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Abstract

In this paper we consider efficiency of self-reproducing extraterrestrial Von-Neumann micro
scale robots and analyse the observational characteristics. By examining the natural scenario of
moving in the HII clouds, it has been found that the timescale of replication might be several
years and even less – making the process of observation quite promising. We have shown that
by encountering the interstellar protons the probes might be visible at least in the infrared
energy band and the corresponding luminosities might reach enormous values.

Introduction

The conventional approach to the search for extraterrestrial intelligence (SETI) implies the
search for artificial radio signals, or interstellar beacons targeted at the Earth, but as it is widely
discussed in the literature (see e.g. the book by Cirkovic 2018) the mentioned method strongly
restricts the search. The first and an interesting idea to widen the SETI methods has been pro-
posed by Dyson (1960), who has suggested to search for spherical megastructures visible in the
infrared spectrum. According to the author, if advanced extraterrestrials exist, they might con-
struct a huge cosmic spherical megastructures (Dyson spheres – DS) around their host star to
consume its total energy (Type-II civilization according to the classification by Kardashev
1964).

There have been many attempts to identify DS candidates (Slish 1985; Timofeev et al. 2000;
Jugaku and Nishimura 2002) and some promising objects for further study also have been
found (Carrigan 2009; Zackrisson et al. 2018).

The revival of the Dysonian SETI came into the game by the discovery of the object
KIC8462852 (Tabby’s star) characterized by very high dips in the observed flux (Boyajian
2016). The detailed study of the enigmatic behaviour of the Tabby’s star has revealed a
quite natural reason, probably the role of exocomets (Harp et al. 2016; Schuetz et al. 2016;
Wyatt et al. 2018), but the fact itself has stimulated the further study. SETI is so complex
that not only the conventional approaches, but the Dysonian SETI itself should be reconsid-
ered and extended (Bradbury et al. 2011). An interesting idea has been proposed by Semiz and
Ogur (2015) where the authors examined the DSs around white dwarfs and analysed suitabil-
ity for human life. Osmanov (2016) has studied the possibility of constructing huge ring-like
megastructures around rapidly rotating neutron stars – pulsars. The corresponding character-
istics for detection has been considered in Osmanov (2018) where it was shown that VLT tele-
scopes might monitor approximately 64 pulsars and their nearby zones to identify possible
ring-like megastructures. By Osmanov and Berezhiani (2018) an extension of the Dysonian
approach has been introduced, where the authors instead of cold DSs have examined the
hot megastructures and estimated possible observational signatures.

Generally speaking, an optimal strategy for SETI is to observe all interesting objects in the
sky in as many channels as possible. In particular, in the scientific literature the possibility of
interstellar probes has been actively discussed (Freitas 1980) and it has been argued that send-
ing probes is a more efficient way to send a large amount of information (Gertz 2016). The
discovery of ‘Oumuamua’s’ peculiar behaviour (Bialy and Loeb 2018) despite a natural reason
of the mentioned behaviour (Bannister 2019) made the idea of interstellar probes even more
popular.

In the late 60s of the last century an interesting idea has been proposed by Von
Neumann (1966). The author has studied the possibility of constructing a self-replicating
machine. In the context of SETI the efficiency of self-reproducing Von-Neumann probes is
discussed in Cirkovic (2018) and the role of micro-robots is emphasized.

In the present paper we consider the possibility of self-replicating micro-scale interstellar
probes. In the framework of the paper the mathematical model of extraterrestrial
Von-Neumann machines is examined and the possible observational features are obtained.

The paper is organized in the following way: in section ‘Main considerations’, we introduce
the theoretical characteristics of the probes and define possible observational signatures and in
section ‘Conclusion’ we outline the summary of our results.
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Main considerations

In this section we consider the possibility of existence of extrater-
restrial micro replicators, study their physical characteristics and
observational fingerprints.

We assume that a probe with a lengthscale, r, moves with the
constant velocity υ = βc (β < 1) in a medium with the number
density, n. In order to replicate, the probe should collect a mater-
ial during the motion. By taking into account that an effective
cross-section of the robot is A = αr2 the mass rate writes as

dM
dt

= abr2m0nc, (1)

where m0 is the mass of a molecule, c is the speed of light and for
a spherical shape of the probe (henceforth we use the spherical
shape of robots) with radius r one has: α = π. By assuming that
the mass of the probe is M = γξr3ρ, the timescale of replication
should be of the order of

t = M
dM/dt

= gj

ab
× r

m0n
× r

c
≃ 6.2× j

0.1

× 0.01
b

× r

0.4gcm−3
× 104cm−3

n
× r

0.1mm
years,

(2)

where for the spherical shape γ = 4π/3 and ξ is the fraction of the
total volume filled with the material the probe is made of, ρ is
normalized by the density of the Graphene (as an example we
have considered – up to now the strongest material), n is normal-
ized by typical values of molecular clouds.

If the number of initial probes is N0, then by assuming that the
time of replication equals τ, then the time evolution of the total
number of replicators writes as

N(t) = N0 × 2t/t. (3)

In Fig. 1 we show the behaviour of N versus time for three dif-
ferent values of β. The set of parameters is: N0 = 100, ξ = 0.1,
m0 =mH (mH is the mass of the Hydrogen atom),
ρ = 0.4 g cm−3, n = 104 cm−3. The results have been presented
for the parameters of the HII interstellar region of atomic
Hydrogen (Carroll and Ostlie 2010). As it is clear from the
plots the total number of probes might increase extremely rapidly
‘invading’ the whole region of an interstellar cloud. In the frame-
work of the paper we do not go into details how the probes
are accelerating up to the very high non-relativistic velocities:
β = {0.01;0.02;0.1}, but one can show that from the point of
view of energetics maintenance of velocity might be quite realistic.
In particular, during the motion in the interstellar medium the
probes will encounter particles (Hydrogen atoms) leading to the
power of an engine providing the propulsion system

P ≃ y2
dM
dt

. (4)

On the other hand, the captured mass rate will lead to the follow-
ing total energy rate

dE
dt

= c2
dM
dt

. (5)

Since we consider the non-relativistic probes with υ/c≪ 1, the
propulsion system will require a tiny fraction of the total gained
mass to convert into energy, which we assume could not be a
problem for a Type-II civilization.

If such an ‘invasion’ will take place the Von-Neumann replica-
tors should have interesting observational consequences. In par-
ticular, as it is clear from Fig. 1, the number of probes after
crossing the distance of the order of 1pc increases from 100 up
to ∼6 × 1033. This means that if the replicators always stay in
one plane surface – ‘the front wave of probes’ – then the corre-
sponding lengthscale of the surface ℓ � ���������

pr2N(t)√
after 650

years for β = 0.01, after 325 years for β = 0.02 and after 65 years
for β = 0.1 becomes of the order of 1012 cm, when the initial
lengthscale was 1016 orders of magnitude less. The total mass of
the probes will be of the order of M ∼ 4πξρ/3r3 N(t)∼ 1018 g
(ξ≃ 0.1) which is a typical mass of a comet having a lengthscale
of several kilometres. The probes encountering and collecting the
protons will accelerate them with the acceleration, a ∼ υ2/(2κr),
where κ ≤ 1 represents the dimensionless lengthscale of acceler-
ation. This in turn will inevitably lead to the emission power of
a single probe

L0 ≃ 2
3
e2a2

c3
, (6)

where e is the electron’s charge. By taking into account that the
average time of acceleration is of the order of 2rκ/υ the total emit-
ted energy of a probe corresponding to a single event writes as

e0 ≃ L0 × 2rk
y

≃ e2b3

3rk
. (7)

Therefore, the average radiation luminosity of a single probe
resulting from the multiple encounters with the interstellar pro-
tons is given by

Lp ≃ p

3k
nrce2b4, (8)

Fig. 1. The behaviour of N versus time for three different values of β = {0.01;0.02;0.1}.
The set of parameters is: N0 = 100, ξ = 0.1, m0 =mH (mH is the mass of the Hydrogen
atom), ρ = 0.4 g cm−3, n = 104 cm−3.

International Journal of Astrobiology 221

https://doi.org/10.1017/S1473550419000259 Published online by Cambridge University Press

https://doi.org/10.1017/S1473550419000259


which leads to the total luminosity of the system of self-
reproducing Von-Neumann automata

Ltot ≃ p

3k
nrce2b4N0 × 2t/t. (9)

In Fig. 2 we show the behaviour of Ltot versus time. κ = 1 and the
other set of parameters is the same as in Fig. 1. As it is evident
from the plots the luminosity very rapidly increases up to consid-
erably high values of the order of 1015−−20 erg/s which might be
visible by telescopes. On the logarithmic scale the plots are repre-
sented by straight lines, which means that the increment, Γ, char-
acterizing the exponential increase of the luminosity

Ltot ≃ Lpe
Gt (10)

is a constant value. Indeed, from equations (2) and (10) one
derives

G = ab

gj
×m0n

r
× c

r
× ln 2 ≃ 0.11× 0.1

j
× b

0.01

× 0.4gcm−3

r
× n

104cm−3
× 0.1mm

r
years−1.

(11)

As one can see from this expression the luminosity increment is a
linearly increasing function of the velocity, which is a natural
result because the number of incident protons is a linear function
of υ (see equation (1)). The corresponding timescale is of the
order of 9 years and for the highest considered velocity, 0.1 c
the process of luminosity increment is ten times efficient and
the corresponding timescale is 0.9 years.

From the expression of Γ it is clear that the corresponding
value is inverse proportional to the size of the probe and for
higher values of r the increment will be smaller. On the other
hand, self-reproducing micro robots are more efficient compared
to macro probes. In particular, if one considers a robot with a size
of the order of 1 cm on the same distance 1 pc the increase in
mass of a single probe will be less than 0.1%, whereas the micro
robots on the same distance ‘invade’ a huge area of a cloud.
One can also define the maximum size of the probe, which still
can be used for the replication. It is clear that the process is effi-
cient if N exceeds the initial value at least ten times, then from
equation (3) one obtains the estimate of the maximum size of
the probe

rmax ≃ ln 2
ln 10

× a

gj
×m0n

r
× D ≃ 3.17× 10−4

× 0.1
j

× 0.4gcm−3

r
× n

104cm−3
× D

2pc
cm,

(12)

where D is the size of the cloud. The aforementioned formula
gives a definition of a macro size, after which the process of rep-
lication is very inefficient.

Therefore, type-II extraterrestrials would prefer to use micro
robots than large-scale macro probes. Still there is a possibility
to make the process of reproduction efficient, but for that the
probes need to land on rocky planets. This compared to the con-
tinuous process of replication of micro devices in interstellar
clouds seems to be less efficient because landing on a planet
and fleeing from it require special manoeuvring.

Another interesting issue which can be addressed concerns the
minimum size of the replicators. In particular one can see from
equation (10) that the total luminosity exponentially increases
and we have already discussed that small size probes give higher
increment. On the other hand, Type-II civilization is by definition
a society which can utilize the power of the order of the Solar
luminosity L⊙ ≃ 3.9× 1033 erg s−1. By imposing on equation (10)
the constraint Ltot ≤ L⊙ one can straightforwardly derive the
inequality

ln 2× a

gj
×m0n

r
× D

r
≤ ln

L⊙
Lp(r)

( )
, (13)

where Lp(r) is given by equation (8). By assuming the parameters
applied to Fig. 1 one can numerically show that the minimum
value of r corresponding to Type-II civilization is of the order
of 7 × 10−6 cm. If the size is less than this, the alien society
must be even more advanced consuming much higher energies.

One of the factors which influence the luminosity increment is
the density of the interstellar cloud which usually change from
location to location. It is observationally confirmed that the dens-
ity might change from a few particles per cm3 up to 106 per cm3

(Carroll and Ostlie 2010), which might drastically increase the
luminosity growth rate.

As to the spectral picture of radiation, the characteristic fre-
quency is of the order of inverse of value of the acceleration time1

n ≃ y

2rk
≃ 1.5× 1013

k
× b

0.01
× 1mm

r
Hz. (14)

In the previous calculations we have used κ = 1, in which case the
self-replicating probes will be visible in the infrared spectral band.
But in fact the acceleration of protons might take place in much
shorter distances, leading to even X-rays.

Apart from the HII regions there are also the molecular clouds
in the Milky Way, where the number density varies in the interval
(102−106) cm−3 (Carroll and Ostlie 2010), implying that the

Fig. 2. Dependence of Ltot on time for three different values of β: 0.01,0.02,0.1. κ = 0.1
and the other set of parameters is the same as in Fig. 1.

1Since the velocities of the probes are not relativistic, the Doppler shift will not signifi-
cantly contribute in the final result.
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process of replication might be as efficient as in HII. During the
process of encounter of Hydrogen molecules, H2, with respect to a
probe they will have kinetic energy

K ≃ 2mpv2

2
≃ 5× 108eV, (15)

exceeding by several orders of magnitude the dissociation energy
(∼1 eV) of the molecule as well as the ionisation energy of the
Hydrogen atom, 13 eV. This means that likewise the previous
case the particles will emit quite efficiently, which potentially
might be detectable.

Conclusion

We have considered self-replicating Von-Neumann probes to
study their observational characteristics. By examining the
micro robots, it has been shown that typical timescales of replica-
tion might be several years and even less.

Considering the micro robots with sizes of the order of 0.1 μm
we have found that the total number of robots after travelling
∼1 pc might be of the order of 1033 and even higher depending
on the density of the medium.

Temporal evolution of total luminosity has been estimated and
it was shown that the increment might correspond to timescales
of the order of a month or several years implying that detection
is quite realistic. Regarding the spectral feature, it has been argued
that emission will take place at least in the infrared energy band.

We have analysed efficiency of micro scale Von-Neumann
probes versus macro robots and we found that the former
might efficiently self-reproduce in the interstellar media whereas
the large-scale automata can replicate only on rocky planets,
requiring additional manoeuvring.

All the aforementioned results indicate that if one detects a
strange object with extremely high values of luminosity increment,
that might be a good sign to place the object in the list of extrater-
restrial Von-Neumann probe candidates. In the framework of the
paper we have considered the scenario when the Type-II civiliza-
tion needs to ‘invade’ the interstellar clouds by means of the self-
reproducing robots and it has been shown that this process will
inevitably lead to the observational consequences.

Acknowledgments. The research was supported by the Shota Rustaveli
National Science Foundation grant (DI-2016-14). The author is grateful to
an anonymous referee for valuable suggestions.

References

Bannister MT, Bhandare A, Dybczyński PA, Fitzsimmons A, Guilbert-
Lepoutre A, Jedicke R, Knight MM, Meech KJ, McNeill A, Pfalzner S,
Raymond SN, Snodgrass C, Trilling DE and Ye Q (2019) The natural his-
tory of ‘Oumuamua’. Nature Asytonomy 3, 5.

Boyajian TS, LaCourse DM, Rappaport SA, Fabrycky D, Fischer DA,
Gandolfi D, Kennedy GM, Korhonen H, Liu MC, Moor A, Olah K,
Vida K, Wyatt MC, Best WMJ, Brewer J, Ciesla F, Csák B, Deeg HJ,

Dupuy TJ, Handler G, Heng K, Howell SB, Ishikawa ST, Kovács J,
Kozakis T, Kriskovics L, Lehtinen J, Lintott C, Lynn S, Nespral D,
Nikbakhsh S, Schawinski K, Schmitt JR, Smith AM, Szabo Gy,
Szabo R, Viuho J, Wang J, Weiksnar A, Bosch M, Connors JL,
Goodman S, Green G, Hoekstra AJ, Jebson T, Jek KJ,
Omohundro MR, Schwengeler HM and Szewczyk A (2016) Planet
Hunters IX. KIC 8462852 - where’s the flux? Monthly Notices of the
Royal Astronomical Society 457, 3988.

Bradbury RJ, Cirkovic MM and Dvorsky G (2011) Dysonian approach to
SETI: A fruitful middle ground? Journal of the British Interplanetary
Society 64, 156.

Carrigan RA (2009) IRAS-based whole-sky upper limit on Dyson Spheres.
The Astrophysical Journal 698, 2075.

Carroll Bradley W and Ostlie Dale A (2010) An Introduction to Modern
Astrophysics and Cosmology. Cambridge, UK: Cambridge University Press.

Cirkovic MM (2018) The Great Silence. The Science and Philosophy of Fermi’s
Paradox. Oxford, UK: Oxford University Press.

Dyson F (1960) Search for artificial stellar sources of infrared radiation. Science
131, 1667.

Freitas RA (1980) A self-reproducing interstellar probe. Journal of the British
Interplanetary Society 33, 251.

Gertz J (2016) ET probes: Looking here as well as there. Journal of the British
Interplanetary Society 69, 88.

Harp GR, Richards J, Shostak S, Tarter JC, Vakoch DA and Munson C
(2016) Radio SETI observations of the anomalous star KIC 8462852. The
Astrophysical Journal 825, 1.

Jugaku J and Nishimura S (2002) In Norris R and Stootman F (eds),
Proceedings of the IAU Symposium 213, Bioastronomy 2002: Life Among
the Stars. San Francisco, CA: ASP, p. 437.

Kardashev NS (1964) Transmission of information by extraterrestrial civiliza-
tions. Soviet Astronomy 8, 217.

Osmanov Z (2016) On the search for artificial Dyson-like structures around
pulsars. International Journal of Astrobiology 15, 127.

Osmanov Z (2018) Are the Dyson rings around pulsars detectable?
International Journal of Astrobiology 17, 112.

Osmanov Z and Berezhiani VI (2018) On the possibility of the Dyson spheres
observable beyond the infrared spectrum. International Journal of
Astrobiology 17, 356.

Bialy S and Loeb A (2018) Could solar radiation pressure explain ‘Oumuamua’s
peculiar acceleration? The Astrophysical Journal Letters 868, 5.

Schuetz M, Vakoch DA, Shostak S and Richards J (2016) Optical SETI
observations of the anomalous star KIC 8462852. The Astrophysical
Journal Letters 825, L5.

Semiz I and Ogur S (2015) Dyson Spheres around White Dwarfs. arXiv:
1503.04376.

Slish VI (1985) In Papagiannis MD (ed), The Search for Extraterrestrial Life:
Recent Developments. Boston, MA: Reidel Pub. Co., p. 315.

Timofeev MY, Kardashev NS and Promyslov VG (2000) A search of the
IRAS database for evidence of Dyson Spheres. Acta Astronautica Journal
46, 655.

Von Neumann J (1966) Theory of Self-Reproducing Automata. Urbana and
London: University of Illinois Press.

Wyatt MC, van Lieshout R, Kennedy GM and Boyajian TS (2018) Modelling
the KIC8462852 light curves: Compatibility of the dips and secular
dimming with an exocomet interpretation. Monthly Notices of the Royal
Astronomical Society 473, 5286.

Zackrisson E, Korn AJ, Wehrhahn A and Reiter J (2018) SETI with Gaia: the
observational signatures of nearly complete Dyson Spheres. The Astrophysical
Journal 862, 7.

International Journal of Astrobiology 223

https://doi.org/10.1017/S1473550419000259 Published online by Cambridge University Press

https://doi.org/10.1017/S1473550419000259

	On the interstellar Von Neumann micro self-reproducing probes
	Introduction
	Main considerations
	Conclusion
	Acknowledgments
	References


