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Abstract

Some stars with similar properties to our sun (solar twins) have differ-
ent chemical composition than the rest of the solar twins. One explanation
might be planet engulfment. Therefore we did a large number of simu-
lations where a disturbing star passed a sun and a planet at a distance
closer than 100 AU to see how often the planet was engulfed. The result
was that the planet in most cases was thrown out of the system, but it
was engulfed in about 10 − 30% of the simulations when the planet was
close to its star. The conclusion was that planet engulfment indeed can be
a good explanation for the different chemical compositions of solar twins,
at least in dense stellar clusters where such close passages should be quite
common.

Sammanfattning

Vissa solliknande stjärnor (s̊a kallade soltvillingar) har en annorlunda
kemisk sammansättning jämfört med resten av soltvillingarna. En möjlig
förklaring kan vara att dessa stjärnor har slukat planeter. Därför gjorde
vi ett stort antal simuleringar där en störande stjärna passerade ett sys-
tem best̊aende av solen och en planet. Stjärnan passerade p̊a ett avst̊and
under 100 AU och vi observerade hur ofta planeten slukades. Resultatet
var att planeten oftast slungades ut i rymden, men den slukades i 10-30%
av simuleringarna där planeten kretsade nära sin stjärna. Slutsatsen vara
att planetslukning kan vara en rimlig förklaring till de annorlunda kemiska
sammansättningarna hos soltvillingar, åtminstone i täta stjärnhopar där
nära stjärnpassager bör vara ganska vanliga.
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1 Short Introduction

It has been observed that the surfaces of about 10-20% of the solar twins (stars
with very similar properties to the sun) contain less elements that are easily
condensated, than was expected from theoretical models [1]. The reason for this
is not known but one possibility is that these stars have engulfed one or several
planets, which have ”polluted” the surfaces of these stars. This explanation is
especially interesting in stellar clusters where the density of stars is high. The
reason is that the probability for close passages between stars is higher there,
and these close passages might disturb the planetary systems around a star
and maybe make a planet crash into its star. Another interesting property of
stellar clusters is that the stars there seem to have the same chemical contents,
meaning that a star with different chemical composition compared to the rest
of the cluster can be a sign of planet engulfment.

In this work we have tried to see if planet engulfment can be a possible
explanation to the chemical composition observed in solar twins. We did this
by doing a large number of simulations of close passages between two stars where
one star had a planet orbiting it, and tried to find out how often the planet was
engulfed by its star.

2 Theory

2.1 Which evidence do we have for planet engulfment?

This project is about stars that engulf planets. More exactly we have tried to
find out how often it occurs. But before going further into that topic one might
ask if planet engulfment really occurs. Since we never have observed it directly,
we only have indirect evidence. Which are these evidence and how strong are
they?

The first bit of evidence is of course the different chemical compositions
in some stars, which is described above. Another article that discusses the
correlation between higher contents of some elements and planet engulfment is
”Evidence for planet engulfment by the star HD82943” [2]. Here Israelian et al.
are looking at the 6Li-content of the star HD82943. This isotope of lithium is
normally destroyed in solar like stars already during their early evolution. The
authors did not find any reasonable way for the star to produce this isotope in
high enough amounts all by its own during a later time of its life. Therefore
they concluded that the star had probably engulfed a planet. It could be a gas
giant with a mass equal to two times the mass of Jupiter, a stone planet with
a mass equal to three times the mass of the Earth, or maybe several smaller
planets.

But there are more evidence than just looking at the contents of elements
and their isotopes in stars. In the article ”Observational Evidence for Tidal
Destruction of Exoplanets”[3], Jackson et al. discuss planet engulfment as a
result of friction by tidal forces in planets that rotate close to their stars. Friction
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may decrease the mechanical energy of the planet, making it come closer and
closer to its host star. Finally the tidal forces rips the planet apart and destroys
it when it comes close enough, and the elements of the planet will be distributed
over the star’s surface.

According to the authors, observations support this idea. There seems to be
a lower limit on how close planets can orbit their stars, and this limit increases
with the age of the stars. Since planets that initially orbit further away from
their host stars obviously need more time to reach their star, this is in accordance
with the idea.

However, this process takes time and can only happen on a timescale of
billion years. Therefore it can’t be used as a proof of planet evidence during the
early history of the star.

But there are also simulations that indicate that planet engulfment can take
place also in the very early history of stars. Vorobyov et al. [4] have done
simulations of gravitational collapses of prestellar cores surrounded with proto-
planetary discs. One of the results was that bodies in the disc quite often fell
down into the prestellar core because of the friction in the protoplanetary disc.

Privitera et al. [5] mentions another way of detecting signs of planet en-
gulfment. Some stars rotate unusually fast, and planet engulfment may be
the explanation since the star (due to conservation of angular momentum) will
receive the angular momentum of the engulfed planet. It can be especially in-
teresting to look at stars on the red giant branch. When main sequence stars
expand at the end of their life times, they also begin to rotate much slower due
to conservation of angular momentum. So if we find red giants that rotate faster
than normal, they might have gained angular momentum by engulfing planets
orbiting it.

By doing a lot of simulations, Privitera et al. theoretically investigated how
planet engulfment can affect the spin of the host star and make it spin faster.
They found that planet engulfment indeed can make stars spin faster. They
also concluded that it can explain why some stars (especially red giants), spin
so fast that it can’t be explained by single star interactions.

A similar work has been done by Matsakos and Königl [6]. They looked
at hot Jupiters (gas giants which orbit their stars at very short distances) and
claimed that it is possible that many stars have engulfed a hot Jupiter in their
early life. The reason is that observations show that many stars have a surpris-
ingly large angle between the direction of the star spin and the orbital angular
momentum of the planets orbiting it. They did a number of simulations that
supported this statememt.

Privitera et al. also mentions another way of detecting signs of planet engulf-
ment [7]. They are discussing that planet engulfment can make the magnetic
field of stars much stronger. The reason is that the magnetic field of a star is
related to how fast the star spins around its own axis.

So to summarize this section, we can conclude that even though we have
not observed any planets being engulfed yet, there is still quite a lot of evidence
that planet engulfment exists. It would explain properties of stars which our
resent models of stars can’t explain with just single star interactions.
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2.2 When is the planet engulfed?

An important question for this work is when the planet actually is engulfed by
the star. Or to be more precise: how close to the star must the planet be before
it is engulfed?

To derive an expression of the ”engulfment radius”, we can look at figures 1
and 2:

Figure 1: Illustration of the setup for deriving an expression for the engulfment
radius

Figure 2: The forces acting on the two small masses µ situated at opposite sides
of the planet.

Let’s look at two small point masses situated on the opposite sides of the
planet. Place the masses as close and as far from the star as possible. Both
these point masses are affected by two forces: the gravity from the planet and
the gravity from the star.

The condition for the planet to break apart and be engulfed by the star is
that the sum of the forces on the point mass closest to the star, should be greater
than the sum of forces on the point mass furthest away from the star (because
then the points accelerate away from each other). This gives the following
equations:

GMµ

(r − ∆)2
− Gmµ

∆2
>

GMµ

(r + ∆)2
+
Gmµ

∆2
(1)
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G is the gravitational constant, M is the mass of the star, m is the mass of the
planet, µ is the mass of the point masses, r is the distance between the centre
of masses of the star and the planet and ∆ is the radius of the planet. This can
be rewritten as:

GMµ

(
1

(r − ∆)2
− 1

(r + ∆)2

)
>

2Gmµ

∆2
(2)

Cancelling the common factors G and µ gives

M

(
1

(r − ∆)2
− 1

(r + ∆)2

)
>

2m

∆2
(3)

Now we write the left hand side under a common denominator:

M

(
(r + ∆)2 − (r − ∆)2

(r − ∆)2(r + ∆)2

)
>

2m

∆2
(4)

This can be simplified to

M

(
4r∆

(r2 − ∆2)2

)
>

2m

∆2
(5)

Expand the denominator on the left side:

M

(
4r∆

r4 − r2∆2 + ∆4

)
>

2m

∆2
(6)

Now we use the fact that r >> ∆, which means we can approximate the
expression as:

M

(
4r∆

r4

)
>

2m

∆2
(7)

Solving for r finally gives the engulfment radius

r < ∆(
2M

m
)1/3 (8)

In our simulations we have treated all bodies like point masses. It can be
done safely without any problems since it only is the center of masses that
matters when the bodies orbit each other without colliding or coming to close
to each other. But we also had to assign a radius ∆ to the planet. Otherwise
we would not be able to calculate the engulfment radius and decide if the planet
was engulfed or not during a simulation.

However one has to be a bit careful when using this expression, because for
some values of the planet and the star, the engulfment radius is actually shorter
than the radius of the star. The expression works perfectly fine when we put
in the values of Jupiter and the sun: the radius of the sun is 6.9551 × 105 km
while the engulfment radius is 8.9468 × 105 km. But if we for example put
in the values of the Earth and the sun, we see that the engulfment radius is
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r = 5.5640 × 105 km which is less than the radius of the sun. To solve this
problem in our simulations, we decided that the planet was engulfed if it either
came inside the engulfment radius or the radius of the star.

2.3 What happens when the planet becomes engulfed?

The exact mechanism for how and when the planet is engulfed is a whole science
in its own (see for example ”Disruption of a Planet Spiraling into its Host
Star”[8] by Jia and Spruit). It depends on many parameters, for example what
material the planet is made of (rock, gas or metal) and how old the star is.

In this work we have made a pretty simple condition for when the planet is
actually engulfed (see the section above). The exact process of what happens
with the star when the planet is engulfed is beyond the scope of this work.
If the planet became engulfed, we stopped the simulation and were satisfied.
However, this work was done because we wanted to see if planet engulfment
can explain why some solar twins contain different amounts of elements than
expected. Therefore it can be good to know some basic properties of how a
planet pollutes a star when it is engulfed by it:

E. Toginelli et al. (2016) have done some work on planet engulfment in the
early stage of the evolution of stars [9]. They have done computer simulations on
what conditions is needed for planets to affect a 1.3-solarmass star of pre-main
sequence (10-20 Myr old). They did it because a star in the Gamma Velorum
cluster (2MASS J08095427-4721419) was much metal richer than the other stars
in the cluster an a reasonable explanation was planet engulfment.

When a planet is engulfed by a star of about one solar mass, the material
of the planet becomes uniformly distributed in the convection zone of the star.
This is the outermost part of the star and is illustrated in figure 3:

Figure 3: Illustration of the convection zone of a star (NOT drawn to scale).
The convection zone becomes thinner when the star goes to the main sequence,
but thereafter gets thicker when the star gets older

This is a very important property of planet engulfment, because if the matter
was distributed uniformly in the whole star, the change of the element content
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at the surface would be so small that it would be impossible to detect. In the
very early life of a star its convection zone becomes thinner with time. But
when the star moves to the main sequence and grows older, it gets thicker and
thicker. The fact that the thickness of the convection zone changes with time
means that the planet mass needed to cause a certain change of the chemical
composition varies with time.

E. Toginelli did simulations on planet engulfment in very young stars with
two different star models, one simple and one complicated. Both models gave
about the same results. The simulations were done on a 1.2 solar mass main
sequence star. Also two different planet compositions were tested (one solar like
and one earth like). The results were that the planet mass needed to ”contam-
inate” the star reduced if the planet was engulfed later (since the convection
zone became smaller).

2.4 A Similar Work

A work similar to our project has already been done by Malmberg et al. [10]
who also did a large number of systematic simulations of planetary systems in
a stellar cluster where there occured close passages by other stars. But instead
of looking at how often the planets were engulfed, they looked at how often the
planets were scattered away as a consequence of the close fly-by. For example,
in a stellar cluster with a radius of 0.38 pc containing 700 stars, they found that
about 3 per cent of the planetary systems that looked like our own solar system
would experience a loss of a planet due to a close passage of one or several other
stars. They also found that a close passage of a star can either capture planets
or scatter away them directly, but they can also make the planetary orbits
unstable, which makes a planet leave the system sometime in the following 108

years.
However they didn’t focus at the cases when the planet was engulfed by the

star. This is where our work comes into the picture.

3 Method

3.1 Properties of our simulations

In our simulations we had a system of a star (with the same properties as the
sun) with an orbiting planet, and we had a ”disturbing star” that passed the
two other bodies at a relative short distance. We simulated all our systems over
a period of 5 × 107 years. The long time period enabled us to also detect the
cases where the star only made a small pertubation on the planet’s orbit, which
grew greater with time and finally caused a planet engulfment.

For the simulations we used the famous Newton’s second law to set up a
number of coupled second order differential equations of the form

~ai =
1

mi
Σ~F (9)
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where ~ai is the acceleration of a body, mi is its mass and Σ~F is the sum of
gravitational forces of the other bodies acting on it. Since we had three bodies,
our system of second order differential equations became:

~a1 = G
m1

(
m1m2

r312
~r12 + m1m3

r313
~r13

)
~a2 = G

m2

(
m1m2

r321
~r21 + m2m3

r323
~r23

)
~a3 = G

m3

(
m1m3

r331
~r31 + m2m3

r332
~r32

) (10)

To improve efficiency, one simulation was stopped if the planet became en-
gulfed or if the planet was thrown out far away from the star. We treated the
planet as engulfed if the distance to its star was either smaller than the engulf-
ment radius derived earlier in this report, or smaller than the radius of the sun.
We considered the planet as thrown away from its star if its distance to its star
became larger than 100 AU.

In our simulations, we treated all our bodies as point masses. This had the
consequence that the star didn’t cause any tidal forces inside the planet, which
in turn can cause ”tidal engulfment”[3]. But the situation still is a good ap-
proximation since this process needs billions of years to occur. Our simulations
only lasted for at most 5 × 107 years.

To get a statistically reliable result, we needed to do a large number of simu-
lations with different initial conditions. We chose to use a Monte Carlo-method
where the initial conditions of the disturbing star was decided by random num-
bers. The star with the planet was placed at the origin while the disturbing
star started somewhere on a sphere with radius 100 AU. The direction of the
velocity was also decided by random numbers, which meant that it sometimes
would pass closer to the star and planet, and sometimes further away. Moreover
the speed of the disturbing star was normal distributed with a mean value of 1
km/s and standard deviation 1 km/s (which we considered as typical speeds of
stars in stellar clusters).

The simulations were done using the super computer Rackham at UPPMAX.

3.2 About the problem of finding a good integrator

One of the most difficult parts of this project was the problem of finding a good
method to solve the differential equations of the three-body problem. There are
many ways of solving differential equations numerically and some methods are
more accurate than others.

We first tried to use the algorithm called Runge-Kutta 4 and the program-
ming language MATLAB. The method was both fast and very accurate at larger
distances, even though there was a problem: Runge-Kutta 4 is dissipative, which
means that both the energy and angular momentum of a system slowly decreases
as time passes in the integration. This would cause every planet to be engulfed
by its star if we only simulated the system long enough. A graph of the decrease
in angular momentum is shown i figure 4.
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Figure 4: Graph over how the angular momentum steadily decreases when we
use Runge Kutta 4

We had a plan of compensating for this by giving the system an ”energy
boost” if its total energy became to low. However we also encountered a much
larger problem which finally made us give up on this method:

Runge-Kutta 4 couldn’t handle situations where the bodies came to close
to each other. The code used Newton’s law of gravity to calculate the forces
between the bodies, which included a division by the square of the distance
between the bodies. But astronomical distances reaches over several orders of
magnitude, and Runge-Kutta 4 couldn’t handle the smaller distances. We had
several cases of the planet spiralling into its star as a consequence of the close
passage of the disturbing star. But when the planet came close enough to the
star it was suddenly thrown away at an enormous speed while the mechanical
energy of the system increased with 38 orders of magnitude. It clearly was a
case of division with zero.

We also tried to solve the differential equations with MATLAB’s own built
in functions ode45 and ode23. These functions are also based on Runge-Kutta
methods, but they use an adapted step size. However, these functions gave even
worse results.

After that we gave up on the Runge-Kutta methods and tried to find a more
accurate algorithm.

Our choice fell on an algorithm written in the Fortran language called RA15.
This code was written by Everhart and presented in an article from 1985 [11].
Just like the Runge-Kutta algorithm it can solve systems of differential equations
(which are the same as Newton’s second law in our case).

This method gave much better results than Runge-Kutta 4. This is also
what is to be expected since Runge-Kutta 4 has an order of accuracy of 4 while
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RA15 has an order of accuracy equal to 15. We had to slightly modify the
code for our own purposes, but we tried to make these modifications as small
as possible.

Interestingly enough, we also found a bug in one of the subroutines of the
code, which made the gravitational forces between some bodies much smaller
than they actually were. We found the bug when we tried an extreme case of
simulating the sun and the earth, where we made a star with a mass of 100 solar
masses pass the sun at 2 AU. The huge star didn’t affect the Earth at all, which
clearly was wrong. However we found the bug and corrected it. We don’t know
if the code has been wrong since 1985 or if it is a case of the changing language
of Fortran and the compilator we used (gfortran).

3.3 The cases considered

For our main simulations, we did a total number of 30 000 simulations at the
super computer Rackham at Uppmax. We explored 30 different cases and made
1000 simulations for each case (with initial conditions determined by random
numbers, as explained before).

The cases considered are shown in table 1.

4 Results

We did 30 000 simulations divided into 30 different situations (1000 simulations
of each situation). We divided our results into three different cases:

• The planet was engulfed

• The planet survived and stayed in an orbit around its star

• The planet was thrown out into space

The results are presented in table 2-4. The case of no result means that the
simulation took so long to perform that it was interrupted before the calculations
were finished, and therefore we don’t know what would be the result of these
simulations.

We also show some of the results in figures 5-8. These results are taken from
tables 2-4, but we will focus a bit more on the results shown in the diagrams in
our discussion.
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Planet Distance to sun Mass of disturbing star
Earth 1 AU 1 Msun

Earth 2 AU 1 Msun

Earth 5 AU 1 Msun

Earth 30 AU 1 Msun

Jupiter 1 AU 1 Msun

Jupiter 2 AU 1 Msun

Jupiter 5 AU 1 Msun

Jupiter 30 AU 1 Msun

Neptune 5 AU 1 Msun

Neptune 30 AU 1 Msun

Earth 1 AU 0.5 Msun

Earth 2 AU 0.5 Msun

Earth 5 AU 0.5 Msun

Earth 30 AU 0.5 Msun

Jupiter 1 AU 0.5 Msun

Jupiter 2 AU 0.5 Msun

Jupiter 5 AU 0.5 Msun

Jupiter 30 AU 0.5 Msun

Neptune 5 AU 0.5 Msun

Neptune 30 AU 0.5 Msun

Earth 1 AU 2 Msun

Earth 2 AU 2 Msun

Earth 5 AU 2 Msun

Earth 30 AU 2 Msun

Jupiter 1 AU 2 Msun

Jupiter 2 AU 2 Msun

Jupiter 5 AU 2 Msun

Jupiter 30 AU 2 Msun

Neptune 5 AU 2 Msun

Neptune 30 AU 2 Msun

Table 1: The 30 cases considered in our simulations

Figure 5: The results of the simulations with the planet Earth when the mass
of the disturbing star was equal to the mass of the sun.
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Planet Distance to sun Engulfed Survived Thrown Out No Result
Earth 1 AU 188 33 731 48
Earth 2 AU 99 38 859 4
Earth 5 AU 21 32 947 0
Earth 30 AU 1 24 975 0

Jupiter 1 AU 188 7 750 55
Jupiter 2 AU 93 12 873 22
Jupiter 5 AU 20 27 951 2
Jupiter 30 AU 0 30 970 0

Neptune 5 AU 10 31 957 2
Neptune 30 AU 0 31 969 0

Table 2: The results in the 10 cases where the mass of the disturbing star was
equal to the mass of the sun. The total number of simulations are 10 000, 1000
simulations for each case

Planet Distance to sun Engulfed Survived Thrown Out No Result
Earth 1 AU 281 24 604 91
Earth 2 AU 158 30 780 32
Earth 5 AU 35 34 931 0
Earth 30 AU 0 21 979 0

Jupiter 1 AU 322 6 572 100
Jupiter 2 AU 162 9 795 34
Jupiter 5 AU 48 14 929 9
Jupiter 30 AU 1 26 973 0

Neptune 5 AU 40 29 922 9
Neptune 30 AU 0 30 970 0

Table 3: The results in the 10 cases where the mass of the disturbing star was
equal to half the mass of the sun (0.5Msun). The total number of simulations
are 10 000, 1000 simulations for each case

Figure 6: The results of the simulations with the planet Earth when the mass
of the disturbing star was half of the mass of the sun.

13



Planet Distance to sun Engulfed Survived Thrown Out No Result
Earth 1 AU 105 40 833 22
Earth 2 AU 39 38 916 7
Earth 5 AU 5 28 967 0
Earth 30 AU 0 27 973 0

Jupiter 1 AU 119 11 843 27
Jupiter 2 AU 42 23 929 6
Jupiter 5 AU 7 33 960 0
Jupiter 30 AU 0 37 963 0

Neptune 5 AU 5 36 959 0
Neptune 30 AU 0 37 963 0

Table 4: The results in the 10 cases where the mass of the disturbing star was
equal to twice the mass of the sun (2Msun). The total number of simulations
are 10 000, 1000 simulations in each case

Figure 7: The results of the simulations with the planet Earth when the mass
of the disturbing star was twice the mass of the sun.
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Figure 8: The results of the simulations with the planet Jupiter when the mass
of the disturbing star was equal to the mass of the sun.

5 Discussion

5.1 Analysis of the results

When we look at the results, we see several interesting things. The first thing
we can notice is that even though quite a number of planets are engulfed, the
big majority of the planets are thrown out into space. This means that most
stars with a planet that pass closer to a star than 100 AU will lose its planet.
This gives rise to a significant number of planets that just drive around in
space without orbiting any star, especially in dense stellar clusters where we
can expect this kind of close passages to be quite common. Of course it is also
possible that the disturbing star has caught and stolen the planet in some of the
simulations (we didn’t distinguish between these cases in this work) but most
certain not in every case.

Another interesting result is that the planet almost never survives and stays
in orbit around its star. Still we know that many stars have exoplanets, so either
close passages between stars must be rare or there has to be a huge number of
planets in our galaxy.

But the main focus of this job was to investigate how common planet en-
gulfment might be. And we can see that it is actually quite common when the
planet orbits the sun at a close distance.

If we compare the results for the three different planets (Earth, Jupiter and
Neptune) we can see that the mass of the planet is not very important for the
results. The engulfment rates are about the same regardless of the mass of the
planet. The only small difference would be that the large Jupiter has even less
chance of surviving a disturbing star than the Earth. But since the survival
rates are so low, their uncertainty are also high and therefore it is difficult to
draw any good conclusions about it.

What is more important is the mass of the disturbing star. We can actually
see that the rate of planet engulfment goes up when the mass of the disturbing
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star is smaller. This might be because a heavy disturbing star gives a more
violate pertubation on the orbit of the planet, which makes it easier to scatter
out the planet. A disturbing star with a smaller mass still makes a big enough
pertubation to make the system unstable, but does not transfer that much
energy to the planet. This more often gets the planet engulfed.

We also have to discuss the case of ”No Result”. In most of the situations
these cases are so few that their impact on the results are negligible. But in
some cases they correspond to about 10% of of the simulations, which might
be a problem. The situations where we most often got no result, are also the
situations where the engulfment rate was highest. This gives some uncertainty
on how high the engulfment rates actually should be.

My own guess is that the cases of ”No result” are some cases where all three
bodies came very close to each other, forcing the algorithm to take smaller time
steps to retain the accuracy in the calculations. From this I conclude that it
is not probable that the planet would have survived these close passages and
just kept orbiting the star. The outcome of these simulations would therefore
probably have been that the planet was either engulfed or thrown out into space.

Finally we can mention that some of the simulations probably have resulted
in cases where the two stars have come so close to each other that they have
formed a binary system. We have not treated these cases separately; they have
been treated just as an ordinary close passage.

5.2 Comparison with Malmberg et al.

Since Malmberg et al. [10] has done a similar work, it is interesting to compare
the results where it is possible. Malmberg et al. did not focus on planet engu
lfment, but we can compare how often planets were thrown out into space.

Malmberg et al. used slightly different methods for the simulations than we
did. While we had one planet that we put on different distances from the sun,
Malmberg et al. had a system with four planets at the same time. Moreover
they put the initial speed of the disturbing star exactly equal to 1 km/s while
the initial velocity of our disturbing stars was randomly chosen from a normal
distribution with expectation value 1 km/s and standard deviation 1 km/s. But
otherwise our methods seem to be quite similar.

The results of the comparison is that the planet is thrown out into space
more often in our simulations than in the simulations of Malmberg et al. When
Malmberg et al. had a disturbing star of mass 0.6Msun at least one planet was
thrown out into space in 48.1% of the simulations. When we had a disturbing
star with mass 0.5Msun the planet was thrown out into space between 57.2%
(Jupiter at distance 1 au from the sun) and 97,9% (Earth at distance 30 au from
the sun) of the cases depending on which planet we had and how far from the
star it was. When Malmberg et al. had a disturbing star with mass equal to
the mass of the sun, at least one planet was thrown out into space in 60.7% of
the cases. In our corresponding simulations the planet was thrown out between
73,1% (Earth at distance 1 au) and 97.5% (Earth at distance 30 au) of the
times.
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We don’t know what causes these differences. One possible explanation
might be that Malmberg et al. always had the same speed of their disturbing
star while the speed of our star was decided by random numbers. To investigate
this possibility we did 2000 extra simulations of the Earth at distance 5 and 30
au from the sun, where the disturbing star had the same mass as the sun and
was given a speed of exactly 1 km/s. The results are shown in figure 9.

Figure 9: Simulations with the Earth at 5 respectively 30 au from the sun. The
mass of the disturbing star is equal to the mass of the sun. The speed of the
star is exactly 1 km/s

Ironically, the planet instead was thrown out more often when we fixed the
velocity of the star. The planet was thrown out in 96.9% and 99.9% of the
simulations for the distances 5 au and 30 au respectively.

Another possible explanation might maybe be that Malmberg et al. had four
planets at the same time while we only had one planet at different distances
from the star. A third possible explanation for the different results might be
that we allowed our disturbing star to come as close to the sun as it wanted,
since its initial position and the direction of its velocity was decided by random
numbers. If Malmberg et al. instead chose a closest distance between the two
stars, it would probably mean that their disturbing star didn’t come as close to
the sun as our disturbing star must have done in many cases.

5.3 How common is planet engulfment?

We tried to make a rough estimate on how many stars that might actually have
engulfed a planet:

Lets look at quite a large and dense stellar cluster, since the number of close
passages should be biggest there. We call the number of stars in the cluster
N=10 000 and set the radius of the cluster to R=3 pc. Then we give it an age
of 109 years.
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To make an estimate, we need to know the typical velocity of a star in such
a stellar cluster. If we assume that all stars have a total energy of zero, then
their kinetic energy must equal the negative of their potential energies. If we
are in the centre of the cluster this gives the equation:

MmG

R
=
mv2

2
(11)

where M is the total mass of the cluster, m is the mass of one star, G is the
gravitational constant, R is the radius of the cluster and v is the speed of the
star.

If we solve for v and substitute M = Nm (and hence assume all stars in the
cluster have the same mass) we get:

v =

√
2NmG

R
. (12)

Next we calculate how many encounters closer than 100 AU we can expect
in this stellar cluster. To do this, we treat the cluster as homogeneous (the stars
are equally distributed in the cluster). The density of stars in the cluster, ρ, is
therefore the number of stars divided by the volume of the cluster:

ρ =
3N

4πR3
(13)

If we plug in the numbers given above, we get a velocity of about 5 km/s.
This is higher than 1 km/s that we used in our simulations, but we also have
to remember that this is the speed in the center of the cluster, where the stars
move the fastest.

Now take a star in the cluster and draw a circle around it with radius r =
100AU . When a star travels through the cluster, it makes a ”cylinder” where
the height h = vt is the distance the star has travelled during the time t. The
volume of this ”cylinder” is

V = r2πvt (14)

and the total number, n, of stars that pass closer to this star than r is
therefore:

n = V ρ =
3Nr2vt

4R3
(15)

If we plug in the numbers given before (N=10 000, R=3 pc and t=109 years),
we get n = 36%. So approximately 36% of the stars in the cluster will experience
such a flyby in one billion years, according to this simple estimation. If every
star has a planet at a distance of 1 AU, then about 20% of these stars will
experience a planet engulfment. This is 7.2% of the stars in the cluster.

However we don’t know how many stars that actually have planets and how
far from their stars these planets are. Until we know this, we can’t say how
common planet engulfment will be. One also has to remember this was only a
very rough estimation.
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5.4 A short ethical discussion

One might ask if physicists really should spend so much time investigating a
subject that won’t have any impact on humanity. The closest star outside our
own solar system is more than four light years away from us and our solar system
won’t experience any close passage for many generations. Maybe it would be
better focusing on solving our climate crisis instead?

My personal opinion is that the more urgent problems of the Earth, like the
global warming, should be given much higher priority than this kind of research.
But I still think these questions are interesting to investigate and they might in
fact come in handy sooner than we think. The methods used in this work can
for example be used to calculate the orbits of asteroids and the probability for
an asteroid to crash down on the Earth. Such an impact can be disastrous for
the life on Earth and the sooner we discover a potentially dangerous asteroid,
the more time we have to figure out a way of avoiding a large impact.

Finally, if you like science fiction it might also be interesting to speculate
about what we should do if our own planet actually was about to be engulfed.
Should we try to escape to another planet? Is it ethically right to do such a
thing? Is it ethically defensible to take over another planet, even if it already
has life? Humans don’t like the thought of aliens taking over the Earth, so why
would aliens want us to do such a thing against them? And finally: if we escape
to another planet, which humans and animals should be allowed to do that? It
would be impossible to fit the entire human population in space ships...

6 Conclusions

We conclude that planet engulfment might indeed be an explanation for the
different chemical compositions in some stars. Or it might at least be an ex-
planation in dense stellar clusters where we have many close passages between
stars. However we can’t say anything for sure since we don’t know how many
stars that actually have planets orbiting them at close distances.

To improve the results of this work, one can for example place the disturbing
star at a larger distance (maybe 300 AU instead of 100 AU, which was the case
in this work). The gravitational interactions probably begin earlier than at 100
AU and the reason we chose that distance was to minimize the cases where
the disturbing star missed the other star system. By doing this we could get a
statistically reliable result without having to do a huge number of simulations.
Instead we could use our time to test more different situations instead.

One can also try to include more bodies into the problem. There are after
all many planetary systems that contain several planets, and this might affect
the results.
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