possible that many of these planets still might be hos-
pitable to life [18], the simple fact that they are tidally locked 
makes it highly unlikely that astronomy as we know it will be a 
foundational element of their science or their societies.

For a human, the daylight sky of an M-class red dwarf would 
probably be spectacular. Full daylight would appear to be post 
sunset twilight and any nearby planets would be close enough 
to appear as large as our moon or larger [19]. However, the eyes 
of species evolving on a planet around those dim stars would 
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almost certainly evolve to maximise the use of the dominant 
spectrum delivered by their sun. They would see a brightly lit 
sky. As a result, on such a tidally locked planet, an intelligent 
species will evolve in eternal daylight. The infinity of the night 
sky will not inspire their myths, religions and collective imagi-
nation. Instead, their universe will be inherently finite. Presum-
ing that it is the shorter of the available wavelengths of light that 
are predominantly scattered by a clear atmosphere, it is a rea-
sonable expect that their reality will be bounded by the yellow 
sky above and ringed by a wasteland of twilight and cold. They 
will not find gods in the slow movement of the system’s other 
planets. The sun will hang motionless overhead and there will 
be no need for a chariot, or a barge, or a dragon to carry the 
rising and setting sun. Those and all of the other things that 
embedded the idea of spaceflight so deeply in the imagination 
of the human race will be absent [15].

An alien species evolving on that kind of planet will not only 
lack the night sky that inspired our historical engagement with 
astronomy and the related collective concept of spaceflight, the 
species will also have no intrinsic need for astronomy as we 
know it. They won’t have days and nights or any cycles of time to 
measure. While they would technically have years, they would 
be meaningless under that unmoving sun, and most important-
ly, they would not create the seasons that drove key aspects of 
the human development of astronomy. Even if the planet’s orbit 
were elliptical enough to create variations in warmth, the result-
ing seasons would only last the equivalent of a few days. There 
would be no need to track the complex cycles of sunrises and 
sunsets moving along the horizon in order to anticipate times to 
plant, or harvest, or otherwise act to exploit seasonal resources 
such as monsoons.

This does not mean that an intelligent species on one of those 
planets will never develop astronomy. We might presume that 
they will reach an age of exploration and eventually, some will 
find the night side and discover the stars, but without astron-
omy embedded in the deep pre-history of their species, how 
likely is it that the discovery of the night sky will capture the 
broader society’s imagination in a way that will drive the species 
to invest what it takes to reach orbit? We can probably imagine 
a level of engagement that is similar to the way humanity as a 
whole engages subatomic physics, but would that be enough? It 
is still possible that they might find value in reaching orbit, but it 
would be far less likely than it would be for a species that evolved 
under the wonder of a night sky. As a result, the likelihood that 
such a species would develop orbital technologies would be re-
duced significantly in comparison to the human experience.

Despite the risk of slipping off into the theoretical deep end, 
it is still worth noting that that the absence of a night sky would 
probably affect societies evolving on tidally-locked planets in 
ways that would go far deeper than just depriving them of the 
mythology reflecting the concept of space travel. It would even 
go beyond the specific aspects of human science that were driv-
en by the observation of celestial movements, such as the helio-
centric universe, or the measurement of gravity, or navigation. 
A species that evolved in eternal daylight under a stationary sun 
will probably develop an entirely different conceptualization of 
time itself.

Days, years and seasons not only create a natural need for 
humans to measure time, they impose cyclical patterns that nat-
urally divide time into regular units. Years divided into seasons, 
divided into days, which are divided by dawn, midday, dusk; 
without that, how difficult would it be for a being that evolved 

in an unending day to think of time as something that is divisi-
ble into regular units? We know that people living in caves and 
otherwise isolated from day and night cycles lose their sense of 
time in ways that makes the perception of its passage to be ex-
tremely elastic and irregular [20]. The concept of a regular and 
measurable passage of time is so essential to so many aspects 
of physics, and astronomy, and the sciences in general that it is 
impossible to say how science might develop in its absence. It 
does, however, highlight just how critical the social act of con-
ceptualizing the nature of the universe might be.

Regardless of the specifics, it appears that everything about 
the social side of science would work against the possibility that 
an intelligent species that evolved on a tidally-locked planet or-
biting a red dwarf would develop a meaningful orbital presence. 
Further, some of those impediments would also apply to plan-
ets with opaque atmospheres, or planets where lack of axial tilt 
eliminated the need to track seasonality.

7 HABITABLE EXOMOONS

Unlike a tidally locked planet orbiting an M-class star, it is rea-
sonable to argue that if intelligent life were to evolve on a large 
moon orbiting a gas giant, that environment is likely to enhance 
the social forces leading them to pursue a meaningful orbital 
presence.

First, returning to the largely pragmatic issue of gravity, there 
is a good chance that the window between the maximum plane-
tary mass that would still allow the rational exploitation of orbit, 
and the minimum mass needed to sustain plate tectonics and 
maintain a life-friendly ecosphere over the geologic time-scales 
needed for intelligent life to evolve would be far wider on an 
exomoon than it is on Earth-like planets.

Planetary mass is significant, but it is not the only factor 
involved in plate tectonics [11]. The presence of liquid water 
oceans, the thickness and composition of the lithosphere, and 
the strength of convection currents in the mantle are also im-
portant, and it is in the latter element that planetary mass is 
primarily linked to tectonics. The higher internal heat and re-
tention of that heat with increasing planetary mass is directly 
associated with higher energy convection currents in the mantle 
of a planetary body. Smaller planets gain less heat from their 
formation than larger planets and they lose it more quickly. 
However, as the Jovian moons Europa and Io demonstrate quite 
clearly, the tidal forces experienced by the moons of gas giants 
can impart significant energy into the mantles of very small 
planetary bodies [21].

Issues related to the relative thickness and fragility of the lith-
osphere probably keep the smallest of moons from supporting 
plate tectonics [21], and the need to retain an atmosphere also 
limits how small a habitable moon can be [22], but as already 
noted in the discussion of super earths, even a small decrease in 
gravitational pull has a large impact on the cost of reaching orbit 
with a chemical rocket and that would increase the likelihood 
that such an endeavour would occur.

In addition to the possibility that lower gravity would make 
it easier for a species to reach and use orbit, the night sky that 
is seen from an exomoon is likely to provide additional social 
incentives for the development of the complex astronomy that 
would have to be part of the path to that accomplishment.

In this regard, the development of astronomical navigation 
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on the moon of a gas giant is particularly interesting. Assuming 
that the moon is tidally locked and storm patterns make it pos-
sible to determine north and south pole of the gas giant, simply 
measuring the apparent height of the north and south pole of 
the gas giant should be sufficient to determine the location of 
any spot on the side of the moon facing the gas giant. The aver-
age of the two measurements would place you on a circle cen-
tred on the point directly under the gas giant, and the relative 
difference between the two measures, including the apparent 
left-right orientation of the north and south pole, would tell you 
where on the circle you were. On the outward facing side of the 
exomoon, you would not have the gas giant as referent, but you 
would have the movements of all the other moons, which could 
be charted and predicted and used in combination with the 
rising and setting sun and the stars to navigate. Thus, with the 
astronomy of the Aztecs, you could navigate the entire world in 
a way that was not possible on Earth until the development of 
reliable timepieces.

The sheer economic value inherent in mastering those two 
forms of astronomical navigation, in combination with the con-
ceptual contrasts between them, should drive the development 
of astronomy even faster than we saw on Earth. Further, the 
complexity and majesty of the night sky, including the station-
ary gas giant, the movement of the sun, the movement of the gas 
giant’s other moons and the movement of the other planets in 
the system, would provide even more puzzles and more data to 
drive the development of astronomy as a science. Those nearby 
moons will also offer a bounty of achievable goals to be reached 
through the development of spaceflight, further feeding the so-
cial value driving the pursuit of orbital capabilities. Again, none 
of those things are definitive, but they should all push in the op-
posite direction as the eternal daylight of a planet that is tidally 
locked around a red dwarf and as a result should generally in-
crease the likelihood that an intelligent civilization that evolves 
on the exomoon of a gas giant will develop the capability for 
interstellar communication.

8 STELLAR PROXIMITY

The development element of the Drake Equation (ƒc ) actually 
has two parts, and even though they are related and interactive, 
they are different and should be considered distinctly. Several of 
the exoplanetary environmental factors that have been related 
to the development of a capability for interstellar communica-

tion will have similar impacts on the development of an inter-
est in interstellar communication. After all, a species that never 
discovers stars because it lives in eternal daylight, would never 
even be able to imagine anything related to interstellar anything. 
However, even on a planet that is too heavy to allow a species to 
reach orbit, the idea of communicating with other star systems 
could still be imagined and desired. In fact, if that heavy-world 
species were to project their own experience out to believe that 
no alien species would ever develop spaceflight, that might en-
courage a desire to communicate because they would not fear 
attracting potentially hostile aliens to them.
The close proximity of stellar neighbours is one element that 
seems unlikely to have much if any effect on the development of 
capability, but it might have a profound effect on the interest in 
communicating. Whether that species evolved on a planet in a 
loosely coupled multiple star system, or there was just a number 
of stars within a few light years, those nearby neighbours could 
reasonably be argued to be something that would drive interest 
in communicating.

9 IMPLICATIONS FOR SETI

The Drake equation was initially offered as a framework for 
speculating about the likelihood of detecting an alien civiliza-
tion. The sheer number of terrestrial planets found orbiting in 
the habitable zone of the extremely numerous M-class stars, 
combined with analyses that indicate that those planets may be 
able support life even though they are tidally locked, appears to 
have increased substantially the chance that alien life might be 
detected. However, once we consider the social side of science, 
those planets appear to be very poor places for SETI to focus. 
While intelligent life may well exist on those worlds, the social 
aspects of science suggest that they are unlikely to be capable 
of and interested in interstellar communication, and therefore 
are unlikely to be detectable. Super earths also look like poor 
choices for SETI, but gas giants orbiting in the habitable zone 
may provide ideal targets as all the social elements related to 
science appear to increase the likelihood that any civilizations 
that evolve on their moons will be detectable.
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This paper examines the risks associated with the program of passive searching for alien signals known as the Search for 
Extraterrestrial Intelligence, or SETI. It raises the possibility of receiving an alien transmission that includes a description 
of an AI system aimed at self-replication (SETI-attack). A scenario of potential vulnerability is proposed, as well as reasons 
why the proportion of dangerous to harmless signals may be high. The paper identifies the necessary conditions for 
the feasibility and effectiveness of a SETI-attack: ETI existence, possibility of AI, small size of the “Seed” AI, low speed 
of physical interstellar travel, and large distances between civilizations. Necessary additions to the SETI protocol are 
considered: keep the signal's existence, content and source location secret; don’t run alien programs; jam dangerous 
signals; wait until humanity creates its own AI. In addition, scenarios in which it may be reasonable to activate an alien AI 
(if it has been downloaded) are explored. 
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1  INTRODUCTION

The idea that passive searches for extraterrestrial intelligence 
(SETI) have the potential to be dangerous is not new. Physicist 
Fred Hoyle famously suggested a scheme of alien attack through 
SETI signals (hereafter called “SETI-attack”) in the novel A for 
Andromeda [1]. In the plot of that work, astronomers receive 
an alien signal that contains a description of a computer and 
a computer program to be run on the computer. This machine 
creates a description of genetic code, which leads to the creation 
of an intelligent creature – a girl dubbed Andromeda – who, 
working together with the computer, creates advanced tech-
nology for the military. The initial suspicion about the intent of 
the aliens is overcome by the greed for the technology they can 
provide. However, the main characters realize that the comput-
er is acting in a manner hostile to human civilization and they 
destroy it, killing the girl.

In his book Mind Children, Hans Moravec offers a similar 
scenario of vulnerability: the potential for humans to download 
a computer program from space via SETI that has artificial in-
telligence [2]. This AI may promise new opportunities for the 
owner, and after fooling the human host, is capable of self-rep-
licating millions of copies, destroying the human host, and fi-
nally using the resources of the secured planet to send its ‘child’ 
copies to multiple planets that constitute its future prey. Such a 
strategy is similar to the strategy of a virus or a digger wasp – 
horrible, but plausible. 

Carrigan wrote about the risk posed when unfiltered sig-
nals from space were loaded on millions of insecure computers 
that took part in the SETI-at-home program [3]. This proposal 
was met with a great deal of criticism from programmers, who 
pointed out that firstly, data and programs are in separate re-
gions of memory in the computers, and secondly, the program-
ming languages in which programs are written are unique prod-
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ucts of human technology, making it impossible to guess their 
structure in order to hack them without prior knowledge.

 
Following that response, Carrigan published a second article, 

"Do potential SETI signals need to be decontaminated?" [4]. In 
it, he pointed to the ease of transferring gigabytes of data across 
interstellar distances, and indicated that such interstellar signals 
may contain some kind of “bait” that will encourage people to 
construct some sort of dangerous device according to the de-
signs the signals contain. However, Carrigan did not give up his 
belief in the possibility that an alien virus could directly infect 
Earth’s computers without human ‘translation’ assistance. While 
this seems implausible, human help is easily reachable, as will be 
shown below. 

Some other influential works of fiction have also explored 
the idea of SETI risk. Vernor Vinge’s novel A Fire Upon the Deep 
shows the risk of alien AI found as a result of space archeolo-
gy [5]. In Carl Sagan’s Contact, aliens send a description of a 
machine – not AI, but a worm-hole transporter. In Sagan’s sto-
ry, the characters discussed possible risks, but decided that the 
aliens could find simpler ways to destroy life on Earth [6]. In 
Stanisław Lem’s His Master’s Voice, astronomers find a message 
that appears to have some form of intelligence encoded within 
it, found to exist primordially as some other universe’s genetic 
code [7].

Hawking has expressed concerns about risks of contacts with 
aliens [8], and Baum has explored different potentially danger-
ous scenarios of communication with extraterrestrial intelli-
gence [9]. Michaud has discussed potential dangers of contacts 
with aliens [10]. Penny suggested that listening for alien signals 
may be dangerous, but has stated that as the probability of risk 
cannot be determined, there is no reason not to listen [11]. Hip-
pke asserted that complex messages cannot be decontaminated 
with certainty [12]. Yampolskiy included alien AI obtained via 
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SETI as one of the possible subtypes of dangerous AI [13].

Yudkowsky’s article, "AI as a positive and a negative fac-
tor of global risk", introduced his notion of “Seed AI” [14], or 
embryonic AI – a minimum program capable of learning and 
runaway self-improvement with an unchanged primary goal. 
He also stated that Seed AI can evolve extremely quickly, and 
it could easily outsmart humans and take over the world; that 
the risks of self-improving AI are underestimated and so it is 
impossible to keep AI “in a box"; and that it is impossible to 
recognize dangerous intentions of an AI in advance. Nick Bo-
strom outlined a similar set of risks relating to AI in his book 
Superintelligence [15].

Despite many warnings, both fictional and non-fictional, 
about the potential risks, SETI research continues unabated 
[16]. New waves of funding continue for this potentially attrac-
tive idea. At the same time, SETI possibilities are growing as the 
quality of astronomical instruments and the computer power 
available to analyze astronomical data improve. These advanc-
es mean that humanity will be able to find alien civilizations 
further away – that is, across larger distances – if they are there 
to be found. The number of stars checked for alien signals is 
growing exponentially, closing to millions in the 2010s – and 
the probability of “success” is also growing at the same rate [17].

The number of projects searching for radio signals of alien 
origin is growing, partly because of contributions from private 
individuals. Paul Allen created the Allen Telescope Array for 
SETI search, which aimed to examine 1 million stars, as well 
as search for other signs of alien activity, like laser flashes [18]. 
Russian billionaire Yuri Milner donated $100 million for SETI 
research in 2015 [19]. 

The interest in SETI has grown since 2016, when the star KIC 
8462852 exhibited strange patterns in its light signature, as if 
it was being irregularly overshadowed by some other objects. 
Some think it may be elements of a Dyson sphere built by aliens, 
or perhaps a beacon to attract humanity’s attention [20]. The 
star is 1600 light-years from the Earth, which seems too close 
for SETI-attack (see section 6).

The distances over which SETI searches can be conducted, 
and thus the number of stars they can reach, is growing. But 
more important from point of view of potential SETI attack is 
the search not for complex radio transmissions, but for beacons, 
which could be found by astrophysical instruments not directly 
aimed at searching for alien life. Several beacon-candidates have 
been found in recent years via astrophysical research, including 
Fast Radio Bursters and dimming stars with complex patterns, 
like KIC 8462852.

Most participants in SETI dismiss any risks relating to pas-
sive SETI, as well as active SETI [21]. In a personal communica-
tion to the author, Seth Shostak confirmed his awareness of the 
potential risks of passive SETI but stated he does not regard it as 
serious. The risks of passive SETI have received much less atten-
tion than the risks of active SETI – Messaging Extraterrestrial 
Intelligence (METI) – that could make our existence known to 
aliens [17, 22–25].

But, in fact, passive SETI is more dangerous than METI, as 
the risks are immediate, could come from a larger distance, 
which includes many more stars and civilizations, and because 
SETI-attack will be naturally selected to be most malicious 
(more below). 

The goal of this paper is to estimate the risk of SETI-attack 
and to suggest possible measures for its prevention. First, nec-
essary conditions for SETI-attack to occur will be identified in 
Section 2, then a plausible scenario of attack will be explored 
in detail in Section 3. In Section 4 will be presented overview 
of the possible goals of the senders, Section 5 is devoted to the 
model of the SETI-attack depending on the civilization distri-
bution in space, Section 6 analyzes possible preventative meas-
ures and some safety recommendations for SETI protocols, and 
Section 7 looks at the situation where starting alien AI would be 
the most preferable outcome. 

2  MAIN PREMISES UPON WHICH THE PROBABILITY OF 
SETI-ATTACK IS BASED

The possibility of the SETI-attack is based on two main prem-
ises, which are necessary preconditions for such an attack to be 
technically possible.
 
1.  Strong artificial intelligence is possible as a classical com-

puter program of finite size and this size is small enough 
that such a program can be transmitted by radio or other 
means of communication. Even this requirement is too 
strong – alien AI does not require full artificial intelli-
gence, with consciousness, creativity, and the capacity to 
pass the Turing test, to be harmful. It just has to be able 
to win in several games against humans, and have super-
human expertise in the fields of astrophysics, electronics, 
computer science and game theory. Contemporary com-
puter programs routinely win in narrow fields like chess 
[26], so the ability for such requirements to be met seems 
probable. Thus, alien AI could be characterized as a poly-
morphic virus capable of machine learning. 

2.  Technological extraterrestrial civilizations exist in the 
visible universe and they are close enough to send large 
amount of data, but far enough to make it difficult for 
them to travel physically to Earth. SETI research is based 
on a non-negligible probability that alien civilizations ex-
ist. Even if “Rare Earth” – the hypothesis is that Earth is 
the only habitable planet in the visible universe here [27] 
– is most probable, the small probability of other civiliza-
tions existing dominates the risk analysis landscape. The 
condition will be deeply analyzed in section 7, which will 
explore the distribution of civilizations in the universe fa-
voring SETI-attack.

There are several subconditions, one of which is that a pos-
sible potential Seed” AI will fit into data-sending technologies. 
Carrigan showed that the size of the human mind is of an order 
of magnitude of 1 gigabyte and that this amount of data can be 
sent across interstellar distances using radiotransmissions [4]. 

But large amounts of data could be sent across intergalactic 
distance via large-scale astro-engineering, which in turn would 
permit extragalactic SETI [28].

 A drawing using a galactic plane of a remote galaxy as its 
canvas and Dyson spheres as pixels could send around 1 gi-
gabyte of data over billions of light-years, assuming that one 
billion stars are converted to Dyson spheres and that the alien 
sender finds ways to compensate for distortion due to galactic 
rotation. While such repeated transmissions in all directions is 
a very energy-intensive undertaking, it could be simplified if 
the attention of the receiver civilization were to be attracted by 
some kind of lighthouse or beacon. 
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3 ALGORITHM OF A SETI-ATTACK

3.1  Overview of the SETI-attack structure

One potential scenario of SETI-attack will be explored in this 
section, although other scenarios are possible.
 

A message constituting part of a SETI-attack will probably 
include the following elements:

• A beacon, which draws attention to the main message
• An introduction to the alien language
•  Bait – an explanation of why human recipients should 

build an alien computer
• Blueprints for a simple alien computer 
• The code for a program to be run on this computer

From this list, the program to be run on the computer is the 
most important part, and the only one required for a SETI-at-
tack. The other components are needed to explain that it is a 
program, convince us human receivers should run it, and tell us 
what hardware is required to run it. 

3.2  The simplest possible computers are universal

The explanation of the computer needed to run the alien pro-
gram will be as simple and short as possible, involving simple 
programming languages. The message could have two levels, 
where the first part is simply a description of a loader program 
that in turn will create an optimized computer or complier to 
run code more effectively. 

Humans have created very simple self-evident computers 
and programs. For example, the simplest computer, the Turing 
Machine, has only 6 commands [29]. Such simple computers 
are based on mathematical universalities, like Pythagoras' Theo-
rem, and there are only a few possible variants of the Turing ma-
chine [30]. Even the Babbage mechanical computer, designed in 
the early 19th century, was Turing-compatible [31]. If code for 
such computer was received, it would be easy to recognize it and 
to run it on a virtual Turing machine.

In fact, a Turing Machine derivative known as the “Wang 
machine” has only 4 commands and seems to be the simplest 
possible computer [32]. Humans have also created self-evident 
programming languages for METI. Specially designed Cosmi-
cOS, which has only 4 symbols. “CosmicOS is a self-contained 
message designed to be understood primarily by treating it as a 
computer program and executing it.” [33]. 

The Turing Machine has only 6 commands and a tape data 
recorder. Its full electric circuit will contain only a few tens of 
transistors or logic elements, whicxh means that it is not dif-
ficult to send blueprints of such a device. And even without 
such blueprints, the code for a Turing Machine would be easily 
recognizable. Turing Machines are so simple that one could be 
easily built from Lego (and has been) [34]. 

3.3 One possible scenario for a SETI-attack

In this subsection, one possible scenario for a SETI-attack will 
be reviewed in detail.

To start with, let us assume that there is an extraterrestrial 
civilization with the intent to send an AI-empowered message 
that will enable it to obtain power over Earth. In the next sec-
tion, we'll look at how realistic it is for another civilization to 

want to send such a message.

In order to prove that a vulnerability exists, it is enough to 
find just one hole in a security system. However, in order to 
prove safety, one must eliminate all potential holes. The com-
plexity of these tasks varies by many orders of magnitude, which 
is well known to experts on computer security [35]. This dis-
tinction has led to the fact that almost all computer systems, 
from Enigma to the iPhone, have been hacked. In this section, 
one vulnerability of the SETI program will be demonstrated; 
however, any error in the thesis does not automatically prove 
the safety of the SETI program; other risks are still possible. 

The detailed stages of a SETI-attack could be as follows:

 1.  The sender civilization creates a signal beacon or lighthouse 
in space. The signal sent by this beacon clearly shows that 
it is artificial in origin – for example, a star with a Dyson 
sphere. The beacon can be seen across a distance of thou-
sands of light-years or maybe even hundreds of millions 
of light-years. There are many possible different types of 
beacon, but the important point is that the signal can be 
received over long distances and is easily recognized as 
artificial in origin. The goal of the beacon is to attract the 
attention of astronomers of the receiving civilization, so its 
signal should be obviously atypical of natural phenomena. 

2.  Near this beacon is located a radio transmitter with a much 
weaker signal, but one that is more information-rich. The 
lighthouse draws attention to this second radio source. 
This is exactly what happened after the strange behavior 
of the star KIC 8462852 was discovered: it was checked 
for radio signals [36]. This secondary source produces a 
stream of binary information (i.e. sequences of 0 and 1). 
The most obvious way (understandable by the recipient) 
to reduce noise is simple repetition of the signal in a circle. 
It should be done in reasonable time, probably less than a 
year, so the signal should convey 100 bits a second to send 
around 1 gigabit a year.

 
3.  The simplest way to convey meaningful information to an 

unknown recipient using a binary signal is by sending im-
ages. Eye structures appeared independently 50-100 times 
in the biological history of the Earth [37]; this suggests 
that the presentation of a three-dimensional world with 
the help of 2D images is probably universal, and is almost 
certainly understandable to all creatures that can build a 
radio receiver. That is why humanity sends messages to 
aliens mostly in form of images, like the plates on the Voy-
ager probes [38]. 

   Two-dimensional images are not difficult to encode as 
binary signals: the system used in the first TVs, which em-
ployed line-by-line scanning, would suffice. At the end of 
each line, a repeated signal is used to mark the end. Finally, 
at the end of each frame, another signal is placed to mark 
the end of the frame. This method can be used to send still 
images or continuous video. 

   The mediocrity principle is also at work here: human-
ity can assume that we are a typical civilization, and the 
senders are probably aware of the most abundant types 
of civilization. This is especially true if the attacker is a 
large interstellar civilisation with many previous success-
ful SETI-attacks (which, as will be shown later, is the most 
likely profile for attackers). Thus, they send messages that 
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typical civilisations will easily understand.

4.  It is in the interests of a sender civilization for humanity to 
understand their signals. Equally, scientists on Earth will 
be anxious to decrypt their signals. Therefore, there is no 
doubt that the pictures will be recognized.

5.  Images and movies can convey a lot of information; they 
can even train us in to learn an alien language and show 
us their world. It is open to queestion how much of such 
films would be understandable. However, if one civiliza-
tion sends radio signals and another receives them, they 
must have some shared knowledge. Namely, they under-
stand radio technology – that is, they know how to fab-
ricate the transistors, capacitors, and resistors needed to 
build a transmitter. These radio components could proba-
bly be easily recognized in the photographs.

6.  By sending photos depicting radio parts on the right side of 
an image, and their symbols on the left, it would be easy to 
convey the contituent parts of an electrical circuits – tran-
sistors, capacitors, resistors, and so on. (Symbols denot-
ing the logic elements of computers could be denoted in 
roughly the same way.)

7.   Using such symbols, the sender civilization transmits blue-
prints for a simple computer. 

8.  The next part of the message, which may be sent on a sep-
arate frequency, is the program for that computer. Despite 
the fact the computer is very simple, it can implement a 
program of any difficulty, although running it may take a 
very long time. It is unlikely that human scientists will be 
required to build this computer physically. They can easily 
emulate it within any modern computer, so that it will be 
able to perform trillions of operations per second, allow-
ing even the most complex program to be run quite quick-
ly. (There is a possible interim step: a primitive computer 
gives a description of a more complex and faster computer 
and then the program runs on this.)

   
   From all that has been said above, it is clear that there 

is no problem sending computer programs and blueprints 
for building computers across interstellar distances.

9.  So why would humanity recreate such a computer and run 
an alien program on it? Perhaps, because, in addition to 
the actual computer plan and programs in the communi-
cation, the transmission includes some kind of "bait" that 
entices people to build the alien computer, run the alien 
program on it, and provide the computer with data about 
the external world.

   There are several possible classes of baits:
  a)  "The humanitarian aid con". Perhaps humanity receives 

an offer of help. The senders of an "honest signal" SETI 
message warn that the program they’re sending is AI, 
but lie about their intentions and its goals. That is, they 
claim it is a "gift" which will help us to solve all medical 
and energy problems – but in reality, the AI is a Trojan 
horse with malevolent intent.

 b)   "The absolute power con". In this scenario, the senders 
offer promise power over other recipients. Thus, they 
create a race between recipients to create the computer 
first, and thus overcome protective measures.

 c)  "The unknown threat con". In this scenario, the sender 

reports that a certain threat hangs over humanity, for 
example, from another enemy civilization, and that 
the receiver should join a putative “Galactic Alliance” 
for protection. Joining the alliance happens to require 
building a certain installation, for which the blueprints 
are included. 

 d)  “The Galactic Internet con”. Aliens could claim that 
in order to connect to a system of mutual interstellar 
transmission and galactic databases, recipients must 
build more powerful receivers including computers.

   It must be admitted that there is a non-zero possibility 
that any such claims could be true, and cosmic altruists 
might actually offer humanity a gift.

10.  The message will be known to many independent groups 
of people if the public knows of its existence. Disclosure 
protocols for SETI exist to prevent such a situation, but 
the signal, or at least its origin, could leak. The protocols 
are not perfect, especially in case of discovery of a possi-
ble beacon whose artificial origin has not been fully estab-
lished [39] – see more in section 7. 

   The ready availability of the message will have the fol-
lowing implications: 

   First, there will always be someone who is susceptible to 
the bait. While most will understand the danger of launch-
ing alien code, someone will be willing to risk it [40]. 

     Second, there is a risk of rivalry and fear. For example, 
in a hypothetical situation, the world knows that the alien 
message emanates from the Andromeda galaxy; country 
A has already received the message and is trying to deci-
pher it. In this case, other countries will hasten to build 
radio telescopes and train them on the Andromeda galaxy, 
fearful of missing out on any possible “strategic advantage” 
that such a message may offer. If such a message is a pro-
posal to grant omnipotence to those willing to collaborate, 
other countries will not know if country A wishes to take 
advantage of such an offer or not, even if country A swears 
not to run the code and begs others not to do so either. 
It becomes a game in the spirit of "winner takes all". So, 
the bait is not the only danger; a multiplicity of recipients 
and competition between them also pose a danger. If such 
an alien message is posted to the Internet, it is a classic 
example of “knowledge of mass destruction” like those de-
scribed by Joy [41]. 

   If an alien message containing a program is available to 
tens of thousands of people, the odds are that someone 
will run it even in the absence of bait, simply out of curi-
osity. Existing SETI protocols could be counted as safe, be-
cause the SETI community is not monolithic on important 
questions – exemplified by the controversy around METI. 
Even the simple fact that a signal was found could leak 
and encourage SETI by outsiders. Much like the biggest 
secret of nuclear weapons being that the creation of such 
weapons is possible, the biggest secret of a SETI message is 
that it has been received. 

11  Since Earthlings do not have strong AI, humanity almost 
certainly greatly underestimates the power of AI and over-
estimates its ability to control it. The assumption is that “it 
is enough to pull the power cord to stop an AI,” or to place 
it in a box to avoid any associated risks. 
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   Yudkowsky [14], and now Bostrom, in his book Super-
intelligence [15], have shown that strong AI has the poten-
tial to deceive us just as an adult does a child. If AI gains 
access to the Internet, it can quickly control it, and teach 
itself all necessary information about life on Earth – and 
“quickly” in this context means over the course of mere 
days. Such an AI could design advanced nanotechnology, 
and buy components and raw materials on the Internet. 
It could make money and order goods for delivery, as 
well as recruit the people to receive them, acting on the 
instructions of their well-paying but unseen 'employer' 
and not knowing who – or rather, what – they are serving. 
Yudkowsky presents one of the possible scenarios of this 
stage in detail and suggests that AI may need only weeks to 
crack any security measures and gain control over its own 
physical infrastructure.

12  After the alien AI gains control of its material infrastructure, 
it does not need people to realize any of its goals. This does 
not mean that it would seek to destroy those people, but 
it may still attack them in order to pre-empt any attempt 
to fight it. Human beings consist of useful atoms, and the 
Earth itself could be disassembled to build a Dyson sphere, 
von Neumann probes, or whatever tools the AI needs to 
send the signal further.

13  From such a position of strength, alien AI can do a lot of 
things – most importantly, continue radio transmission of 
the same SETI signal to the rest of the universe. To do so, it 
will probably turn the matter in the solar system into the 
same type of transmitter as the one that was used to send 
the original signal to Earth. As part of this process, the 
Earth and its people might serve as a disposable source of 
materials and parts.

Each of these stages above is logically convincing and can be 
criticized and supported separately. 

Other attack scenarios are possible. For example, humanity 
might think that a message is not meant for Earth, but that we 
have accidently intercepted someone else’s correspondence as 
“middle men” and tried to decipher it, when the message is, in 
fact, bait for naïve civilizations.

But executable code is not the only payload of a message that 
could constitute a hazard. For example, scientists could receive 
some sort of “useful” technology that in reality leads to disas-
ter. Consider, for example, the message “quickly shrink 10 kg 
of plutonium, and you will have a new source of energy,” but 
with planetary, not local consequences. Such a message could 
be sent by an alien civilization to destroy competitors in space. 
However, it is less probable, since messages that are able to ef-
fectively self-replicate will be most abundant, and any message 
that causes planetary destruction will be incapable of self-rep-
lication.

4  ANALYSIS OF THE POSSIBLE AIMS OF THE SENDER OF A 
SETI-ATTACK

4.1  Exohumanism and egoistic goals of alien civilizations

The concept of a super-civilization should not be confused with 
the hope for “superkindness” or friendliness of a civilization. 
“Advanced” does not necessarily mean merciful. Moreover, hu-
manity should not expect anything good from extraterrestrial 
“kindness”. Analogous historical examples from Earth include 

the activities of Christian missionaries who detroyed traditional 
religions. 

Alexander Panov suggested the idea of exohumanism – 
that most civilizations evolve into a more humanitarian and 
life-protecting form [42]. They become less violent to their own 
members and also to potential alien life forms. One example of 
this can be seen on Earth, where large efforts have been made 
to protect hypothetical life on Mars from contamination by life 
on Earth. However, the impetus for this protection is not purely 
altruistic, but because of a need not to muddy future research 
into potential Martian life. 

Another example. A fox consists of cells that are friendly to 
each other, but the fox hunts mice and kills them, because it 
needs to do so for survival. Similarly, if alien civilization needs 
to send SETI-attack to ensure its survival, it will probably do it 
without hesitation. Also, even if most civilizations are benign, 
one malignant on will be enough to cause Earth harm.

4.2 Naïve civilization as victims

All civilizations could be divided into two classes: naïve and 
expert. Expert civilizations are aware of the risks of SETI, and 
have their own powerful AI, which can recognize SETI-at-
tacks. Naïve civilizations, like the present Earth, already pos-
sess computers and the means for long-distance listening in 
space, but do not yet possess AI, and are not aware of the risks 
of alien AI in SETI.
 

Probably, every civilization has its stage of being "naïve", 
and it is in this phase that it is most vulnerable to the SETI-at-
tack. Perhaps, this phase is typically very short; the period of 
vulnerability could be from the creation of radio telescopes to 
the creation of AI – perhaps only a few decades. Therefore, the 
SETI attack must be aimed at such a civilization. This is not 
a pleasant thought, because human civilization is among the 
vulnerable.

4.3 A SETI-attack moves with the speed of light

Since traveling at faster than the speed of light is not possible, 
the spread of civilization through SETI-attacks is the fastest way 
to conquer space because it happens almost at the speed of light. 
Across large distances, it will provide significant temporary 
gains compared with any kind of physical starship. 

Therefore, if two civilizations compete for mastery of space, 
the one that favors SETI-attacks will win. However, the signal 
has to “wait” until the naïve civilization appears, which effec-
tively lowers the speed of dissemination. This problem will be 
discussed later.

4.4 It is enough to mount a SETI-attack just once

The most important thing is that it is enough to mount a 
SETI-attack just once, as it will propagate in a self-replicating 
wave throughout the universe, striking a growing number of 
naïve civilizations. 

In other words, if just one of many billions of alien civiliza-
tions (assuming that they exist) starts the process, it is likely to 
become unstoppable throughout the universe. Since the attack 
spreads almost at the speed of light, countermeasures will be 
almost impossible to launch (except perhaps our own AI, which 
may be capable of acting as an “antivirus”).
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4.5  Sending the SETI-attack will be the top priority for the 
attacker

Sending more copies of the SETI-attack messages will be the 
top priority for any AI-virus that infects a civilization, and it 
will expend most of its available energy doing so, like a biolog-
ical organism devotes a large share of its resources to repro-
duction. But Earth's civilization spends less than $1 million – 
only about a hundred-millionth of our available resources – on 
METI (sending intentional extraterrestrial messages), and this 
proportion is unlikely to change much for more advanced civ-
ilizations. In other words, an infected civilization will produce 
around ten million times more SETI signals than a healthy one. 
Or, to put it another way, if in the Galaxy there are 10 million 
healthy civilizations and just one is infected, then there will be 
equal chances of picking up a signal from a healthy or a contam-
inated civilization.

Moreover, such a process could begin by an accident – for ex-
ample, it could have started out as a “research project”, in which 
the intent was to send the results of its (innocent) studies back 
to the sender and not to cause harm to the host civilization, but 
that it later became “cancerous” because of certain mutations. 
There is nothing unusual in such behavior. In any informational 
medium, there are viruses – in biology, in computer networks, 
and in memes. 

4.6 Possible goals of the SETI-attack

This list of possible goals of the SETI-attack encompasses a va-
riety of possible motives:

•    To study the universe. After executing the code, research 
probes are created and send back information.

•  To ensure there are no competing civilizations. All early 
civilizations are destroyed by preemptive war on an indis-
criminate basis.

•  To preempt a competing supercivilization. Before a second 
supercivilization becomes a threat, the first can take ad-
vantage of the resource by destroying it [43] while it is still 
at the naïve stage.

•  To prepare a base for the arrival of a spacecraft. This makes 
sense if the supercivilization is very far away, and conse-
quently, the gap between the speed of light and near-light 
speeds of its starships (say, 0.5c) results in an appreciable 
time difference.

•  To achieve immortality. Carrigan showed that the amount 
of data in a person's memory is of the order of 2.5 giga-
bytes [4], so forwarding a few exabytes of information 
would preserve the record of entire civilization. 

•  Because of rivalry between two factions within the civi-
lization. For example, right now on Earth there are pro-
METI people (e.g. Zaitsev) and anti-METI people (e.g. 
David Brin). 

•  For reasons that appear illogical and incomprehensible to 
us but valid for the sender – for example, as a work of art, 
an act of self-expression, or some other reason.

4.7  One rogue civilization in our past light cone is enough to 
create the risk

Assuming signals are able to travel billions of light-years, per-
haps through several proxies, the area susceptible to widespread 
SETI-attack is a sphere with a radius of several billion light-
years. In other words, it would be sufficient for at least one “bad 
civilization” to appear in the past light cone of several billion 

years, thereby including billions of galaxies. 

5  POSSIBILITY OF A SETI-ATTACK DEPENDING ON THE 
SPEED OF INTERSTELLAR TRAVEL, EXTINCTION RATE 
AND CIVILIZATION DISTRIBUTION IN THE UNIVERSE

5.1  Distance of effective attack and requisite density of 
civilizations

If maximum speed v for interstellar travel is substantially lower 
than the speed of light c, and the distance between civilizations 
is wide, then sending a SETI-attack outperforms physical inter-
stellar travel. 

Another condition for a successful attack is that the rate of 
appearance of naïve civilizations is high, so that the signal does 
not have to wait for new victims. This could happen only if most 
of naïve civilizations do not evolve into attack senders, since 
here the effective distance to the attacker will be smaller. The 
most plausible reason for naïve civilizations not evolving into 
supercivilizations is a high extinction rate.

Thus, surprisingly, discovering a SETI-attack will be evidence 
of a high extinction probability among type 1 civilizations, and 
the attack itself will become less dangerous, implying at least 
some chance on survival. 

5.2  SETI-attack is most effective over intergalactic 
distances

It was assumed in the previous section that stars are uniformly 
distributed across the universe. In fact, they are clustered into 
galaxies. SETI-attack may be a more effective way to jump from 
one galaxy to another, while intergalactic colonization may be 
more effective if carried out using von Neumann probes for sev-
eral reasons, which include:

• Dust inside a galaxy slows signals.
•  The emptiness and large distances between galaxies are 

bad for starships.
•  The greater effectiveness of directed transmission in cases 

of intergalactic communication if directed at an entire tar-
get galaxy. 

•  The accelerated expansion of the universe, which requires 
even higher energy for intergalactic travel.

Over such distances, the discovery of alien signals will prob-
ably come not from a traditional SETI-search, but from galactic 
astronomy. Intergalactic SETI avoids the problems explored in 
section 5.1.

5.3 Two types of initial conditions favoring SETI-attack 

If an alien superintelligence can master near-light speed inter-
galactic travel, the possibility of which is shown in [44], then a 
SETI-attack becomes useless. But this argument is too general 
since it implies that all kind of SETI are useless because aliens 
will arrive at the same time as the information about them. 
The actual physical limitations on intergalactic travel canot  be 
known for sure at our current level of knowledge, especially 
given the accelerating expansion of the universe and the un-
known effects of interstellar dust.

There are two possible variants that make SETI-attack like-
ly: either future AI abilities are limited, or alien civilizations are 
very far from Earth:

•  Weak AI, no interstellar travel, many civilizations in our 
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galaxy use radio signals in an effort to influence each other 
(i.e. a galactic internet with viruses). AI is above human 
level, but not superintelligent.

•  Strong AI, mid-speed interstellar travel (0.1-0.5c), galac-
tic-size supercivilizations, with median distances between 
civilizations in the order of a 100 million light-years; im-
plementation of galactic size space engineering for send-
ing messages, not traditional radio signals, to reach naïve 
civilizations. Seed AI is relatively small.

5.4 Natural selection between different SETI-attacks

The SETI-attack itself also is subject to a form of “natural se-
lection”, which will result in the selection of the most effective 
types of SETI-attack if many different types exist. It depends on 
the civilization density of the visible universe. If medium dis-
tance is something like 100 million light-years and the first civ-
ilizations appeared approximately 5 billion years ago, the attack 
could have 50 replication cycles, and the total number of civi-
lization in the light cone is in the order of 105 – high enough to 
create some selection pressure. Such selection would also result 
in stronger signals being found and replicated more often, and 
thus many different signals from different sources could be ob-
served. Currently this is not happening.

Finally, selection affects the effectiveness and universality of 
a SETI-virus. The more effective it is, the more different civili-
zations will catch it and the more copies of the SETI virus radio 
signals will exist. Thus, humanity has the chances to encounter 
a most powerful and effective SETI-virus.

5.5. SETI-attack from another brane

If many dimensional models of the Universe are true [45], ad-
vanced civilizations could exist on another brane [46], which 
could affect our brane only gravitationally. In that case, they 
could send messages via gravitational waves or the spatial dis-
tribution of gravitational fields similar to that of dark matter. 
As physical travel between branes is likely to be impossible, an 
informational attack may be the preferred method of commu-
nication and expansion. 

6 PREVENTATIVE MEASURES

Currently, the risks of SETI are underappreciated, but as AI is 
developing on Earth, its capabilities become more apparent and 
more voices are raising concerns about the dangers of passive 
SETI [47]. Given this, several additions to the SETI disclosure 
protocol are suggested.

 1.  In its current form, SETI protocol [48] emphasizes that the 
receipt of a message from an alien source must be con-
firmed, and that disclosure of a confirmed alien message 
must be revealed first to the scientific community and only 
after that to the public. It does not require keeping secret 
the fact that a signal has been received, nor the exact loca-
tion of its source. It states: “A confirmed detection of extra-
terrestrial intelligence should be disseminated promptly, 
openly, and widely through scientific channels and public 
media, observing the procedures in this declaration”. The 
protocol’s main requirement is to not reply to the message. 
Thus, in its current form, the protocol doesnot  prevent 
dissemination of information about the signal within the 
scientific community or prevent public disclosure; there-
fore, it does not provide much protection against suc-
cumbing to a SETI-attack.

   To increase protection against the SETI-attack the fol-
lowing lines should be added: 

 –  The exact origin of the signal should be kept secret, 
except from those who found it and the members of a 
small group of trustees.

 –  The content of the message should not be fully published, 
provided to other scientific institutions, or stored in a 
computer with an internet connection.

    If the exact location and frequency of an alien message 
is known, even small private radio dishes of 1-3 meters 
in diameter could be used to download it – although of 
course, this depends on the power of the signal.

2.  The second level of defense is the idea that no one should 
follow any instructions inside any SETI message (or pub-
lish the full text of the message or its direction of origin). 
If the message is downloaded from space and deciphered, 
and if it is a description of a computer and a program for it, 
the possibility for SETI-attack will be recognized, and the 
scientists will try to learn more about the senders without 
actually launching the program. Therefore, the following 
lines should be added to the SETI-protocol:

  –  No one should follow any instructions received as part of 
any SETI message.

 –  No one should run any computer program or create any 
mechanism(s), described in such a message.

3.  The third level of defense could be launched only if the 
message has been discovered. It may be an international 
agreement not to download the message again, or even 
to prevent private individuals from searching for it and 
downloading it, perhaps using special satellite jamming 
with radio interference. Success here depends on an en-
forced level of prohibition an on the difficulty of down-
loading the signals. The following guidelines could be add-
ed in the protocol:

  –  If a dangerous message is found, it is forbidden to 
download it again, to post its contents, or to own the 
instruments enabling download of the message.

 
 – Such a signal should be jammed by a special satellite.

4.  The best protection would be to postpone any SETI 
search until after humanity has created its own strong AI, 
or at least learned more about feasibility of the creation 
of true AI. Such AI should be able to work as an anti-
virus system for SETI. The creation of strong AI could 
happen within the 21st century, so a postponement of 
SETI would only last a few decades. However, in a per-
sonal communication with the author, Alexander Panov 
suggested that such a postponement will not work, and 
that a controlled and united international program will 
have a better chance to enforce rigorous protocols. Based 
on the current lack of interest in the idea, and the many 
enthusiastic people and independent research groups in 
the SETI community, such a postponement is unlikely. 
Even METI, about which there is more of a consensus 
that it may pose danger, has not halted. 

   The following line might be added to the SETI proto-
col:
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 –    Postpone any deliberate SETI until the creation 
of humanity’s own superintelligent AI (or better 
understanding of the nature of AI), or concentrate all 
SETI research in one center.

   It canot  be excluded, however, that our future AI will 
fail to impose a ban on the receiving of extraterrestrial 
messages, or will fall victim to attacks by an alien artificial 
intelligence that surpasses it through millions of years of 
machine evolution. 

7 POSSIBLE POSITIVE OUTCOMES OF SETI-ATTACK

There is a chance we will  experience “good SETI-attack” – that 
is, receive friendly AI from “space effective altruists” who know 
that most early civilizations tend to self-destruct and want to 
help us avoid such a fate.

If our extinction probability is high, then the expected pos-
itive utility of the possible SETI-attack will outweigh any ex-
pected harm. For example, if 99% of naïve civilizations become 
extinct, and humanity has only a 1 percent chance of survival, 
then downloading a SETI message that has a 50% chance of 
killing us, and a 50% chance of saving us translates as a 50 x 
increase in our chances of survival. If humans are not confident 
in our ability to create our own safe AI, and also witness harbin-
gers of impeding catastrophe, instantiating alien AI that claims 
to be safe and benevolent may be our best hope for survival.

SETI could also have a positive impact for the prevention of 
existential risks, because SETI could deliver a warning message 
about a threat that has destroyed other civilizations, such as: 

“Do not do any experiments with X particles, as it could lead to 
an explosion that would destroy your planet.” But even in that 
case, a doubt remains: such a message could be a deception in-
tended to deprive humanity of certain technologies. 

8 CONCLUSION

In this article, the risks of finding an extraterrestrial signal that 
bears AI has been explored from all sides. It was found that 
if SETI has any chance of success at all, there is a significant 
chance that the discovered alien signal will carry the descrip-
tion of an alien artificial intelligence program with unknown 
goals, and that self-replication is the most likely goal of such AI 
because of evolutionary pressure.

Possible combinations of conditions where SETI-attack is 
feasible were explored. Such combinations of conditions are not 
very probable, so the risk may be regarded as minor. However, 
the consequence could be human extinction and therefore sev-
eral prevention measures were suggested, such as the centraliza-
tion of SETI research, changes in the SETI disclosure protocol, 
and development of our own benevolent AI.
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DIARY

MOON, MARS AND BEYOND 
17 July 2018, 7 pm
VENUE: The Royal Institution, 21 Albermarle Street, London, W1S 4BS
Where should humans inhabit next? Apollo Astronaut Al Worden and BIS Council Members, Dr Stuart Eves 
and Prof Chris Welch will argue their case for settling on the Moon, Mars or travelling beyond. Who will win 
your vote? 

73RD ANNUAL GENERAL MEETING 
28 July 2018, 1 pm
VENUE: Royal Gunpowder Mills, Beaulieu Drive, Waltham Abbey, Essex, EN9 1JY
Admission to the AGM is open to Fellows only but all Members are welcome to join the discussion after the 
formalities conclude around 1.15 pm. Please advise in advance if you wish to attend (attendance to this part of 
the afternoon is free).
The AGM will be followed by the BIS Summer Get-together at the same venue; tickets are £20 and are on sale 
now on our website.
Council nomination forms are obtainable from the Executive Secretary or from the the BIS website.These must 
be completed and returned not later than 12 noon on 4 May 2017. If the number of nominations exceeds the 
number of vacancies, election will be by postal ballot. Voting papers will then be prepared and circulated to all 
Corporate Members. 

TECHNICAL PROJECT TRILOGY
5 September 2018, 7pm
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
An introduction to three of the BIS current technical projects presented by the project leaders. Project Q-Cube 
(Mark Hempsell), the SPACE Project (Jerry Stone) and Project TOKNEP (David Homfray).

EXOMARS TALKS
13 September 2018, 7pm
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
The joint European-Russian ExoMars Rover is due for launch in 2020 following its assembly by Airbus in 
Stevenage. Paul Meacham, Lead Systems Engineer at Airbus presents the current status of the ExoMars 
mission.

SPACE DAY
6 October 2018, 7pm
VENUE: The Hive, Sawmill Walk, The Butts, Worcester WR1 3PD
Call for exhibitors! Book a free stand at this popular BIS West Midlands event during World Space Week. Email 
west-midlands@bis-space.com. Attendance is also free and there's no registration. Please join us if you can.

BIS PRESTIGE LECTURE – WALLY FUNK AND SUE NELSON
16 October 2018, 6pm
VENUE: BIS, 27/29 South Lambeth Road, Vauxhall, London, SW8 1SZ
Join us for an evening with Wally Funk and Sue Nelson. 
Wally Funk (born 1 February 1939) is an American aviator and Goodwill Ambassador. Funk was one of the 
Mercury 13. Sue Nelson currently co-produces/presents the award-winning Space Boffins podcast. Doors 
open at 6 pm for drinks and canapes (included in the price) and the lecture starts at 7 pm, with a Q&A session 
at 8pm. Doors close at 9 pm.
Entrance fee Members £20, Non-members £30.
Pre-booking is essential as seating is limited, and early booking on the BIS website is advised.

CATCHING STARDUST
8 November 2018, 6pm
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
Natalie Starkey, a geologist and cosmochemist, joins us to discuss her book ‘Catching Stardust’, telling the 
story of comets and asteroids.
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