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Abstract

Under the assumption that planetary dust particles can escape from the grav-
itational attraction of a planet, we consider the possibility of the dust grains
leaving the star’s system by means of radiation pressure. By taking the typical
dust parameters into account, we consider their dynamics and show that they
can reach the deep space, taking part in panspermia. It has been shown that,
during 5 billion years, the dust grains will reach 10° stellar systems, and by
taking the Drake equation into account, it has been shown that the whole gal-
axy will be full of planetary dust particles. It has been found that dust grains
can be trapped within HI and HII clouds of the interstellar medium, suggest-
ing that these regions may harbor not only the building blocks of life but also
complex molecules associated with life. We have also emphasized two key fac-
tors that hinder the preservation of life within interstellar clouds: (a) the in-
teraction of dust grains with extremely hot regions, which leads to the com-
plete ionization and destruction of complex molecules, and (b) the lack of de-
finitive knowledge regarding the long-term survival of bacteria in the vacuum.
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1. Introduction

During the last two decades, interest in the search for life and especially in the
search for extraterrestrial intelligence (SETI) has increased significantly [1], and
several exotic ideas of megastructures of a super-advanced civilization have been
proposed [2]-[4]. The possibility of life in deep space has clearly bolstered astro-
biological research, becoming one of the major challenges of the modern space

sciences [5] [6].
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It is worth noting that the main problem is the origin of life, or abiogenesis, the
details of which are still unknown to us. There are two main approaches to this
issue: according to one, life originated and developed on Earth, and according to
the other approach, which is called panspermia, it originated in deep space and
was then transported to Earth via comets or cosmic dust (please see [7] and refer-
ences therein). In this context, it is worth noting that the study of the universality
of life has become very popular [8].

The attitude of scientists towards panspermia is not uniform and some believe
that it is unlikely, but just possible [9]. The idea of interplanetary transfer of life
has been discussed by Richter in 1865 and by Lord Kelvin in 1894 [10]. Richter
attempted to combine Darwin’s theory of evolution with the conception of
panspermia. Lord Kelvin shared a very optimistic view of the theory of
panspermia. In his presidential address to the British Association at Edinburgh in
1871, he says that when a celestial body of more or less the same size as Earth
collides with it, fragments containing living organisms will scatter into space and
spread life.

The original first scientific review of this problem was considered in [10], where
the author explored the idea of panspermia only in general terms and gave crude
estimates. In particular, it has been pointed out that, by means of solar radiation
pressure, small dust grains containing live organisms can travel to the nearest so-
lar system, Alpha Centauri, in nine thousand years. In [1], Shklovskii and Sagan
have emphasized that for dust grains to travel a thousand light years away from
the Earth, hundreds of millions of years will be required. It should be taken into
account that during the motion of dust particles in interstellar space, they are un-
der constant ultraviolet radiation. Therefore, bare microorganisms already die
very quickly due to exposure to the sun, and for microorganisms “buried” in dust
particles, the inactivation time might be of the order of 10° years [11] [12]. Gobart
et al. [13] presented an approach in which the probability of panspermia was in-
vestigated. Nonetheless, the probability of panspermia is notably high for only a
small fraction of stellar particles.

Berrera has conducted a study on the phenomenon of space dust collisions with
atmospheric flow [14]. The author has shown that a certain fraction of dust grains
at high altitudes, after scattering against cosmic dust particles, might be acceler-
ated to escape velocity, leaving the Earth’s gravitational field.

If a similar scenario takes place in other systems, the planetary dust particles,
being already free from the planet’s gravitational field, might escape from the
star’s system by means of the radiation pressure and initial velocity, spreading life
or organics into the cosmos.

This article is structured as follows: in Section 2, we explore the core concepts

and derive the results; Section 3 offers a summary.

2. Dynamics of Dust Particles

In this section, we consider the dynamics of dust particles to study how far from
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a host planet they can travel on a reasonable galactic time scale. The similar prob-
lem has been studied by [12], but a task has been performed for a simplified one-
dimensional model. In the present manuscript we examine a realistic two-dimen-
sional scenario, by taking into account the rotation of a planet around a host star
and a drag force acting on a grain from the interstellar hydrogen medium.
For the dynamics of a planetary dust particle with mass m the equation of mo-
tion is given by
m%=FQ+Frad+F , (1)
where F, = GMm/ R? is the gravitational force, G represents the gravita-

tional constant, M is the star’s mass and R is the radial coordinate of the par-
2

. . r 5 . L. .
ticle (see Figure 1), F ——— denotes the star’s radiation force [15], I isthe

rad =

radius of the dust grain (we assume that the dust particles have spherical shapes),
L is the star’s luminosity, and ¢ represents the speed of light, F, ~ Dpnr?v?
denotes the drag force, D is the drag coefficient, p, =2mn, and n, =1 cm™
are respectively the mass density and the number density of an interstellar me-
dium (ISM), and m, represents the proton’s mass. We assume that the ISM is

predominantly composed of molecular hydrogen [1].

Figure 1. The schematic picture of the components of the total velocity and forces acting
on the particle.

After presenting the acceleration components in polar coordinates
a,=Rp-2R¢, a; =R- R@? [15] and taking the geometry into account (see

Figure 1), one can straightforwardly obtain the equations of motion

..N_ E_% ‘s 5 12 \V2
=2 §(R*+RG ), )
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R:R¢2—3—'0°R(R2+R2¢2)1/2+i2 3L oM. (3)
4pr R\ 16ncpor

We have assumed m=4nr’p/3, where p denotes the mass density of the
dust particle.
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Figure 2. Dependence of distance (in light years) of planetary dust particles versus time (in
years) for three different values of radii: r=3x10" cm (blue), r=5x10" cm (black),
and r=10" cm (red). The other set of parameters is: M =2x10® g, L =3.83x10%
erg/s, D=1, p=2 g/em’, Ny=1 cm™ R(0)=1 AU, R(0)=0 km/s,and

v, =30 km/s.

Motivated by panspermia, we focus on collisions between cosmic dust and
planetary dust particles that may impart sufficient velocity to the latter to over-
come Earth’s gravitational pull [14]. It is important to emphasize that particles
moving toward Earth will inevitably fall onto the planet—a purely geometric con-
sideration—while, on average, half of those with sufficient velocity will escape into
space.

However, our focus is on particles that do not experience significant heating, as
this could damage any associated living organisms or complex molecules such as
DNA or RNA. For the corresponding maximum velocity, v,,, the drag force
power should be of the order of the thermal emission power of the heated dust

particle Dp,nr’v® = 4nr’oT* leading to

4\Y3
Vm:[4aT ] | @

p.D

where o denotes the Stefan-Boltzmann’s constant, T =300 K is the tempera-
ture when the complex molecules can survive, and p, represents the atmos-
pheric mass density. For simplicity, we consider Earth parameters

pa =(1.2x10° g/cm®)exp(~H/7.04) [16]-[18], where H is the altitude
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measured in km. In [14] the author has noted that dust particles originating from
an altitude of 150 km can attain velocities sufficient to escape Earth’s gravitational
field. From Eq. (4) one can show that the maximum velocity relative to Earth, v, ,
is on the order of 12.1 km/s, which is comparable to Earth’s escape velocity, 11.2
km/s. Therefore, for the initial conditions of the escaped planetary dust particles,
one writes: R(0)=1 AU, R(0)=0 km/s and v, =30 km/s. Figure 2 illus-
trates the time evolution of the radial distance of planetary dust grains for three
different particle sizes. The set of parameters is: M =2x10* g, L =3.83x10%
erg/s, D=1, p=2 g/em’, ny=1 cm® R(0)=1 AU, R(0)=0 km/s, and
v, =30 km/s.

In this study, we consider solar-type stars. As shown in the plots, over a period
of 5 billion years, planetary dust particles could travel considerable distances,
R, » of the order of 80 pc (r = 3x10° cm), 120 pc (r =5x10"° cm) and 200
pc (r=10" cm). It is straightforward to show that the effects of the Brownian
motion are negligible compared to the obtained results. The corresponding dis-
tance perpendicular to the total velocity might be approximated if one takes the

mean free path of the dust grains 4 = ]/ (T[rzno and the resulting time-scale be-
tween scatterings, 7= /l/v . Here V., = 2kT/ m is the approximate ther-

rms
mal velocity in the perpendicular direction. Therefore, a one-step length scale is
leading to the distance after S-steps: D, = d/S [15]. By

substituting the physical parameters that we used for Figure 1, one can show that

givenby d=zv ,
D, is smaller than R by many orders of magnitude, implying that the afore-
mentioned distances are very realistic. Small irregularities may result in the rota-
tion of dust particles, although the maximum rotational velocity is likely to be on
the order of v,,, which will not change the overall temperature distribution of the
dust particle.

If one takes into account the number density of G-type stars (solar type stars)
in the solar neighborhood, n, =3.2x10™ pc~[19], one can show that the plan-

max " st

for dust grains with r =3x10" cm, 2.5 x 10* stars for r =5x10" cm, and 10°

etary dust grains have reached N, =4nR>, n / 3 stars. In particular, 7 x 10° stars

stars for r=10" cm.

Within the framework of this paper, we assume that the majority of the space
in the ISM with temperatures ranging from 50 K to 100 K is primarily composed
of molecular hydrogen. with a number density of the order of ny =1 cm™ [1]
[15]. These parameters can be favorable for preventing significant damage to com-
plex molecules (DNA, RNA, etc.).

3. UV Damage

A key aspect of this study is to understand the damage caused by UV radiation
with wavelengths of 200 - 300 nm. First of all, we need to find out what dose of
radiation naked living organisms will receive while moving in space. For this pur-

pose, we first consider the movement of a dust particle from the vicinity of a star
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to a distance, R’, where the intensity of solar radiation

RZ
li=""2[ B,d2 (5)

R*Z v A )
and the total background intensity from all stars in distant space

l,=4nW| B,d2, (6)

become of the same order. Here
B _ 2hc?
2% (exp(he/(KT 2))-1)

(7)

is the Planck’s black body radiation function, 4 denotes the wave-length of the
emission spectrum, h is the Planck’s constant, R, =7x10" cm denotes the
solar radius and W =10 [20]. From the above equations, one can readily de-
termine that R” =3.5x10" cm. The UV radiation dose is defined as [12]
r p

D=nR:[ % , B,d, (8)
where 7 is the time-scale associated with R™ and 4, =1600 A, A4 =3000
A. Taking into account the solutions of Egs. (2, 3) an estimate of the dose value
can be obtained. D =6x10" erg/cm? This value is so high that no naked bac-
teria can survive the trip. A living organism encased in a protective mantle would
be shielded from the star’s radiation. However, despite the extremely low back-
ground ultraviolet radiation, the travel time through space could be extensive,
leading to a potential increase in the radiation dose, which may reach critical lev-
els. For studying this particular task, one should introduce the inactivation cross-

section, & defining the fraction of the surviving irradiation
&)

It is evident that the inactivation of a bacterium is characterized by the condi-
tion 6D =1.
However, the inactivation cross-section varies for different wavelengths. In par-

ticular, for the T1 bacteriophage &, =107"°%* c¢m?/photon for

1600 A< 1, <2262 A, &, =100 cm?/photon for

2262 A< 1, <2350 A, &; =10 %005+00%57824 10631048 cm2/photon for

2350 A< 1, <3000 A, where by 1, we denote the wavelength in units of ang-
stroms [12]. Then, after taking into account a natural conversion & = /15'*/ hc,

one can write a condition
-1 A .= B .= o=
(47W) " = ; 5,B,dA+ Lj 5,8,d1 + L: ,8,d2, (10)

where 4, =1600 A, 4,=2262 A, 4,=2350 A, 4,=3000 A, 7 is the
timescale corresponding to the inactivation of a bacteria, o =exp(—4nkr/1) is

a transmittance coefficient, ¥ =1.7 [12]and B, =aB,.
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4. Discussions

After taking the aforementioned radii of the grains, one can show that the inacti-
vation time scales are: 7=1.2 yr for r=3x10" cm, =200 yrs for
r=5x10"° cm,and 7=10" yrsfor r=10" cm respectively. This means that
living organisms might be transported on distances respectively 13 AU for
r=3x10"° cm, 0.42 pc for r=5x10" cm and 43 pc for r=10" cm. There-
fore, in the case of Earth, it is quite possible that life has been transported to other
planets in the solar system. But the most fascinating scenario concerns the dust
grains with r=10" cm, where the mantle can survive the living bacteria for 10
yrs, implying that the grains might reach 10° stars. It is worth noting that after
inactivation, the complex molecules might still be transported to distant worlds
and, as has already been emphasized, almost 10° stars could be influenced by these
grains.

Another issue we would like to address is the flux of dust particles transporting
complex molecules to another planet. In [14], the author analyzing the data of
space dust [21]-[25] came to the conclusion that the flux of dust particles leaving
the Earth’s gravitational fieldis #; =1 cm™s™". Then, the flux on a distance, R,
writes as F = FR2/R?, where R, =6400 km is the Earth’s radius. On the
other hand, by taking a uniform distribution of stars into account, one can esti-
mate the number of planets seeding a particular planet by dust particles,

N, = N,N /N., leading to the total rate on a planet’s surface,

Ko = 27N, F, RS /R?* =3x10°s™ . This implies that, each year, one particle
could reach the planet, resulting in billions of dust grains accumulating over a
billion years for each individual planet.

It is worth noting that relatively dense regions of the Milky Way, known as mo-
lecular clouds, may serve as natural obstacles for dust particles, which might be
trapped by them. These clouds are known to be regions composed mostly of hy-
drogen atoms or molecules [15]. In particular, it is well known that in diffuse H I
clouds, with temperatures (30, 80) K the number density varies in the interval (1
— 8) x 10> cm™. In diffuse molecular clouds, typical temperatures lie in the range
(15,50) Kwith n= (0.5 - 5) x10°cm™ . Giant molecular clouds exhibit a temper-
ature of the order of 15K and n= (1 - 3) x10%cm™ . Dark-cloud complexes have
more or less the same values of T and n, but small individual clumps with
T =10 K might be even denser 10° - 10* cm™. In hot cores T =(100-300)K
the number density could be significantly higher compared to the previous cases
10°- " ecm™ [15].

If dust grains encounter these regions, one can estimate the distance S, which
the particles will travel within the clouds. Leaving only the drag force in Eq. 3 one

4rp

can easily show S; = Fln(vo /Vems ) » where v, is the initial velocity of the
Pe

dust particles entering the clouds, p, =nm;, m =m_ ,2m  and we assume
that when the velocity of the dust particles increases on the order of
Vi = /3KT /M, , the particles are trapped by the clouds. Considering the hot cores
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having the smallest characteristic sizes 0.05 pc [15], even for V, =30 km/s, the
distance becomes by several orders of magnitude less than the aforementioned
length. This is a very important result because it indicates that dense molecular
clouds might contain planetary dust grains with complex molecules inside. But
the whole trip of the dust grains is not that simple. It is not enough to consider
only UV radiation to analyze the possible transport of life through the galaxy. If
the dust particles encounter an X-ray radiation region, the molecules will be com-
pletely destroyed.

On the other hand, extremely hot regions, such as ionized HII regions in stellar
atmospheres and high-temperature areas in the ISM with temperatures ranging
from 10° K to 107 K will inevitably destroy molecules. Additionally, it remains
unclear how bacteria would behave under such extreme conditions, especially if
these conditions persist for hundreds of years or more, therefore, further research

is essential.

5. Summary

We have considered the dynamics of planetary dust particles “propelled” by plan-
ets, and it has been shown that in 5 billion years, dust grains can travel in the ISM
at distances of the order of hundreds of parsecs.

By taking the stellar distribution density into account, we have found that dust
particles emitted by every single planet will reach as much as 10° stellar systems.

It has been found that life can be transported to 1000 stars only from a single
planet.

We have also shown that dense molecular clouds will efficiently trap the plan-
etary dust grains and their study in the context of panspermia might be significant.

Several key factors that contribute to the damage of life and complex molecules
associated with living organisms have been analyzed. In particular, we have em-
phasized that, in addition to UV radiation, the X-ray background even more crit-
ically can inevitably inactivate bacteria and damage complex molecules.

Another important factor is the behavior of bacteria in vacuum conditions over
hundreds of years or more—a topic that remains poorly understood and requires

further investigation.
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