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Abstract. We report the first results of a research program to explore the sensitivity of the orbits
of Oort cloud comets to changes in the strength of the Galactic tides in the plane of the disk and
also to changes in the mass of the host star. We performed 2D simulations that confirm that the
effects of the tides on comet orbits are sensitive to a star’s distance from the Galactic center. A
comet cloud closer to the Galactic center than the Sun will have comet perihelia reduced to the
region of the inner planets more effectively by the planar tides alone. Similar results are found
for a star of smaller mass. We also show how this phenomenon of comet injection persists for a
set of alternative Galactic potential models. These preliminary results suggest a fruitful line of
research, one that aims to generalize the study of comet cloud dynamics to systems different
from the Solar System. In particular, it will allow us to study the roles played by comet clouds in

defining the boundaries of the Galactic Habitable Zone.
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1. Introduction

Were special conditions required for the formation and evolution of our habitable Solar
System? Which particular properties of the Solar System are important for the existence of life
on Earth? These are questions astrobiologists are beginning to address through observations and
simulations. Research on extrasolar planets, for example, has revealed that their properties vary
over a much broader range than had been known or anticipated from study of the properties of
the planets in our Solar System. The Galactic context is an important factor in determining the
properties of a planetary system [1,2]. Obviously, the Sun’s location and orbit in the Galaxy are
different from any other star. But, which aspects of its Galactic context are relevant to its
habitability? More specifically, how do the dynamical properties of an Oort cloud depend on

Galactic location? It is this question we will begin to address in the present work.

1.1 COMETS AND THE GALACTIC HABITABLE ZONE

Several Galactic-scale factors can influence the habitability of a planet [2]. They include
factors relevant to the formation of planets, such as the radial disk metallicity gradient, and
events that can threaten life on a planet, such as nearby supernovae, gamma ray bursts and comet
impacts.

Catastrophic events have profoundly influenced the history of life on Earth, as is evidenced, for
example, in the paleontological record of mass extinctions [3]. Impacts of asteroids and comets
on Earth are plausible causes of these events. But, some researchers think that comets might also
have played an important role in delivering the prebiotic organic compounds necessary for the
origin of life on Earth (for instance, the Stardust spacecraft recently captured organics from
comet 81P/Wild 2 [4]). Interplanetary dust particles from asteroids and comets indeed contain
organics that can survive atmospheric entry [5]. Comets have possibly played a role in delivering
the water in Earth’s oceans [6]. This seemed at first implausible since the deuterium/hydrogen
ratios (D/H) in the P/Halley, Hyakutake and Hale-Bopp comets [7-9] are about twice that of
terrestrial water, which has been generally believed to originate from carbonaceous chondrites
(having similar D/H ratios). However, [10] point out that taking present isotopic abundances as
indicators is potentially misleading since the D/H ratio of water on Earth probably did not remain
unchanged for the past 4.5 Gyr. Moreover, more recent measurements of other comets by [11]

show that their '°0/'®0 ratios are consistent with the terrestrial values, especially among long
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period comets. Therefore, if water had extraterrestrial origins, it is more likely that a mixing of
comets, the solar nebula and meteorites formed the present seawater.

Being only weakly bound to the Sun’s gravity, comets in the Oort comet cloud are easily
perturbed. Inner Oort cloud comets have aphelion Q <20 000 AU, while outer Oort cloud
comets have Q > 20 000 AU. At large distances from the Sun, the dominant perturbers of comet
orbits are Giant Molecular Clouds (GMCs), passing nearby stars and the Galactic tides (see
review by [12]). They can produce temporary increases the flux of comets entering the region of
the planets — termed “comet showers™ [13, 14].

The formation of a comet cloud depends on several factors.' The Sun’s Oort cloud probably
formed from planetesimels scattered by the giant planets [15-17]. However, we cannot generally
apply the results of comet cloud formation simulations based on the Solar System’s Oort cloud,
given that the properties of giant planets are known to vary dramatically among nearby Sun-like
stars [18]. One of the most important factors in determining the properties of giant planets is the
metallicity of the birth cloud. More metal-rich systems are more likely to harbor giant planets
[19]; reviewed by [20]. [21] successfully reproduced this relationship qualitatively with a model
based on the core accretion theory of giant planet formation. Once we can successfully simulate
the formation of giant planets in any planetary system, then it should be possible to determine the
properties of the resulting comet cloud from simulations (a task beyond the scope of the present
study).

The initial metallicity of a planetary system should also determine the availability of solid
bodies that can be scattered into its Oort cloud [2]. Taken together, the observed correlation
between metallicity and giant planet formation and the expected correlation between metallicity
and planetesimal formation implies that there should be a strong correlation between metallicity
and the properties of a comet cloud (e.g., its initial population). Determination of their precise
relationship will require extensive simulations.

However, what can be said already, beginning with fundamental considerations of gravitational
dynamics, is that at the earliest times, the orbits of cloud comets are influenced by the
gravitational tidal field from its birth cloud/cluster and close encounters from nearby stars in the
cluster [22]. Most stars are born in clusters, but most clusters suffer “infant mortality” [23],
dissolving within a few million years. A cluster that survives infancy continues to dissolve as its

stars are removed by tidal forces from encounters with GMCs [24], Galactic tides [25] and

'Throughout this paper we refer to Oort clouds around other stars as comet clouds and to the
comet cloud around the Sun as the Oort cloud.
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passages through spiral arms [26]. The cluster dissolution timescale should vary with location in
a spiral galaxy; for example, a short dissolution timescale has been measured for the inner region
of M51 [27], due to the high density of GMCs there [28]. In fact, the problem of the dynamical
evolution of a star cluster is similar to that of an Oort cloud; both consist of many “test particles”
influenced by the tidal field of a large mass distribution.

The perturbations that a comet cloud experiences while it is within its birth cluster environment
should have a significant effect on its dynamical evolution. Simulations show that the structure
of the Sun’s inner Oort cloud must have been sensitive to the initial density of its birth cluster
[22, 29, 30]. A little explored topic is the effect of a binary companion on a comet cloud, whether
it is a temporary one in a cluster environment [31] or a permanent one.

The effects of Galactic tides on the Sun’s Oort cloud comets have been studied by many
authors (e.g., [32-37] and others). Galactic tides are usually separated into radial, transverse and
orthogonal (to the disk plane) components. At the Sun’s distance from the Galactic center the
orthogonal tide has been estimated to be about ten times more effective than the radial tide in
perturbing Oort cloud comets into the inner Solar System [12, 34]. The orthogonal tide is the
dominant perturber today and also over the long term [38]. [39] present observational evidence
for the influence of the orthogonal tide from the observed distribution of the orbital elements of
new comets (here, “new comets” refers to comets considered to be visiting the planetary region
for the first time).

But while the orthogonal tide is predominant for the Sun’s comets, as we will show, planar
tides are not negligible. When the comet cloud is placed closer to the Galactic center these alone
are sufficient to produce dramatic effects on their orbits.

In summary, the properties of a comet cloud depend on Galactic-scale factors in the following
important ways. First, the radial disk metallicity gradient influences the initial population of
comets in a comet cloud. Recent determinations of the metallicity gradient for the gas phase (or
“zero age” objects) of the disk have converged on a value near —0.07 dex kpc™' [40-42], with a
time derivative of 0.005 to 0.010 dex kpc” Gyr™' [43]. Second, the disk surface densities of stars
and GMC:s increase steeply towards the Galactic center, as do the Galactic tides (see Section 3.1
below). As a result of these trends, comet clouds around stars closer to the Galactic center than
the Sun will experience greater perturbations. Third, the frequency of spiral arm passages will
vary depending on the distance from the corotation circle, where the spiral arm and stellar

angular frequencies match.



1.2 SIMULATING COMET CLOUDS

To date, research on the formation and dynamical evolution of comet clouds has focused on the
Solar System within its local Galactic environment. The orbits are followed numerically using
the gravitational potential produced by a solar mass star imbedded in the local Galactic potential
(i.e., which results from the Sun’s location about 8 kpc from the Galactic center). The only
exceptions have been studies of the impulsive effects of encounters between the Solar System
and GMCs and nearby stars (neither of which is presently occurring) and also the changing
orthogonal tide due to the Sun’s vertical motion relative to the disk plane (e.g., [14]).

Studies of comet cloud dynamics have typically employed approximate analytical calculations
or statistical analyses through Monte Carlo simulations. These approaches are understandable
given the long orbital periods of the comets in relation to the orbital periods of the giant planets
and the vast number of comets (~ 10'%). Exact integrations of the full orbits of a large number of
comets under the influence of one or more of the important perturbers are computationally
expensive. Nevertheless, the approximate methods are useful for describing the dynamics of
comets in certain restricted problems.

A completely self-consistent treatment of the Solar System’s Oort cloud dynamics would have
to begin with the four giant planets as they form in the protoplanetary disk and follow the
planetesimals as the planets scatter some of them into the Oort cloud to begin their lives as
comets (e.g., [44]). This initial distribution of the Oort cloud comets evolves over time as it
experiences perturbations by passing stars and GMCs and the Galactic tides, sometimes injecting
them back into the planetary region. The total population of Oort cloud comets declines over
time and their distribution within the volume of space around the Sun will differ from the initial
one [37]. Therefore, the distribution of comets in the Sun’s Oort cloud inferred from
observations of long period comets is just a snapshot in time of a continuously evolving system.

Clearly, the dynamics of the Oort cloud comets are complex and can’t be exhaustively
described in one study. In this paper we consider a restricted problem as a first step in removing
the Oort cloud from its local solar and Galactic context and placing it in a more general setting.
In particular, we will explore how the dynamics of a comet cloud depend on the planar Galactic

tides® and also on stellar mass. Interactions with the planets, GMCs and nearby stars are not

*Note, in the present study we are restricting our simulations to the Milky Way Galaxy’s disk
plane. Thus, the orthogonal disk tide is not relevant to our case, and the combined action of the
radial and transverse tides in the disk plane might be better termed the “planar tides”.
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included in this first study, nor are the effects of different planetary architectures on the
properties of a comet cloud. How comet clouds differ among the known extrasolar planets is an
interesting question, but it is not one we will address in the present study. Exact integrations of a
few dozen comet orbits should suffice to demonstrate, nevertheless, some qualitative aspects of
their dynamics.

The paper is organized as follows. In Section 2.1, we present the analytic Galactic mass
distributions and corresponding potentials that we use to integrate the orbits of the stars and their
associated comets. In Sections 2.2 and 2.3 we describe the algorithm and its implementation for
simulating comet orbits at different locations in the Galaxy and around stars of different masses.
In Section 3 we present the results of our simulations. Finally, in Section 4, we suggest future

lines of research, which should result in more realistic comet simulations.

2. Comet orbits with planar Galactic perturbations

The first step in simulating the dynamics of a comet cloud is to construct a model of the
distribution of matter in the Milky Way Galaxy. This permits the calculation of the Galactic
gravitational potential. A realistic potential would require accounting for the many irregularities
and asymmetries in the mass distribution (e.g., the rotating triaxial bulge and the spiral arm
pattern), leading to significant complications in the calculations. For this reason, in the present
study we adopt a simple azimuthally symmetric Galactic model. A better determination of the
matter distribution in the Galaxy and a more realistic model of its gravitational potential would
be one way of improving on our simulations. However, as we are going to show, the precise
determination of the Galactic force field is not necessary for the preliminary results of the

present paper.

2.1 THE GALACTIC MASS DISTRIBUTION AND POTENTIAL

We built a simple but representative Galactic mass distribution with the following components.

1. We represent the giant black hole at the center of the Galaxy as a point with mass of

3.7x10° M [45]. Its potential is given by @, . Its contribution is negligible for calculating the

comet orbits in the outer Galactic regions, but we include it nevertheless to show its effects on

the radial tide in the central regions.



2. We treat the bulge and disk components together and employ the [46] potential form
recommended by [47]. In our calculations, we adopted a four component Miyamoto-Nagai

potential for the bulge and disk:

®,,(X,Y,Z)= i oM, . (1)
" \/X2 +Y? +[an +4b; +ZZ}
We list the values of the a,, b, and M, constants in Table 1. This formulation does not permit us
to examine separately the potentials of the bulge and thin disk, but this disadvantage is
outweighed by the greater efficiency it permits in the numerical computations compared to other
formulations.

Originally [48], we had parameterized the mass distribution of the bulge as a Plummer sphere:
3IM r’ N
o= 5]

GM
P (r) =~
BG r2 N rcz

with the following parameter values: r, =420 pc and M, =1.6x10" M [47].

with a corresponding potential:

In addition, we had modeled the mass distribution of the thin disk with a two dimensional
Freeman model [49], having an exponential surface mass density distribution:
2(r)=Ze ",
where X is the central disk surface mass density and r, is the disk’s scale length. After a
comparative analysis of different models (e.g., [50, 51]), we had adopted the following values for

the constants: X, =492 M pc”, r, = 3.5 kpc. These values are in agreement with the surface

density at the solar distance of [52]. The corresponding potential for this mass distribution is:
®,(r)=—rGZr[1,(r 1 2r)K,(r | 2r,) = I,(r | 2r)K(r / 21,)],

where I and K are modified Bessel functions. We found this parameterization of the disk

potential to be slow to integrate (and would be impractical in 3D), so we replaced them with the
Miyamoto-Nagai parameterization in Eq. (1). We did, however, adjust the constants in Eq. (1) to
match the potentials of the Plummer bulge and exponential disk models.

3. One representation of the matter distribution of the dark matter (DM) halo is a spherical

pseudo-isotherm (PSISO):



___Po
Prsiso () . (i)z ’ (2)

with p, the central density, r is the Galactocentric distance and r,, the scale length of the dark
halo (following cosmological arguments made by [53], we chose p, =0.05 M pc”, and in

order to recover a flat rotation curve, r, = 4.6 kpc ). Eq. (2) represents the distribution of DM

used in the old Schmidt’s model [50]. We will consider more up to date models for the halo
below. The PSISO distribution has the following potential (see [54]):

1 I+(-=
D 550 (1) = —4TGpy1y | 1 - riarctan(L] ——log —( - ) (3)
r

AR IR,
where Ry is the extension of the virialized dark matter halo (this value however is not essential
for our considerations because, when calculating the component of the force field associated with
Do (1), Fogeo = —VPugs0 » Rir falls out in the derivative owing to Newton’s first theorem).

Of these three components of the Galactic mass distribution, the DM halo is the most
uncertain. In order to test the sensitivity of comet orbits to uncertainties in the mass distribution
of the DM halo, we also consider two alternative formulations of the halo. One mass density

distribution is the Navarro-Frenk-White (NFW) model [55]:

Po

Puew (1) = i(l+é)2 )

Its potential is given by

1
D, (r)=—-47Gp,r rilog[l + Lj -
r rH

The second is a modified pseudo-isotherm (MPSISO; [56]):
Po

Pupsiso (1) =

Its potential is given by



1

R 2
1+(”"‘]
rH

The two profiles are characterized by two different inner slopes with two extreme values. The

D psiso (1) = —4717GP01’,3 riarcsinh[Lj —

r ry

profile of the NFW model has a slope value equal to —1, while the MPISO model has an inner
slope equal 0. At this time it is unknown which of these is more realistic, even if there are some
lines of evidence that suggest the value —0.4 [57, 58].

In order to choose suitable values for the parameters that appear within the two DM halo model
alternatives to PSISO, we will follow the nice models proposed by [59]. In particular their
favored model is A1 (with no exchange of angular momentum; see Table 1 of their paper). In a
ACDM cosmology, with Hy =70 km s™ Mpc™' and Qo = 0.3 (due to the dark+ baryonic
contribution) the virial mass of the DM halo is given by:

M, = %pm-zﬂothir,
where p.,i; 1s the critical density of universe and dy, is the overdensity of a collapsed object in the

“top-hat” collapse model (d,, =~ 340 for our cosmological model). Following [59], we chose a

virial mass for the halo of M,;. = 10" M, and a concentration C = [R,;-/ ry] = 17 in the case of

the NFW model. In this case, the scale density (at redshift z = 0; here and following we will
neglect the correction due to the collapse redshift, z.,, at which the collected mass, M, is
collapsed in the clustering scenario, according to [55]) and the scale radius become, respectively:

po=0.012 M pc™ and ry = 15 kpc. In the case of MPSISO the same mass is assumed with the
values of pp =0.014 M pc” (at z=0) and ry = 13 kpc, which correspond to C = 20.

The PSISO model we use is absolutely denser than both of these and has a scale radius smaller
than the previous ones. It is in good agreement with the Schmidt model. We used it but explored
also the other two alternatives. Its absolute slope value external to the solar circle might be a bit
too low, but this region of the Galaxy is not relevant to our study (according to Newton’s First
Theorem). The PSISO model has the largest enclosed mass for values of » beyond the solar
circle. The MPSISO model yields a circular velocity of 196 km s at the solar circle, while the
PSISO and NFW models yield velocities near 220 km s™ there.

Before describing our algorithm, it is helpful to visualize how the matter distributions and force

fields vary with ». We begin by plotting in Fig. 1 the enclosed mass as a function of r for the
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bulge, disk and DM halo (PSISO) Galactic components as well as their sum. Fig. 2 shows the
circular velocity in the disk as a function of . The velocity remains constant at large values of
in order to match the observed rotation curve.

In Fig. 3 we show how the Galactic gravitational force varies with r. The force field due to the
bulge dominates only within 4 kpc of the Galactic center, whereas in the solar neighborhood the
disk and halo are stronger than the bulge.

- = VF(r)=-V’®(r), which

Of greater interest to us is the variation in radial tidal force, F,

we show in Fig. 4. As expected, the radial tidal force increases towards the Galactic center. In
our model, it reaches a maximum value at 500 pc from the center and then becomes negative
(compressive) inside 300 pc. At » =2 kpc the radial tidal force is about 23 times greater than in
the solar neighborhood.

The fact that radial tides can also be negative (i.e., compressive instead of disruptive) is a
natural aspect of gravity itself, which, however, is frequently overlooked. [60] first studied it in
the context of disk shocking of star clusters. Later, [61] described compressive tides experienced
by a disk galaxy falling into the core of a galaxy cluster. For a more extensive and analytic
description applied to Galactic mass distributions see also [62].

We compare the radial and transverse tides in Fig. 5. Notice that they have very different
functional dependencies on r, especially close to the Galactic center. The radial tide can be
positive or negative, depending on the value of r, but the transverse tide is always negative. For
values of r greater than about 3 kpc, the absolute values of the radial and transverse tides are
comparable.

We also explored the variation of the tidal force with 7 using our other two formulations of the
dark matter halo (NFW and MPSISO). Over the range of values of » we explore below (2 to 8
kpc), the NFW model gives stronger tides than the other two models. The MPSISO model gives
slightly stronger tides than the PSISO model, but only for values of » less than about 5 kpc.

2.2 DESCRIPTION OF THE ALGORITHM

If we go from spherical to Cartesian galactocentric coordinates, through the substitution

r=~X’+Y*+Z", then the Galactic gravitational potential at the position of a comet in

Galactocentric coordinates (X Y. Z ) can be represented as:

Q. (XY, Z)=D,, (XY, Z)+D,,(X,Y,Z)+ D,(X,Y,Z). 4)
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Adding the gravitational potential of the star, ®,, with Galactocentric position (X*,K,Z*)

produced at (X,Y,Z), gives:

GM.,
O (X-X..Y-Y.,Z-Z)=- : . (5)
JX =X+ =Y.V +(Z-Z)
Then the total potential, ®, ., becomes:
¢, (XY, Z,X.Y..Z)=D,,(X.Y,Z)+P(X-X..,Y -Y.,Z-Z,). (6)

In the present study we are restricting our analysis to the Galactic planar tides, which act on a
comet nucleus in the Galactic disk plane. In this first set of simulations we also neglect the small
orthogonal excursions of the Sun (< 100 pc; [14]) and reduce the problem to a 2D one. By

applying the usual equations of motion, F, =-V®, , to the comet we obtain the differential

Tot >

systems:

\ aq)Tot .
X(@)= —a—X[X(l),Y(t),X*(f),Y*(t)],

.. [

Y(1)= —%[X(rw(t),x*a),mn; %
XO0)=R,+R; Y(0)=0;

X(0)=0; Y(0)=V,,

where (X 0),Y (O)) and V_ are, respectively, the initial position and speed of a comet, R, is its
initial distance from the star, and R, is the initial distance of the star from the Galactic center.

The first step is to determine the star’s orbit in time, (X (t),K(t)) . This is done in an analogous

way through F. =-V®_ , thatis:

v aq)Gal .

X.(t)= —a—X[X(t),Y(t)],

Va a(I)Gal .

Y*(I)Z—a—Y[X(t),Y(I)], (8)
X.(0)=R,; Y.(0)=0;

X.(0)=0; Y.0)=V,,

with V. the initial tangential velocity of the star (for our Sun V, ~220 kms" and R, ~ 8 kpc).

After numerical integration we obtain the trajectory of the comets in Galactocentric coordinates,

which can be transformed into star-centric coordinates:

x(t)=X(0)-X.(t);  y@O)=Y(®)-Y.(0). 9
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2.3 DESCRIPTION OF THE NUMERICAL METHOD AND 2D SIMULATIONS

The primary goal of the present study is to test whether the effects of Galactic planar tides
alone, which are relatively unimportant at the Sun’s location, become sufficiently strong at
smaller Galactocentric distances to inject nearly parabolic comets towards the inner planetary
region. Another goal is to study how comet orbits depend on stellar mass. We study these
problems using numerical integrations of highly elliptic orbits of individual comets around stars
moving on circular Galactic orbits but at different distances from the Galactic center (2, 4, 6 and
8 kpc).3 Our second set of simulations treats a range of stellar masses (0.2, 0.8 and 2 M) at 8
kpc.

Comet orbits can become highly eccentric due to close encounters with giant planets, and
traditional integration schemes can fail in reproducing efficiently these encounter phases.
Galactic tides can perturb comets into an almost free-fall path (i.e., highly eccentric orbits for
which perihelion passage can be challenging to integrate). Several efficient numerical integration
schemes for these kinds of situations have been described in the literature (e.g., [63-65]). We will
adopt one of them in our future simulations, especially when we include perturbations by the
giant planets. In the present study, however, we still don’t need these integration methods
because there are no close encounters with planets to consider. We are only interested in the
effects of the planar tides. These also can produce extremely eccentric encounters with the star,
having perihelia of only a few dozens of AU, or less, and which are difficult to integrate. But this
occurs in a region where the potential of the star is much greater compared to the Galactic field.
Therefore, this segment of a comet’s orbit near perihelion can be determined analytically with
Kepler’s laws, neglecting tidal or any other perturbations. The remaining orbital path, where the
numeric error induced by high eccentricities is less and can be smoothed out with adaptive time
steps methods, can be obtained, for instance, via a fourth-order Runge-Kutta integrator, as we
have done. The overall integration procedure is as follows.

First, we integrated the orbit of the star in the Galactic potential. Next, we stored the star’s

orbit data and interpolated it with a Hermite polynomial for later use in the integration of the

*We note that in the true Galactic potential elliptic orbits do not exist; also, in the present case we
neglect the stochastic interactions with other stars and interstellar clouds. It would be more
precise to regard planar stellar orbits as rosetta-like orbits.
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comet orbits.” This procedure saved time by requiring us to calculate a star’s orbit only once for
all the comets around a given star.

We replaced the Runge-Kutta integration with a simple Keplerian analytic integration when the
stellar force on a comet was 1000 times greater than the Galactic force. Under these conditions
the Galactic force can be neglected. This occurred, for example, when a comet was within 80 AU
of a one solar mass star 8 kpc from the Galactic center. This procedure saved a great deal of
computation time, as the time step would have to be very small with the Runge-Kutta method to
properly integrate the highly eccentric orbit of a comet very near the star.

Adjustment of the time steps is an important timesaving procedure, given the large variation in
the speed of a comet with a highly eccentric orbit. We implemented adaptive time steps in the
following way. From numerical experiments, we determined that the curvature of the stellar orbit
and the relative velocity range between a comet and the star (determined from the comet’s
eccentricity) have the most direct influence on the change in the total energy. This tidal energy
change is made up of a real energy change of the system due to its movement inside the Galactic
mass distribution, plus numerical error growing in time in absolute value. Both are unknown
quantities; however, minimizing the total energy change automatically leads also to numerical
error minimization. The code uses these two parameters to set the time step size for a given
tolerance in the total energy change of the orbit. Finally, from additional experiments, we
established the maximum permitted total energy change, below which the orbits are
indistinguishable for the duration of the integration. Once this limiting energy change tolerance
was set for one comet, all the comets in the simulation were integrated with the same settings.
The typical time step size for a comet around a one solar mass star at 8 kpc from the Galactic
center was a few thousand years (the full range was 3 to 40 000 years).

We set the error tolerance for the integration of the star’s orbit independently; we set the step
size for the star’s orbit at 1000 years, but preliminary tests show that a step size of 10 000 years
probably would have been adequate.

We simulated the orbits of 48 comets, each with the same initial perihelion, ¢, of 2000 AU, and
with different aphelia and different Galactic longitudes of the semi-major axis (see Table 2 for
details). These 48 cases sample a wide range of the Sun’s Oort cloud comets, and they are

considered to represent some of the most distant comets still bound to the gravitational field of

* Hermite interpolation is a method particularly suited for dynamical data sets such as ours since
it allows us to consider given derivatives at data points (i.e. here the star’s and comet’s
velocities), as well as the data points themselves, i.e. it exploits the full dynamical information
available.
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the Sun and perturbed by external Galactic forces. Nevertheless, they represent a plausible set of
parameter values sampling the Sun’s present Oort cloud in the Galactic plane [66-68].

Whether this set of initial conditions also holds for comet clouds around other stars in our
Galaxy, which experienced different physical conditions and almost certainly had different
dynamic and evolutionary histories, remains an open question. As long as we do not execute
more sophisticated and realistic simulation models (and the aim of this paper is just to encourage
such lines of research!), we will, however, continue to use this sample because it can give us at
least a qualitative idea about the sensitivity of outer cloud comet orbits with changes either in the
distance from the Galactic center or in the star’s mass.

We present some of the results of our numerical simulations in Figs. 6 to 9. We show the

results for the following cases: » = 8, 6, 4, 2 kpc and stellar mass = 1 M (Figs. 6 to 8), » =8 kpc
and stellar mass = 0.2 M (Fig. 9). We list the stellar orbital parameters in Table 3. We

integrated each comet orbit for 100 Myr. This time limit was set by the available computing
resources at the time we conducted our simulations, but it is sufficient to show the existence of
the comet injection phenomenon.

When interpreting these figures, it is important to remember that the (X, y) reference frame on
which the comet orbits are plotted is rotating and revolving around the Galactic center (e.g., with
a 224 Myr period in the case of our Sun at 8 kpc). An observer fixed to the (x, y) frame “sees”
the Galactic center moving around him. As the (arbitrary) initial condition for each case, we set
the x-axis to correspond to the star-Galactic center axis (Galactic longitude of 0°). But this
alignment is true only at t = 0. For instance, consider the major axis of a comet orbit which lies
on the x-axis (parallel to the radial Galactic coordinates), with its minor axis orthogonal to it,
then, after a quarter of the Galactic orbital period the situation is inverted; it is the minor axis that
points toward the Galactic center, while the major axis is parallel to Galactic longitude 0°, but is
displaced from it. So, there is no orbital axis pointing towards any particular Galactic direction
over the full timespan of the simulation.

Finally, we should note that the results of the simulations presented in Figs. 6 to 9 are based on
the disk+bulge potential given by Eq. 1 and the PSISO halo potential given by Eq. 3. We
repeated each simulation using the NFW and MPSISO halo potentials in place of the PSISO
potential in order to test the sensitivity of the comet orbits to the precise form of the halo

potential. We discuss the outcomes of these additional simulations below.
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3. Discussion

3.1 RESULTS

Our 2D simulations confirm that the planar tides are more important for comet clouds located
closer to the Galactic center. They also verify that the larger comet orbits are more strongly
perturbed by the Galactic tides than the smaller ones. What’s more, the perihelia of the perturbed
comets are reduced to regions far inside their initial values. For the » = 8 kpc simulations, two
comets among those with the largest aphelia had their perihelia reduced to within 100 AU of the
star. For the » = 6 kpc simulations, the smallest perihelia are less than 2 AU, and they are less
than a quarter of an AU for the » = 2 kpc simulations.

At r =2 kpc the comet clouds are well inside the bulge. The planar tides are so strong there that
the Galactic Roche limit is inside the comet cloud. Several comets with aphelia > 100 000 AU
were lost from the comet cloud by the end of the simulation. In addition, comets with smaller
aphelia had their perihelia significantly reduced.

To better understand the results of our simulations recall, as outlined at the end of subsection
3.1, that the figures are not shown in the Galactic radial/longitudinal reference frame, but in the
stellar reference frame that moves around the Galactic center. First, consider those orbits that
appear horizontal in Figs. 6-9. We set as an initial condition that their major axes are aligned
exactly with the Galactic longitude 0° only at time t = 0, but one can consider this alignment
approximately valid for several million of years. The effect acting on these orbits works in a way
similar to the Moon-Earth tides: along the radial coordinate one has disruptive tides which
produce the classical ocean bulges, while along the transverse and orthogonal coordinates the
tides are compressive and produce a tiny polar flattening. There is a difference, however, since
we are considering, not a solid object, but loosely orbiting particles. The semi-minor axes tend to
be increased despite the presence of the compressive transverse tidal forces. This happens for the
following reasons. Due to the positive (disruptive) radial Galactic tide the aphelia are increased,
making comets even more loosely bound to the stellar gravitational field, and this consequently
leads to the increase of their minor axes too since, because of their (nearly) unaltered (at this
time) Y -component kinetic energy, they are allowed to make a greater excursion along the semi-
minor axis. The transverse tides are negligible or less dominant (at this time) since the excursion
along the semi-minor axis remains nevertheless small compared to that of the major axis.

Therefore, one has a sort of “inflating” effect of the orbit. At perihelion the comet is attracted
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toward the Galactic center, so it increases its perihelion too. The net effect is a shift of the
perihelia outward from the center of the stellar system.

Vice versa, for those comets that have at t = 0 their major axes aligned 90° in Galactic
longitude. In this case, the radial tides are negligible or less dominant, but the transverse tides are
at work, and these are always negative (compressive)! Here, the aphelia tend to be shortened, the
orbits are “squeezed” and the net effect is to shift perihelia towards the center of the stellar
system. The reduction of a comet’s perihelion in this case is caused by the transverse tides (this
however does not mean that there isn’t any radial dependence, since the intensity of the
transverse tides is radially dependent too).

More generally, it is the existence of compressive tides that is responsible for the cometary
injection phenomenon. Note that, despite limiting ourselves to a 2D simulation, this explains also
why the orthogonal tides perturb Oort cloud comets into the solar system, as some authors
outline in the works mentioned above. They demonstrated (possibly without being aware of it)
the above-mentioned disk shocking effect of [60] for a comet cloud instead of a star cluster.

For those orbits aligned to other longitudes, one has a superposition of the two effects.
Moreover, since the comet cloud is moving around the Galactic center, the effects of the radial
and transverse tides are therefore continuously exchanged every quarter of the star’s Galactic
orbit. The final result is a complex mixture of these non-linear effects modulated in time, which
cannot be separated from each other. The shift of the comet perihelia from far (close) to close
(far) to (from) the star occurs during only one quarter of the stellar Galactic orbit, and then the
effect switches the next quarter of the orbit, and so on. The apparently different evolution of the
orbits in the figures with major axes of different angles can be misleading. The first case
reproduces “thick” orbits and the other “thin” ones for the reasons explained above, but this is so
only because of the different initial orientation at t = 0 of the orbital axis, which determines if the
perihelia are moving outward or inward first: in the first case the perihelia move outward but
then return back near the 2000 AU initial value of ¢, and in the second case they move inward
first below the 2000 AU value, but also tend to return.

In summary, the Galactic planar tides provoke an oscillatory inward and outward movement of
the comet perihelia linked to the periodic Galactic orbit. For our model at 8 kpc this “oscillation
band” is not broad enough to “touch” the planetary region, but at 6 kpc it is.

In order to have a more statistically rigorous description of the change in perihelion distances
of the comets, we counted the number of perihelion transits into the region between 0 and 3000

AU (i.e., if a single comet passes n times it will be counted n times, etc). Figure 10 shows a
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cumulative count of the comet perihelia into this inner region for the four different simulations at
8, 6, 4 and 2 kpc from the galactic center. The peak in the distribution for 8 kpc occurs near 2000
AU, causing the cumulative distribution to be steepest at this point.

At first sight the difference between the 8 kpc and 6 kpc case is hardly discernible, but the
innermost region of the 6 kpc cloud is filled up slightly more. The comet clouds for 4 and 2 kpc
from the galactic center instead show how the galactic tides clearly induce a ‘flattening’ of the
cumulative distributions: the perihelia have been scattered towards the inner as well as the outer
zones. Injection as well as depletion forces are at work. The injection phenomenon is highlighted
by the populating of the innermost regions for the clouds nearest to the galactic center. Depletion
is also evident as a reduction in the total number perihelion transits inside 3000 AU (599, 591,
548, 408 transits for 8, 6, 4, 2, kpc respectively). Overall, the 6 kpc distance from the galactic
center seems to represent a limit beyond which dramatic changes begin to take place in the comet
cloud dynamic due to galactic planar tides only.

For the simulations with different values of the star mass, the results are similar to changing the
Galactocentric radius. For instance, in Fig. 9 we show the simulations for » = 8 kpc and stellar

mass = 0.2 M. They appear qualitatively similar to the simulations for 7 = 4 kpc and stellar
mass = 1 M. The smallest perihelion for this case is within 0.004 AU of the star, which would

result in the destruction of the comet! As expected, the simulations for » = 8 kpc and stellar mass

=2 M, showed less perturbed orbits.

Simulations employing either the NFW or MPSISO alternative descriptions of the halo
potential yielded qualitatively similar results to those shown in Figs. 6 to 9; viewed on the largest
scales, the differences in the orbits are barely perceptible. In particular, our findings that the
Galactic tides move the comet perihelia to the planetary region for r < 6 kpc and that the comet

orbits for stellar mass = 0.2 M, at 8 kpc are similar to those for stellar mass =1 M at 4 kpc are

unchanged. In other words, the phenomenon of comet injection into the planetary region is
largely independent of the particular halo model adopted (so long as the halo model agrees with
the observed Galactic rotation curve).

That said, we did find some differences using the alternative halo potentials. The comet orbits
differ most near their perihelia and also for the small » and small stellar mass cases, where the
orbits are more chaotic. Of the three halo potentials, NFW produces the strongest tides. For the

= 8 kpc, stellar mass = 1 M case, the NFW potential yielded a minimum perihelion value of 30

AU, compared to 75 AU for the PSISO case. While the NFW potential yielded the smallest
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perihelia in the linear, non-chaotic regimes, the outcomes for individual comets were not so
predictable in the chaotic regimes.

We also ran some simulations with the halo potential “switched off.” First, we show the effect
on the Sun’s orbit in Fig. 11. There are two cases: in one, the Sun continues orbiting with the
current speed which develops into an elongated rosetta-like path towards the outer regions of the
Galaxy. In the second, the Sun’s velocity has been rescaled (161 km s™) in order to maintain a
circular orbit at 8 kpc from the galactic center. We show the resulting comet orbits for the two
cases in Fig. 12 . Fig.12a is obtained due to a change of orbit to the external regions of the halo-
less Galaxy where, as expected (galactic tides less effective) the cometary injection is weakened,
while Fig.12b shows the orbits one gets maintaining the constant distance of 8 kpc from the
Galaxy center. Compare these with Fig. 7a. In particular Fig. 12b shows that, since there have
been no major dynamic changes at these galactic distances, the tidal effects of the dark halo are
less important than those of the bulge and disk, though not negligible (confirming also the tidal
force functions shown in Fig.4).

In summary, while the overall results of our simulations do not depend on the precise form of the
dark matter halo, nevertheless, the details are sensitive to it. This is a remarkable link between
the structure of the Milky Way at the largest scales and the orbits of comets visiting the planetary

region.

3.2 SUGGESTIONS FOR FUTURE RESEARCH

As we noted above, ours is a preliminary study focusing on two specific questions: how do the
effects of the Galactic planar tides on a comet cloud change when the location and mass of a star
are varied from the solar circumstances? We began to answer these questions in the present work
with exact numerical simulations restricted to 2D, a small number of comets and a short time
span. It is straightforward to remove any or all these restrictions, but the expanded simulations
will require additional computational resources. Computations of comet cloud comet orbits are
especially amenable to parallelization. Since each comet orbit is independent of the others, their
orbits can be integrated on parallel CPUs. The only requirement is that the star’s orbit in the
Galaxy be integrated first.

The most important consequence of adding a third dimension to the simulations is to introduce
the motion of a star and its comets perpendicular to the Galactic disk. Proper integration of their

orbits will require smaller time steps, since the period for the vertical oscillation of the Sun
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relative to the disk is shorter than its period of revolution around the Galactic center. This will
result in an orthogonal tide. The effect of the orthogonal tide is to increase the eccentricities of
comets with significant inclinations relative to the Galactic plane [69]; this is the “squeezing”
effect we mentioned in subsection 3.1. Over time, this tide will deplete the comet cloud of those
comets with high inclinations.

Comet orbits can be “reshuffled” to repopulate the volume of a comet cloud following close
encounters with stars and GMCs. They can be included in a simulation as short-lived stochastic
encounters. The frequency of such encounters will be greater at smaller Galactocentric radii.

If the effects of passages through spiral arms are to be included in the simulations, then it will
be necessary to build a more realistic Galactic potential than the one we employed. A nuclear bar
and spiral arms must be added. One possible representation of the spiral arm potential is the one
employed by [70] to simulate the orbits of stars in the Galactic disk.

Inclusion of perturbations from the four giant planets in the Solar System will result in
accelerated loss of comets from the Oort cloud as well as reduction in the aphelia of those
comets remaining bound to the Sun. Analysis of the “half-life” of a comet cloud under the
influence of the planets and the other perturbers will require populating the initial comet cloud
with a large number of comets distributed in a way that is consistent with its formation. At any
time, the dynamics and structure of the comet cloud will depend on the details of its formation
and on its prior dynamical history.

Generalizing the Sun’s Oort cloud to other planetary systems will require modeling how the
formation of giant planets varies with time, Galactic location and the mass of the star. Some
recent progress has been made in understanding how the formation of giant planets depends on
initial metallicity and stellar mass (e.g., [21]). It is already clear that relating the properties of a
comet cloud to the properties of its host star and any accompanying giant planets will require
Monte Carlo simulations of many cases.

The ultimate goal of this project is to simulate the formation and subsequent evolution (for at
least a few Gyr) of a comet cloud anywhere in the Galaxy formed at anytime during its virialized
phase. This will permit us to study the variation of the comet flux into the planetary region of a

star statistically and thus further refine the boundaries of the GHZ.
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4. Conclusions

We have simulated the orbits of comet clouds in 2D around stars having different Galactic
locations and masses. We confirm that the Galactic planar tides are much more effective at
perturbing comets into the planetary region for stars closer to the Galactic center than they are at
the Sun’s location. The Galactic tides alone are unable to send the Oort cloud comets into the
Sun’s planetary region in 100 Myrs, but they could if it were only about 2 kpc closer to the
Galactic center. In addition, we find that comets around stars of smaller mass are more easily
perturbed compared to the Sun’s comets. The tidal perturbations of comets around a star of one
solar mass at a Galactocentric radius of 4 kpc are comparable to those of comets around a 0.2
solar mass star at 8 kpc. The overall conclusions of our study are not changed if the dark matter
halo potential is altered slightly, but it is important to calibrate it accurately with observations.

These preliminary results indicate that low mass stars that have planetary architectures similar
to ours and are closer to the Galactic center than we are will have their outermost comets
perturbed into the planetary region on a timescale of a few hundred Myr or less. This produces
higher fluxes of comets in the circumstellar habitable zones of the stars, potentially leading to a
higher frequency of impact-induced extinction events. Combined with the increased threat from
supernovae and other hazards in the inner Galaxy [2], the results from the present study help to

further refine the inner boundary of the GHZ.
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TABLE I

Parameter values for Eq. 1

Parameter Value
aq 80
ay 500
as 4600
N 9000
b 95
b, 200
b; 400
by 200
M, 2.4 % 10°
M, 18.7 x 10°
M; 40.2 x 10°
M, 3.4 %10
TABLE II
Initial conditions of comet simulations
Cases Q a e Period
(AU) (AU) (Myr)
1-8 40 000 21 000 0.9047 3.0
9-16 60 000 31 000 0.9355 5.5
17-24 80 000 41 000 0.9512 8.3
25-32 100 000 51 000 0.9608 11.5
33-40 120 000 61 000 0.9672 15.1
41-48 140 000 71 000 0.9718 19.0

Note: Within each of the six groups, the eight cases correspond
to the following initial Galactic longitudes of the comet orbits: 0,
45, 90, 135, 180, 225, 270 and 315 degrees. The second column
lists initial comet orbit aphelion values; all cases have an initial
perihelion value of 2000 AU. The last column lists the comet’s
orbital period around a solar mass star in the absence of the
Galactic potential. The initial conditions in this table apply to all
four values of 7 adopted in the simulations: 2, 4, 6 and 8 kpc.

TABLE III
Orbital parameters of the simulated stars
r Stellar orbital period
(kpc) (Myr)
2 57
4 125
6 173
8 224

Note: The first column lists the value of the
star’s Galactocentric distances. The second
column gives its orbital period in the disk plane.



FIGURE CAPTIONS

Figure 1. Enclosed mass plotted against Galactocentric radius, 7, for the bulge, disk and dark
matter halo components. The components have the same representations in Figs. 2 to 4.

Figure 2. Circular velocity plotted against r.

Figure 3. Gravitational force plotted against r.

Figure 4. Radial tidal force plotted against ». These plots also include the contribution from the
central black hole, indicated by long-dashed curves.

Figure 5. Radial and transverse tides plotted against 7.

Figure 6. The full orbits of the 48 comets in our simulations with » = 8, 6, 4, 2 kpc in panels a, b,

¢, d, respectively, and star mass = 1 M. Each comet orbit is plotted in color depending on its

size, going from light blue for the largest orbits to red for the smallest. The x and y axes are star-
centric; see text for additional discussion.

Figure 7. Same as Fig. 6 but showing only the regions from -1500 to 1500 AU in x and y.
Figure 8. Same as Fig. 6 but showing only the innermost regions from -150 to 150 AU in x and
y.

Figure 9. Simulation of comet orbits for » = 8 kpc and star mass = 0.2 M. All else as in Fig. 6a.
Figure 10. Cumulative count of the number of comet transits inside a radius of 3000 AU for » =
8, 6,4, 2 kpc.

Figure 11. Sun’s orbit if halo potential is suddenly “switched off” but keeps same orbital speed
(blue). The 8 kpc circular orbit is shown in red with halo potential “on” (or halo off with orbital
speed set to 161 km s™).

Figure 12. a) Comet orbits in region from -1500 to 1500 AUs in x and y for case with halo
potential switched off with present orbit speed (blue orbit in Fig. 11). b) Comet orbits for red
solar orbit in Fig. 11. Compare to Fig. 7a.
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Figure 1: enclosed mass vs r



Figure 2: circular velocity vs r
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Figure 3. gravitational force vs r
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Figure 4: radial tidal force vs r
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Figure 5: radial and transverse tides vs r
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Figure 6 (a, b, ¢, d): 48 comets with » =8, 6, 4, 2 kpc, respectively, and star mass =1 M



Figure 7: Same as Fig. 6; regions from -1500 to 1500 AU in x and y
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Figure 8: Same as Fig. 6; regions from -150 to 150 AU in x and y



Figure 9: Comet orbits for » = 8 kpc and star mass 0.2 M,
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Figure 10: Cumulative count in time of the number of comet transits inside a radius of 3000 AU
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Figure 11: Sun’s orbit (blue) if halo potential is switched off or left on (red).

Figure 12: Inner -1500 to 1500 AUs in x and y with halo potential switched off.



