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ABSTRACT

The cratering record on the Earth and Moon shows that oueplaas been exposed to high
velocity impacts for much or all of its existence. Some ofstheraters were produced by
the impact of long period comets (LPCs). These probablyiraitgd in the Oort cloud, and
were put into their present orbits through gravitationatymations arising from the Galactic
tide and stellar encounters, both of which are modulatetiégolar motion about the Galaxy.
Here we construct dynamical models of these mechanismsler ty predict the time-varying
impact rate of LPCs and the angular distribution of theiihgdia (which is observed to be
non-uniform). Comparing the predictions of these dynaimuadels with other models, we
conclude that cometary impacts induced by the solar motimitribute only a small fraction
of terrestrial impact craters over the past 250 Myr. Oves time scale the apparent cratering
rate is dominated by a secular increase towards the pregeict) might be the result of the
disruption of a large asteroid. Our dynamical models, togetvith the solar apex motion,
predict a non-uniform angular distribution of the peribelwithout needing to invoke the
existence of a massive body in the outer Oort cloud. Our tesuk reasonably robust to
changes in the parameters of the Galaxy model, Oort cloubtist@tiar encounters.

Key words: Earth — Galaxy: kinematics and dynamics — methods: stedikt— solar-
terrestrial relations — comets: general — Oort Cloud

anisms need not be deterministic: stochastic models shavach
teristic distributions in their time series or frequencgsipa (e.g.
(Bailer-Jones 2012)). We are therefore interested in adaoynot
for the times of individual impacts, but for the impact rate a
function of time.

In doing this we should distinguish between asteroid and
comet impacts. Having smaller relative velocities, asteimpacts
are generally less energetic. Asteroids originate fronmiwia few
AU of the Sun, so their impact rate is probably not affectectimu
by events external to the solar system. Comets, on the o#met, h
originate from the Oort cloud (Oart 1950), and so can be &dfitc
by the Galactic environment around the Sun.

As the solar system orbits the Galaxy, it experiences gravi-
tational perturbations from the Galactic tide and from emter-
ing with individual passing stars. These perturbationssireng

1 INTRODUCTION
1.1 Background

Comet or asteroid impacts on the Earth are potentially trafatsic
events which could have a fundamental effect on life on Earth
While at least one extinction event and associated craterels
documented — the K-T impact from 65 Myr ago and the Chicxulub
crater (Alvarez et al. 1980; Hildebrand etlal. 1991) — a cltamar-
nection between other craters and extinction events isneises-
tablished. Nonetheless, we know of around 200 large impattics

on the Earth, and doubtless the craters of many other impagts
either since eroded or are yet to be discovered.

Many studies in the past have attempted to identify patt@rns
the temporal distribution of craters and/or mass extimcégents.
Some claim there to be a periodic component in the data (e.g.
Alvarez & Muller|1984 Raup & Sepkoski 1984: Rohde & Muller  enough to modify the orbits of Oort cloud comets to inject
2005;| Melott & Bambach 2011), although the reliability obgle them into the inner solar system (Wickramasinghe & N&pi€€20
analyses is debated, and other studies have come to other conGardner et al. 2011). The strength of these perturbatiodspsn-
clusions (e.g. Grieve & Pesonen 1996 Yabushita 1996 Jetsedi®& P dent upon the local stellar density, so the orbital motiothefSun

2000[ Bailer-Jones 2009 Bailer-Jones 2011a; Feng & Bailees
2013).
Of particular interest is whether these impacts are emtirel

will modulate these influences and thus the rate of comettioje
and impact to some degree (e.g. Brasser, Higuchi & Kaib (2010
Kaib, RoSkar & Quinn|(2011); Levison etlal. (2010)). As thenS

random, or whether there are one or two dominant mechanismsshows a (quasi)-periodic motion perpendicular to the Gialac

which account for much of their temporal distribution. Suweéch-

* E-mail:ffeng@mpia.de

plane, and assuming that the local stellar density varigsisame
way, it has been argued that this could explain a (supposed) p
riodic signal in the cratering record. Here we will investig the
connection between the solar motion and the large impattrsra
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(i.e. those generated by high energy impacts) more explitite
do this by constructing a dynamical model of the Sun’s othig,
gravitational potential, and the resulting perturbatiérc@met or-
bits, from which we will make probabilistic predictions @igt time
variability of the comet impact rate.

The dates of impact craters are not the only relevant ob-
servational evidence available. We also know the orbits 6f n
merous long-period comets (LPCs). The orbits of dynamijcall
new LPCs — those which enter into the inner solar system for
the first time — record the angular distribution of the cometa
flux. This distribution of their perihelia is found to be amii©pic.
Some studies interpret this as an imprint of the originatidn
comets_Bogart & Noerdlinger (1982); Khanna & Sharma (1983),
while others believe it results from a perturbation of thertOo
Cloud. Under this perturbation scenario, it has been shdwan t
the Galactic tide can (only) deplete the pole and equatoeal
gion of the Oort Cloud|(Delsemme 1987) in the Galactic frame,

compare the predictions of this model over different rarafethe
model parameters to the observed cratering data, usingraier c
data and statistical method presented in Bailer-Jones 6901

We obtain the 2-parameter model for the angular distriloutio
of the perihelia of LPCs by integrating the full 3-parametedel
over time. Because we no longer need the time resolution,cne a
tually perform a separate set of numerical simulations twitihis
model. We then compare our results with data on 102 new comets
with accurately determined semi-major axes (the “classcbitiets
of[Marsden & Williams1(2008)).

This paper is organized as follows. We introduce, in se@ion
the data on the craters and LPCs. In sedfion 3 we define ourlmode
for the Galactic potential, the Oort cloud, and for stellac@unters,
and describe the method for the dynamical simulation of tmeet
orbits. In sectiofl¥4 we summarize the Bayesian method of inode
comparison. In sectidid 5 we use the dynamical model to aactstr
the 1-parameter model of the cometary impact history. IrtiGec

and so cannot account for all the observed anisotropy in the[8, we compare our dynamical time series models of the impaet h

LPC perihelia. It has been suggested that the remaindemisrge
ated from the perturbation of either a massive body in thet Oor
Cloud (Matese, Whitman & Whitmire 1999; Matese & Whitmire
2011) or stellar encountels_Biermann, Huebner &|Lust (1983)
Dybczyhski (2002).

1.2 Overview

Assuming a common origin of both the large terrestrial intpac
craters and the LPCs, we will construct dynamical modelsef t
flux and orbits of injected comets as a function of time based o
the solar motion around the Galaxy. Our approach diffens fipoe-
vious work in that we (1) simulate the comet flux injected bg th
Galactic tide and stellar encounters as they are modulatettieh
solar motion; (2) use an accurate numerical method ratlaer ak-
eraged Hamiltonian (Fouchard 2004) or Impulse Approxiorati
(Oori1950; Rickman 1976; Rickman et al. 2005) in the simula-
tion of cometary orbits; (3) take into account the influerrcarfthe
Galactic bar and spiral arms; (4) test the sensitivity of rsgult-
ing cometary flux to varying both the initial conditions oftBun
and the parameters of the Galaxy potential, Oort Cloud, seiths
encounters.

We build the dynamical models as follows. Adopting mod-
els of the Galactic potential, Oort Cloud and stellar enters) we
integrate the cometary orbits in the framework of the AMUSE-s
ware environment, developed for performing various kirfdsstro-
physical simulations (Portegies Zwart etlal. 2013; Pelsyesal.
2013). The cometary orbits can be integrated with the peatur
tion from either the Galactic tide, or stellar encounterdyath. All
three are investigated. In principle, we can build a thraemeter
dynamical model for the variation of the impacting comet fasx
a function of time, Galactic latitude, and Galactic londiu In
practice we reduce this three-parameter model to a 1-paeame
model of the variation of the comet impact rate over time, and
2-parameter model of the angular distribution of the pdiahef
LPCs. A further simplification is achieved by replacing th# fiu-
merical computations of the perturbations by separatiogips for
the tide-induced comet flux and for the encounter-inducedeto
flux. These are shown to be good approximations which aateler
considerably the computations.

We combine the predictions of the comet impact history with a
(parameterized) component which accounts for the craésepva-
tion bias (i.e. older craters are less likely to be discadeend the
asteroid impact rate. We then use Bayesian model compatgson

tory with other models, to assess how well the data suppati.ea
In section ¥ we use the dynamical model again, but this time to
predict the distribution of the perihelia of LPCs (the 2graeter
model), which we compare with the data. A test of the serisitiv
of these model comparison results to the model parametsrads
in sectior 8. We discuss our results and conclude in section 9

The main symbols and acronyms used in this article are sum-
marized in TablE]l.

2 DATA
2.1 Terrestrial craters

The data of craters we use in this work is from tarth Impact
Database(EID) maintained by the Planetary and Space Science
Center at the University of New Brunswick. We restrict oualgsis

to craters with diameter 5 km and age< 250 Myr in order to
reduce the influence of crater erosion (although an erodieatés
included in our time series models). We select the followdiaga
sets defined by Bailer-Jones (2011a)

basic150(32 craters) agel 150 Myr, o original
ext150(36 craters) ages 150 Myr, original or assigned
full150 (48 craters) ext150 plus craters witt¥ < 150 Myr
basic250(42 craters) agel 250 Myr, o original
ext250(46 craters) age: 250 Myr, original or assigned
full250 (59 craters) ext250 plus craters witl¥ < 250 Myr

The terms “basic”, “ext”, and “full” refer to the inclusiorf oraters
with different kinds of age uncertainties. “origin@l” means that
just craters with measured age uncertainties are inclddedinal
or assigned” adds to this craters for which uncertaintie® teen
estimated. The “full” data sets further include cratershwjiist up-
per age limits|/(Bailer-Jones 2011a explains how these carsée
effectively). As the size of the existing craters is detemai by
many factors, e.g. the inclination, velocity and size ofithpactor,
the impact surface, and erosion, we only use the time of oecoe
(s;) of each impact crater and its uncertainty; . Figure[d plots
the size and age of the 59 craters we use in the model compariso
in Sectior 6.

2.2 Long-period comets

The LPCs we use are the 102 dynamically new comets (i.e. class
1A) identified byl Marsden & Williams| (2008) and discussed by
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Table 1.Glossary of main acronyms and variables

Symbol  Definition

PDF probability density function

LSR local standard of rest

HRF heliocentric rest frame

BP before present

LPC long-period comet

Sj crater age

ot age uncertainty of crater

sUP upper limit of the age of crater

Tenc impact parameter or perihelion of encounter

s velocity of a star in the LSR

Uenc velocity of the stellar encounter relative to the Sun

by Galactic latitude o,

L Galactic longitude of7,

benc Galactic latitude otenc

lenc Galactic longitude ofienc

by Galactic latitude of the perihelion of a stellar encounter
lp Galactic longitude of the perihelion of a stellar encounter
be Galactic latitude of cometary perihelion

le Galactic longitude of cometary perihelion

q perihelion distance

a semi-major axis

e eccentricity

Menc mass of a stellar encounter

Venc speed of a star at encounter

Tenc distance of a star at encounter

fe injected comet flux relative to the total number of comets
fe averagedf. over a time scale

v parameter of impact intensi&%

Ybin normalized maximurry in a time bin

G1,G2  coefficients of radial tidal force

Gs coefficient of vertical tidal force

p stellar density

n ratio between the trend component gfad

I3 ratio between the tide-induced flux and encounter-induaed fl
K angle betweerr.,, and the solar apex

M mass of the Sun

Matese & Whitmire [(2011). Figurg] 2 shows the distributioreiov
the Galactic latitudedi) and longitude i) of the cometary per-

ihelia.[] The two peaks in the longitude distribution suggest a

great circle on the sky passing through= 135° andi = 315°
(Matese, Whitman & Whitmire 1999; Matese & Whitmire 2011).
We explain this anisotropy in Sectibh 7.

3 SIMULATION OF COMETARY ORBITS

We now build dynamical models of the Oort cloud comets anil the
perturbation via the Galactic tide and stellar encountgrsitnulat-

ing the passage of the solar system through the Galaxy. We firs
introduce the Galactic potential, which yields a tidal gratvonal
force on the Sun and Oort Cloud comets. Then we give the linitia
conditions of the Oort cloud and the distribution of stetacoun-
ters. Then we outline the numerical methods used to cattiet
solar motion and the comet orbits.

1 Note that our angular distribution is different from the ogigen in
Matese & Whitmir=2|(2011) because the direction of perilel® opposite
to that of aphelion.
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Figure 1. The diameters and ages of the 59 craters with (bottom) ard wit
out (top) age uncertainties plotted. The blue points/lindgcate the craters
with assigned age uncertainties. The red lines/brackelisate the upper
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Figure 2. The distribution okin b, (left panel) and.. (right panel) of peri-
helia of the 102 LPCs.

3.1 Galactic potential

We adopt a Galactic potential with three components, namaely
axisymmetric disk and a spherically symmetric halo and éulg

(Psym = (Pb + (I)h + (Pd (l)

(this is same model as in_Feng & Bailer-Jones (2013)). The-com
ponents are defined (in cylindrical coordinates) as

G M,
A — @)
R2 + Z2 + bi,h
G M
o, = 4 3)

R TR

whereR is the disk-projected galactocentric radius of the Sun and
z Is its vertical displacement above the midplane of the digk.
is the mass of the componemtanda are scale lengths, ar@ is
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Table 2. The parameters of the Galactic potential model for the symme
ric component (Garcia-Sanchez €f al. 2001), the arm (C&o6éez 2002;
Wainscoat et al. 1992), and the bar (Dehnen 2000).

component parameter value

Bulge My = 1.3955 x 1010 M,
by = 0.35kpc

Halo M), = 6.9766 x 1011 Mg
bn, = 24.0kpc

Disk My = 7.9080 x 1010 Mg
aq = 3.55kpc
bg = 0.25kpc

Arm ¢ =15°
Rmin = 3.48kpc
¢min = —20°
po = 2.5 x 10" Mgkpc™3
ro = 8kpc
Rs = Tkpc
H = 0.18kpc
Qs = 20kms~1/kpc

bar Rb/RCR =0.8
a =0.01
Rcr = Ro(t =0 Myr)/2
a =0.01

Q, = 60kms—1/kpc

the gravitational constant. We adopt the values of thesanpeters
from|Garcia-Sanchez et\al. (2001), which are listed ind@b

In Sectior 8 we will add to this non-axisymmetric and time-
varying components due to spiral arms and the Galacticdgiyve
the new potential

q)asym - (Psyrn + ®arm + Pvar 3 (4)

where ®,., is a potential of two logarithmic arms
from [Wainscoatetal. | (1992) with parameters given in
Feng & Bailer-Jones| (2013), andé., iS a quadrupole poten-
tial of rigid rotating bar from_Dehnén (2000). These comptae
are used in the potential for the calculation of the solaitplut
not the stellar encounter rate discussed in se€fidn 3.3.

The geometry of the arm is

#s(R) = log(R/Rmin)/ tan(¢) + bmin, (5)

where( is the pitch angleRmin is the inner radius, an@..in is the
azimuth at that inner radius. A default pattern speeflpf= 20
km s~ * kpc! is adopted|(Martos et al. 2004; Drimmel 2000). The
corresponding potential of this arm model is

o _ _471'GH ef%
arm = K1D1 Lo
Kz B1
x cos(N[p — ¢s(R,1)]) [sech <ﬂ_1)] , (6)
1

where

N
K= Rsin(’
51 = .[(11:_[(1—‘y—0.4¢l{1l‘1)7

14+ K1H +0.3(K:1H)?

D1 = )

1+0.3K1H

3
(I:'bar = —Ab COS[Q((ﬁ—th—(ﬁmin)] [(%) - 2] R 2 Rb(7)
where R, and (2, are the size and pattern speed of the bar respec-
tively and ¢min is the bar angle. We assume that the spiral arms
start from the ends of the major axis of the bar. We only canrsid
the barred state and ignore the evolution of the bar, so wptado
constant amplitude for the quadrupole potential, ile.= Ay, in
equation (3) of Dehnen (2000} ; is determined by the definition
of the bar strength

_ L As (Ry)?
a:3F(§)’

whereR andv are the current galactocentric distance of the Sun
and the corresponding local circular velocity. The fixeddieength
is given in TabléR, from which we calculate; and henced,,.

®)

3.2 Oort Cloud

We generate Oort cloud comets using two different models, on
from|[Duncan, Quinn & Tremaine (1987) (hereafter DQT) with th
parameters definedlin Rickman et al. (2008), and anotherwirc
have reconstructed from the work of Dones et al. (2004apgfear
DLDW).

In the DQT model, initial semi-major axesd) for comets are
selected randomly from the intervi@000, 10°] AU with a proba-
bility density proportional taz; *->. The initial eccentricitiese()
are selected with a probability density proportionaleto (Hills
1981), in such a way that the perihelig) are guaranteed to be
larger than 32 AU. We generate the other orbital element®s+y,
wo, Qo and My — from uniform distributions. Because the density
profile of comets is proportional to~*®, wherer is the sun-comet
distance, about 20% of the comets lie in the classical O@mud|
(a > 20000 AU).

In the DLDW model, the initial semi-major axes, eccentrici-
ties, and inclination angles are generated by Monte Canpbag
from the relevant distributions shownlin Dones etlal. (2)0%his
produces semi-major axes in the range 3000 to 100000 AU and
ensures that the perihelia are larger than 32 AU. Unlike tRED
model, there is a dependency of the cometary eccentriciyiran
clination on the semi-major axis, as can be see in FiguresiRan
ofIDones et &l (2004b). We generate comet positions anditiel®
relative to the invariant plane and then transform thesevattors
relative to the Galactic plane. In doing so we adopted vafaes
the Galactic longitude and latitude of the north pole of thariant
plane 0f98° and29° respectively.

The distributions of the cometary heliocentric distances
for the DQT and DLDW models are given in Figuké 3. We
see that the DQT model produces more comets in the in-
ner Oort cloud &€ 20000 AU) and the DLDW model more in
the outer Oort Cloud % 20000 AU). Our distributions differ
slightly from those in Figure 3 of Dybczyhski (2002) becaus
our initial semi-major axes have different boundaries, ded
cause our reconstruction of initial eccentricities andiiration an-
gles is slightly different from the approach used_in Dybtshi’
(2002). Many other Oort cloud initial conditions have been
constructed numerically| (Emel’'vanenko, Asher & Bailey 200

and N is the number of spiral arms. The parameters in equéiion 6 [Kaib, RoSkar & Quinmn 2011). Given the inherent uncertawftthe

are given in TablEJ2.

Oort cloud’s true initial conditions, we carry out our working

The bar potential is a 2D quadrupole Dehrien (2000). Becausetwo different Oort cloud models and investigate the serisitiof

the Sun always lies outside of the bar, we adopt the potential

our results to this (e.g. in sectigh 7).
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Figure 3. The normalized distributions of initial heliocentric distes of
comets generated from the DQT model (solid line) and DLDW ehod
(dashed line) with a sample size td#°.

3.3 Stellar encounters

The geometry of encounters is complicated by the Sun’s motio
relative to the local standard of rest (LSR). This solar apexion
could, by itself, produce an anisotropic distribution ire ttirec-
tions of stellar encounters in the heliocentric rest frard&[).
Any anisotropy must be taken into account when trying to ex-
plain the observed anisotropic perihelia of the LPCs. Noeless,
Rickman et al.|(2008) simulated cometary orbits with anrigat
distribution of stellar encounters which is inconsisterithvheir
method for initializing encounters. Here we use their methm
generate encounters, but now initialize stellar encosnsaif-
consistently to have a non-uniform angular distribution.

3.3.1 Encounter scenario

The parameters of stellar encounters are generated usirgnteM
Carlo sampling method, as follows. We distribute the entgnsn
into different stellar categories (corresponding to défe types
of stars) according to their frequendy;, as listed in Table 8 of
Garcia-Sanchez etlal. (2001). In each stellar categbeystellar
massM;, Maxwellian velocity dispersiom,;, and solar peculiar
velocity ve,, are given. The encounter scenario in the HRF is illus-
trated in Figuré 4. The encounter perihelign. direction (which
has Galactic coordinatds, andl,) is by definition perpendicular
to the encounter velocity.n.. The angles is uniformly distributed
in the interval of{0, 27].

In this encounter scenario in the HRF, the trajectory of b ste
lar encounter is determined by the encounter velogity, the en-
counter perihelion‘en., and the encounter time,.. In the fol-
lowing paragraphs, we will first find the probability densitync-
tion (PDF) of encounters for each stellar category as a iomcf
tencs Tenc, @Nduenc, and then sample these parameters from this us-
ing the Monte Carlo method introduced by Rickman étlal. (2008
(hereafter R08). Then we will sampbe,. andl... using a revised

Reference line

Impact plane

Figure 4. Schematic illustration in the heliocentric rest frame @flatr en-
counters. The circle is the impact plane which is defined dypdrmal, the
encounter velocityienc. S is the angle in the impact plane measured from
the reference axis to the stellar perihelion (i.e. the enta). The vector
in this plane from the Sun to the position of the encounter. (he stars
perihelion) is defined aBenc. benc andlenc are the Galactic latitude and
longitude ofTenc, respectively(z, y, z) is the Galactic coordinate system.
Tenc IS defined as the shortest distance from the Sun to the appatei
trajectory which is a straight line in the direction&f,.. The approximate
trajectory of an encounter is used for the definition of emteuperihelion
Tenc While the real trajectory is integrated through simulagion

version of R08’s method. Finally, andl, can be easily sampled
becausé,. is perpendicular t@cnc.

3.3.2 Encounter probability

The probability for each category of stars is proportioralkte
number of stars passing through a ring with a widthlaf,. and
centered on the Sun. The non-normalized PDF is therefote jus

)

wheren; is the local stellar number density of the* category
of stellar encounters, angltenc) is the local stellar mass density,
which will change as the Sun orbits the Ga@(y'.hus the en-
counter probability is proportional to the local mass dgnshe
encounter velocity and the encounter perihelion. We use atélo
Carlo method to samplnc, venc, andrenc from this.

In different application cases, we sample the encounteg tim
tenc OVer different time spans according to equalibn 9, wheréothe
cal mass density is calculated using Poisson’s equatidntiét po-
tentials introduced in sectign 3.1. Although we may sineiktellar
encounters over a long time scale, we ignore the change aitthe
lar apex velocity and direction when simulating the timeyirg
comet flux (in sectioll5) and the angular distribution of eatr
LPCs (in sectiofi]7). We select,,. with a PDF proportional t@enc

Pu(tch77'cn<:7Ucnc) = 47Tnivcncrcnc X p(tcnc)vcncrcnm

2 We assume that the mass densities of different stellar ad¢aghave the
same spatial distribution.
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with an upper limit of4 x 10° AU. However, the sampling pro-
cess Ofvenc is complicated by the solar apex motion and the stellar
velocity in LSR, which we accommodate in the following way.

The encounter velocity in the HRF,,., is the difference be-
tween the velocity of the stellar encounter in the L$R,and the
solar apex velocity relative to that type of star (categdrin the
LSR, 7, i.el]

Ve - (10)

We can consider the above formulae as a transformation eflarst
velocity from the LSR to the HRF. The magnitude of this vetypci
inthe HRF is

— =
Venc = Ux —

1/2
b

Venc = [Uf + véi — 20Uk €Os §] (12)

whered is the angle betweefi. andv; in the LSR.

To samplevenc, it is necessary to take into account both the
encounter probability given in equatih 9 and the distidutof
v.. We generate, using

1/2

1
S(ma+ns+na)|

: (12)

Vx = Oxi
whereo,; is the stellar velocity dispersion in th&' category, and
T, Nw, Nw are random variables, each following a Gaussian distri-
bution with zero mean and unit variance.

We then realize the PDF of encounters ovgr. (i.e. P,
Venc) USiNg RO8’s method as follows: (i) we randomly generate
to be uniform in the interva, 2x]; (ii) adoptingv,,; from table 1
in RO8 and generating. from equatiof I, we calculatg,. using
equatiori 1lL; (i) we define a large velociBin. = vei + 304 for
the relevant star category and randomly draw a velagitys from
a uniform distribution ovef0, Venc]. If vrand < venc, We accept
venc and the values of the generated varialdlas.. Otherwise, we
reject it and repeat the process until,q < Venc.

We generatd 0° encounters in this way. Figufé 5 shows the
resulting distribution ofvenc. It follows a positively-constrained
Gaussian-like distribution with mean velocity of 53 km/slandis-
persion of 21 km/s, which is consistent with the result in RG8
their modelling, RO8 adopt a uniform distribution f@dn benc, and

lenc. This is not correct, however, because encounters are more

common in the direction of the solar antapex where the erteoun
velocities are larger than those in other directions (dqufd). We
will show how to find the true distribution 6fin benc, lenc, sin by
andi,, as follows.

3.3.3 Anisotropic perihelia of encounters

To complete the sampling process of encounters, we needdo fin
a 5-variable PDF, i.€P, (tenc, Tencs Venc, benc, lenc ). We have used
RO08’s original Monte Carlo method to generatg., 7enc aNdvenc
according to equatidn 9. Howevé,,. andl.,. are not generated
because R08 only use equatfion 11 to generate the magnitdge of
rather than the direction af.... To sample the directions at...,

we change the first and second steps in R08's method intrdduce
in sectior 3.3 as follows: (i) we randomly generég, I, } such
thatsin b, andl, are uniform in the interval of—1, 1] and|0, 27],
respectively; (i) adoptin@apex = 58.87° andlapex = 17.72° for

3 We define a symbol without using the subscripvhen the symbol is
derived from a combination of symbols belonging and not hgiag to
certain stellar category.
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Figure 5. The histogram of the distribution af.,,. of all types of stars.
The total number of encounters is 197 906, which is the setnofilated
encounters over the past 5 Gyr.

the solar apex direction and generating according to equation
[12, we calculaté,,,. according to equatidn_10.

Selected in this wawin by, 4, sin benc, andlenc all have non-
uniform distributions. The Galactic latitudg and longitudd,, of
the encounter perihelia are also not uniform. Like R08, wandr
197906 encounters over the past 5 Gyr from our distributibn o
encounters. The resulting histogramssof beyc, lenc, sin by, and
1, are shown in Figurgl6. We see that the encounter velagity,
concentrates in the antapex direction, while the encolpeehe-
lion, 7enc, CcONcentrates in the plane perpendicular to apex-antapex
direction. In addition, the distribution &f is flatter than that of..c
because.,.. concentrates on a plane rather than along a direction.

In order to clarify the effect of the solar apex motion, we defi
 as the angle between the encounter perihetign and the solar
apex. If there were no solar apex motiens ~ would be uniform.
The effect of solar apex motion is shown in Figule 7. The sapax
motion would result in the concentration of encounter paighon
the plane perpendicular to the apex direction. This phenomés
detected by Garcia-Sanchez etlal. (2001) using Hippafatzs al-
though the observational incompleteness biases the datandn-
uniform distribution ovekos « results in an anisotropy in the peri-
helia of LPCs, as we will demonstrate and explain in Se¢flon 7

3.4 Methods of numerically simulating the comet orbits
3.4.1 AMUSE

Taking the above models and initial conditions, we cons$teuc
integrator for the orbits of Oort cloud comets via a procedsim-
ilar to that in Wisdom & Holman (1991), using the Bridge meatho
(Fuiii et ali|2007) in the AMUSE framewdﬂ(a platform for cou-
pling existing codes from different domains; Pelupessy.tGi3;
Portegies Zwart et al. 2013). A direct integration of the eteny

4 http://www.amusecode.org
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Figure 6. The upper panels show the distributions of the directionthef
stellar encounter velocities in our simulations in Gataabordinates as
sin benc (Upper left) andenc (upper right). The lower panels show the dis-
tributions of the directions of the corresponding peréelssin (b, ) (lower

left) andi,, (lower right). The blue and red lines denote the apex and an-
tapex directions, respectively. The total number of entengnis 197 906,
which is the set of simulated encounters over the past 5 Gyr.
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Figure 7. The distribution of the cosine of the angle between the emsou
perihelion and the solar apex.

orbits is computationally expensive due to the high ecaghtr
orbits and the wide range of timescales involved. We theeefo
split the dynamics of the comets into Keplerian and intéoact
terms (following Wisdom & Holmeah 1991). The Keplerian paaish
an analytic solution for arbitrary time steps, while theenaiction
terms of the Hamiltonian consist only of impulsive forcekddcTo
achieve this we split the Hamiltonian for the system in thiowo-
ing way

H= HKepler + Hencounter + Hiide (13)

where Hxepler, Hencounter, aNd Heige describe the interaction of
the comet with the dominant central object (the Sun), a pgssi
star, and the Galactic tide, respectively. Specifically, Kleplerian
cometary orbits can be integrated analytically accordingepier
while the interactions with the Galactic tide and stellac@mmters
are taken into account in terms of force kicks. For the tinte-in
gration a second order leapfrog scheme is used, where the-Kep
rian evolution is interleaved with the evolution under thieraction
terms. The forces for the latter are calculated using dsenima-
tion, in which the comet masses are neglected. Meanwh#eStim
moves around the Galactic center under the forces from thecGa
tic tide and stellar encounters calculated fréff), counter aANdHiqe

in the leapfrog scheme.

We first initialize the orbital elements of the Sun and eneoun
tering stars about the Galaxy, and the Oort cloud cometstabou
the Sun. We treat the stellar encounters as a N-body systém wi
a varying number of particles, simulated using the Huayndeco
Pelupessy, Janes & Portegies Zwart 2012. The interacttwezn
comets and the Sun is simulated with a Keplerian code based on
Bate, Mueller & White|(1971).

At each time step in the orbital integration we calculate the
gravitational force from the Galaxy and stellar encountéhe ve-
locities of the comets are changed according to the Hanigitoim
equatiori 1B at every half time step. Meanwhile, each comeemo
in its Keplerian orbit at each time step. All variables arans-
formed into the HRF in order to take into account the influence
of the solar motion and stellar encounters on the cometduiysor

We use constant time steps in order to preserve the symplecti
properties of the integration scheme in AMUSE (although wien
that a symplectically corrected adaptive time step is usexbime
codes, such as SCATR (Kaib, Quinn & Brasser 2011)). We use a
time step of 0.1 Myr for tide-only simulations because we fiad
difference in the injected flux when simulated using a sméihee
step. The choice of time step size is a trade-off between atawp
tional speed and sample noise in the injected comet sampleise/

a time step of 0.01 Myr in the encounter-only and in the comdin
(tide plus encounter) simulations when modelling the asigdis-
tribution of the LPCs’ perihelia (sectidn 7). (In sect[dn 8 vepeat
some of these simulations with a shorter time step — 0.001-Mgr
confirm that this time step is small enough.) We use a timeaitep
0.001 Myr in all other simulations.

In the following simulations we adopt the initial velocity o
the Sun from_Schonrich, Binney & Dehmen (2010) and theahiti
galactocentric radius from_Schontich (2012). Other @hitondi-
tions and their uncertainties are the same as in Feng & Biilees
(2013). The circular velocity of the Sun (& = 8.27kpc),

v = 225.06 km/s, is calculated based on the axisymmetric Galactic
model in Section 3]1. These values are listed in Table 3.



8 F Fengand C.A.L. Bailer-Jones

Table 3. The current phase space coordinates of the Sun, represent€@ussian distributions, and used as the initial comditio our orbital model
(Schonrich, Binney & Dehnén 2010; Schonrich 2012; Magadsirner & Lane 2009; Dehnen & Binney 1998).

Rlkpc  VgplkpcMyr—1  gfrad  irad Myr-1  z/kpc Vi /kpc Myr—1
mean 8.27 -0.01135 0 0.029 0.026 -0.0074
standard deviation 0.5 0.00036 0 0.003 0.003 0.00038
3.4.2 Numerical accuracy of the AMUSE-based method § .
[}
To test the numerical accuracy of the AMUSE-based method, we e | 1
generated 1000 comets from the DLDW model and monitored the S ﬂ o]
conservation of orbital energy and angular momentum. Apéne Y é 1 YA
turbation from the Galactic potential and stellar encorsntesed in £ g, e
our work would violate conservation of the third componeinam- ® 5 K -
gular momentum £ .), we use a simplified Galactic potential for g 1 j‘o |
i I infini I | \. T T T T T T T T \. T T
this test, namely a massive and infinite sheet with 0.00000 000015 _ 0,00030 03000 b.00012 000030
Dsheet = 21Go |2, (14) (a0/AV) (a0/AU)
whereG is the gravitational constant, = 5.0 x 10° M,/ kpc® ] ]
is the surface density of the massive sheet aigithe vertical dis- Q| e — N
placement from the sheet. Because this potential imposéisiaio . 8 L] i
force on comets if the Sun does not cross the disk, it enaklés u wo ;%r_‘“; Iﬂ
test the accuracy of the bridge method in AMUSE by usingtireco 4 § {= = se i g ol 1
servation of cometary orbital energy and the angular moument © 4 — ‘E | o
perpendicular to the sheet. To guarantee that the Sun dbesoss 51— i I_ML
. . . . . .. 1
t_he plane during the 1 Gyr orbital integration (!.e. t_hg_ﬂ;anoq pe- $ 0 260 50 1000 0 260 00 1000
riod is more than 2 Gyr), we adopt the following initial cotidins Time BP/Myr Time BP/Myr

of the Sun:R = 0kpc,¢ = 0, z = 0.001 kpc, Ve = 0kpc/Myr,

é = Orad/Myr, V. = 0.0715 kpc/Myr. Integrating the cometary
orbits over 1 Gyr with a constant time step of 0.1 Myr, we calcu
late the fractional change of the comets’ orbital enerdiend the
vertical component of their angular momeiitaduring the motion
(Figurel8). Both quantities are conserved to a high tolezanith
fractional changes of less tha®~° for L, and less than0~'?

Figure 8. Assessment of the numerical accuracy of the AMUSE-based
method through monitoring the conservation of enefgygnd angular mo-
mentumL , for 1000 comets generated from the DLDW Oort cloud model.
Upper panels: For each of the 1000 comets, the standardideviaver its
orbit) of F (left) and L, (right) relative to the average value over the orbit,
plotted as a function of the initial energy (which is projamal to1/ao).
Lower panels: the fractional change over the orbifbénd L, for the 20

for 2. The numerical errors are independent of the comet's energy comets (represented by different colours) with the highasterical errors.

(which is inversely proportional to the semi-major axispn@pared
to the magnitude of the perturbations which inject comeimfthe
Oort cloud into the observable zone, these numerical ecamde
ignored during a 1 Gyr and even a 5 Gyr integration.

3.4.3 Comparison of the AMUSE-based method with other
methods

Our numerical method calculates perturbations from stalla
counters and the Galactic tide using dynamical equatiors di
rectly, instead of employing an impulse approximation .(€bA,
DIA, or SIA Rickman et al.|(2005)) or the Averaged Hamiltamia
Method (AHM)(Fouchaid 2004). In the latter the Hamiltoniain
the cometary motion is averaged over one orbital periods thn
significantly reduce the calculation time, but is potefyi&dss ac-
curate. A more explicit method is to integrate the Newtorggna-
tions of motion directly, e.g. via the Cartesian Method (CM)
(Fouchard 2004), but this is more time consuming.

To illustrate the accuracy of the AHM, CM, and AMUSE-
based methods in simulating high eccentricity orbits, iegrate
the orbit of one comet using all methods. The test comet hasa s
major axis ofa = 25000 AU and an eccentricity o = 0.996
(as used in_Fouchard (2004)). Adopting the following initian-
ditions of the Sun -R = 8.0kpc, ¢ = 0, z = 0.026 kpc, Vr =
—0.01 kpc/Myr, ¢ = 0.0275 rad/Myr, V. = 0.00717 kpc/Myr —

and using the same tide model as described above, the selar or
bit under the perturbation from the Galactic tide is intéggeover

the past 5 Gyr. Figurlg] 9 shows that the evolutions of the carpet
perihelia calculated using the CM and AMUSE-based methoels a
very similar, whereas AHM shows an evolution which diverges
from these. As CM is the most accurate method, this shows that
the AHM cannot be used to accurately calculate the timeingry
because it holds the perturbing forces constant during each
bit. Because the AMUSE-based method computes a large sample
of comets more efficiently than CM does, we have adopted the
AMUSE-based method in our work.

3.4.4 Calculation of the injected comet flux

A comet which comes too close to the perturbing effects oftant
planets in the solar system will generally have its orberatl such

that it is injected into a much shorter periodic orbit or isa¢d
from the solar system on an unbound orbit. We regard a comet as
having been injected into the inner solar system in this whgmw

it enters into the “loss conel’ (Wiegert & Tremaine 1999), tteat
region with a heliocentric radius of 15 AU or less (the samfinde

tion as in Dybczyhski (2005) and R08). These are the comigitshw

can then, following further perturbations from the planéis the
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Figure 9. The variation of the perihelion of one comet calculated htiee
different integration methods: AHM (black solid), CM (reaghed), and
AMUSE-based method (blue dotted).

Earth. If injected comets enter an observable zone withif AU

then they may be observed as a LPC. Comets which are injected

into the loss cone or which are ejected from the solar system (
achieve heliocentric distances larger than 105 AU) are removed
from the simulation.

4.1 Evidence

If we defineD as the time series of craters afifl as some model
for these data, then the evidence of the model is defined as
P(D|M) = /P(D|9,M)P(9|M)d9, (15)
0

where 6 is the parameters of the model, af®{D|0, M) and
P(0|M) are the likelihood of the data and the prior distribution
over the parameters, respectively. The evidence is therefe
prior-weighted average of the likelihood over the paramseté
gives the overall ability of the model to fit the data, rathieart
the power of any individual set of parameters. As is well knaw
statistics, and further described in Bailer-Jones (201thé is the
appropriate metric to use in order to compare models of rdiffe
flexibility or complexity.

If ¢; is thetrue (unknown) time of the impact of cratgt”, and
7; Is themeasuredime with corresponding uncertainty;, then an
appropriate error model for this measurement is

1 2 2
P(1jloj, tj) = —— exp[—(7; — t;)"/207] . 16
(Tiloj, t;) \/%Uj p[—(7; i) /2075] (16)

The likelihood for one crater measurement can then be ekl
by integrating over the unknown time
P(7jlo;,0, M) /P(Tj|0j7tj79,M)P(tj|0j79,M)dtj

tj

/P(Tj|0j7tj)P(tj|97M)dtj-
tj

The second term in the second equation describes the tinas ser
model: it predicts the probability that an event will occutime t;

17

The observable comets are only a subset of the injected 6omet given the parameters for that model. The likelihood for thele
because some injected comets can be ejected again by Satlirn a time seriespD = {r;}, is the product of the individual likelihoods

Jupiter. But assuming that this is independent of the drbi&
ments over long time scales, we assume that the flux of igjecte
comets is proportional to the flux of LPCs. Inner Oort clouthets,

in particular comets withu < 3000 AU, may be injected into
the loss cone¢ < 15AU) but not enter the observable zone
(¢ < 5AU) (Kaib & Quinn|2009). In our simulations we will ex-
amine the properties of comets injected into both types mfeta
zone, and we will refer to such injected comets as LPCs. Omce w
have identified the injected comets, we calculate the Galtait
itudesb. and longituded. of their perihelia. Because the orbital
elements of the class 1A LPCs are recorded during their fast p
sage into inner solar system, we can reasonably assuméehdit t
rection of the LPC perihelion is unchanged after enterirgy‘thss
cone”. In Sectiof b and 7, we will model the terrestrial criaig
time series and the anisotropic perihelion of LPCs baseti®@mt
jected comet flux. Specifically, in Sectibh 5, we will show how
convert the simulations of the perturbations of the conyetabits
into a model for the time variation of the cometary flux emigrihe
inner solar system.

4 BAYESIAN INFERENCE METHOD

We summarize here our Bayesian method for quantifying hollv we
a time series model can describe a set of cratering data {or in
deed any other series of discrete time measurements witkr-unc
tainties). A full description of the method and its applioatto the
cratering data for various non-dynamical models can beddaon
Bailer-Jones (2011a,b).

(assuming they are measured independently), in which case

P(D|o, M) = [ P(slo5,0, M) . (18)

J

We use this in equatidn L5 to calculate the evidence for mbdfiel
give the set of cratering dates. The absolute scale of thizeve
is unimportant: we are only interested in ratios of the ewgdefor
any pair of models, known as ttBayes factarAs a rule of thumb,
if the Bayes factor is larger than 10, then the model reptesien
the numerator of the ratio is significantly favoured by theadaver
the other model (see Kass & Raftery (1995) for further disimrs
of the interpretation).

4.2 Time series models

The time series model\/, is a model which predicts the variation
of the impact probability with time (the normalized crateyirate),
i.e. the termP(7;|o;, 0, M) in equatio 1B. The models we use in
this work, along with their parameterg, are defined in Tablgl 4,
and described below

Uniform. Constant impact probability over the range of the data.
As any probability distribution must be normalized ovesttange,
this model has no parameters.

RandProb, RandBkgProBoth models compriseV impact
events at random times, with each event modelled as a Gaussia
N times are drawn at random from a uniform time distribution ex
tending over the range of the data. A Gaussian is placed htafac
these with a common standard deviation (equal to the aveshge
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the real crater age uncertainties). We then sum the Gasssidd a
constant background3, and normalize. This is the RandBkgProb
(“random with background”) model. RandProb is the spediaiec
for B = 0. We calculate the evidence by averaging over a large
number of realizations of the model (i.e. times of the eVertsd,
for RandBkgProb, oveB. For example, when we later model the
basic150 time series, we fiX = 32 and rangeB from 0 toco (see
Table[B).

SinProb, SinBkgProbPeriodic model of angular frequency
and phasebo (model SinProb). There is no amplitude parameter

a smoothly varying trend with time (model SigProb in TddleAs
with the other models, this model has parameters which weagee
over when computing the model evidence.

The cometary impact rate is determined by the gravitational
perturbations of the Oort cloud due to the Galactic tide aplt s
lar encounters. Both are modulated by the solar motion akthe
Galactic center. Some studies suggest that their combifestt &n-
jects more comets into the inner solar system than does etiog a
alone ((Heisler, Tremaine & Alcock 1987; Rickman etial. 2008)
This so-called synergy effect is difficult to model, howevand

because the model is normalized over the time span of the data will be ignored in our statistical approach.

Adding a background to this simulates a periodic variation on
top of a constant impact rate (model SinBkgProb).

SigProb. A monotonically increasing or decreasing nonlinear
trend in the impact PDF using a sigmoidal function, charizxzse
by the steepness of the slopg,and the center of the slopg,. In

We simulate the effects of the tide and encounters sepgratel
(sectiorB). The resulting cometary flux from these is describy
the models TideProb and EncProb respectively. The cométary
when both processes operate, the model EncTideProb, isithe s
of the fluxes from each (each being normalized prior to coabin

the limit that\ becomes zero, the model becomes a step function at tion). To include the contributions from the asteroid imgaand

to, and in the limit of very large\ it becomes the Uniform model.
We restrictA < 0 in our model comparison because the decreasing
trend in cratering rate towards the past seems obvious itirtree
series (see Figufd 1; see also Bailer-Jones (2011a)). Howee

do include the increasing trend in our sensitivity test int®a[8.

SinSigProbCombination of SinProb and SigProb.

TideProb, EncProb, EncTideProModels arising from the dy-
namical simulation of cometary orbits perturbed by eithtetlar
encounters (EncProb) or the Galactic tide (TideProb) dn (Bhc-
TideProb). We describe the modelling approach which presiuc
these distributions in detail in Sectibh 5.

EncSigProb, TideSigProb, EncTideSigProBombination of
EncProb, TideProb, EncTideProb (respectively) with SadpPr

Some of these models — those in the first five lines in Table

the crater preservation bias we can add to this the SigPrateimo
mentioned above. This gives the model EncTideSigProb. Ehe p
rameters of all these models and their prior ranges are deiine
Tabled% anfls.

5.1 Tide-induced cometary flux

The time variation as the Sun orbits the Galaxy of the tidkioed

cometary flux entering the loss cone is calculated using ABUS

based method (sectidn 8.4). We defifieas the relative injected

comet flux in a time bin with width\¢
Ninj

Je= Niot AL’

(19)

— are simple analytic models. The others are models based onWhereNiy; is the number of injected comets in this bin alNd; is

dynamical simulations of cometary orbits, which we therefcall
dynamical models. In the next section we will explain how ve¢ g
from a simulation of the perturbation of the cometary oriits
prediction of the cratering rate. Taljle 4 also lists the petars of
the models, i.e. those parameters which we average ovedén tr
calculate the evidence. The prior distributions for themameters
are listed in Tablgl5.

5 MODELLING THE HISTORY OF THE COMETARY
IMPACT RATE

The terrestrial impact rate consists of two parts: the agtémpact
rate and the comet impact rate. We are specifically intedeiste
only the latter in the present work. The background astenojEhct
rate is proportional to the number of asteroids in the agtdvelt,
which is depleted by the impact of asteroids on planets aenl th
satellites. Over a long time scale (longer than 100 Myr),kthek-
ground impact rate of asteroids would therefore decreasartts
the present. But we could also see variations in this duectalig:
ruption of large asteroids into an asteroid family, whichuaopro-
duce phases of enhanced impacting (Bottke, David & David P00
In addition to the actual impact rate, the geological reanfrall
impact craters (comet or asteroid) is contaminated by atete
bias: The older a crater is, the more likely it is to have beeded
and so the less likely it is to be discovered. This preseymdbias
would lead to an apparent increase in the impact rate tovtartie
present. We model the combined contribution of these twopmem
nents (variable asteroid impact rate and the preservaias) to the
measured impact rate using a sigmoidal function, which pred

the total number of the comets.
We could usef. directly as the model prediction of the comet
impact cratering rateP,(¢t|0, M), for the model TideProb (sec-
tion[4.2) for that particular set of model parameters. Haveas
the calculation of the cometary orbits is rather time-conisig, we
instead use a proxy fof., i.e. the vertical tidal force.
The tidal force per unit mass experienced by a comet in the
Oort Cloud is
GMg t

F=-"—

—G1$2—G2yy—ngﬁ (20)

wherer is the Sun-comet vector of length M is the solar mass,
and G is the gravitational constaﬁt.‘l’he three tidal coefficients,
G1, G2, andGs are defined as

G1=—(A-B)(3A+ B)
Go = (A - B)?
Gs = 4nGp(R, z) — 2(B* — A?)

(21)

whereA and B are the two Oort constants, ap@R, z) is the local
mass density which can also be denoteg(@$in the case of using
G3(t) to build models. Because the two compone@tsand G2
in the Galactic(x,y) plane are about ten times smaller than the
vertical component(s), it is the vertical tidal force that dominates
the perturbation of the Oort Cloud.

To find a relationship betweefs andGs, we simulate the or-
bits of one million comets generated from the DQT model back t

5 We don't use this equation in simulating cometary orbitshiean AMUSE
framework.
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Table 4. The mathematical form of the time series models and thefesppnding parameters. Timécreases into the past aft (¢|6, M) is the unnormal-

ized cratering rate (probability density) predicted by thedel. In the dynamical models (EncProb, TideProb, Endiide, EncSigProb, TideSigProb, and
EncTideSigProb)i (t = 0Myr) andd (t = 0Myr) are Sun's current position and velocity relative to the Giidacenter. Note that the components in
the compound models are normalized before being combirtezlqliantitiesy,;, (t), G3(t), and¢ are defined in Sectidd 5.is a parameter which describes

the relative contribution of the two combined models.

model name Py (t|6, M) parameters
Uniform 1 none
RandProb/RandBkgProb Zf:;l N (t; pin, 0)+B o, B,N
SinProb/SinBkgProb 1/2{cos|wt + ¢o] + 1}+B w, B, B
SigProb [14 elt—to)/A)]—1 X, to
SinSigProb SinProb+SigProb T, 8, B\, to
EncProb Ybin () 7ot =0), U (t = 0)
TideProb G3(t) 7ot =0), Us(t =0)
EncTideProb oin() + EGa(8)]/(1 + &) £, 7o(t =0), 7o(t = 0)
EncSigProb EncProb # SigProb ., A, to, To(t = 0), o (t =0)
TideSigProb TideProb # SigProb m A to, To(t = 0), To(t =0)
EncTideSigProb EncTideProbntSigProb &, 1, A, to, 7o (t = 0), s (t = 0)

Table 5. The prior distribution and range of parameters for the waritime series models. For the non-dynamical models (i.exaépt the last five lines),

a uniform prior for all the parameters is adopted which isstant inside the range shown and zero outsMg. andmmax are the number of events and the
earliest time of occurrence of the cratefs.is the averaged age uncertainties of the craters. The priBs®ver the parameters of the dynamical models (the
last five lines) are Gaussian, with means and standard amsaget by the initial conditions as listed in Talble 3.

model name details of the prior over the parameters
Uniform no parameters
RandProb o=0;,, N=N,B=0
— 65 N = _ 1 b ;
RandBkgProb 0 =26, N = Nis, B= Tas 0D with b € [0, 1]
SinProb 27/100 < w < 27/10,0 < ¢po < 2m,B =0
SinBkgProb 27/100 < w < 27/10,0 < ¢g < 27, B = (lﬁb) with b € [0, 1]
SigProb —100 < A < 0,0 < tp < 0.8Tmax
SinSigProb Priors from both SinProb and SigProb
EncProb Initial conditions listed in Tadlé 3
TideProb Initial conditions listed in Tallé 3
EncTideProb ¢ = 1, Initial conditions listed in Tablgl3
EncSigProb 0<n<4,—100 <X <0,0 <ty < 0.8Tmax, initial conditions listed in Tablgl3
TideSigProb 0<1n<4,—-100 < X<0,0<ty < 0.8Tmax, initial conditions listed in Tablel3

EncTideSigProb £ =1,0<n <4,—100 < XA < 0,0 < top < 0.87max, initial conditions listed in Tablgl3

1 Gyr in the past under the perturbation of the Galactic t&lel{

lar encounters are excluded). We use here the loss cone &s-the
get zone when identifying the injected comets (LPCs). The tw
guantities are compared in Figure] 10. We see that the detrend
comet flux (red line) agrees rather well with; (blue line) over
the past 1 Gyr, albeit with an imperfect detrending over thet fi
100 Myr. We made a similar comparison for the DLDW model and
also find a very close linear relation. Compari@ig with the flux

of the comets injected into the observable zone §i.e. 5 AU) for
both the DLDW and DQT models, we find that the result is consis-
tent with what we have found for the loss cone. This confirnes th
relationship between the tide-induced comet flux and thdcatr
tidal force, which was also demonstrated| by Gardner|et 81L1(p
(their Figure 9) with a different approach. We are thereforgi-
fied in usingGs as a proxy for the tide-induced comet flux when
we build models of cometary impact rate to compare to thescrat
time series.

5.2 Encounter-induced cometary flux

We define the encounter-induced flux entering the loss cotfeein
same way ag. in equatioi_1P. We now investigate whether we can
introduce a proxy for this too. We postulate the use of thentjtya

Menc

VencTenc

v = (22)
which is proportional to the change in velocity of the Sungguiv-
alently to the mean change in velocity of the comets) as ieduc
by an encounter according to the classical impulse apprabiam
(Ooril1950] Rickmen 1976). This proxy has also been usedein pr
vious studies to approximate the LPC flux injected by stediar
counters (e.g. Kaib & Quinn (2009); Fouchard etlal. (2011)).

The injected flux is dominated by those encounters which
can signifcantly change the velocity and thus the perinelio
of the comets |(Hills. 1981 Heisler, Tremaine & Alcock 1987;
Fouchard et al. 2011). Considering the important role ofe¢hen-
counters and the long time scale between them (about 100 d4yr a
cording ta Heisler, Tremaine & Alcock 1987), we divide theald
time span of simulated stellar encounters into several imeand
use the (normalized) maximum valuepin each bin to approxi-
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Figure 10. Comparison between the tide-induced injected comet ffux (
and the vertical Galactic tidei{3). The injected comet flux is shown as
a histogram with two different bins sizes: 1 Myr (black lirex)d 10 Myr
(white line). The red line is the detrended comet flux withraetibin of
10 Myr. The blue line shows the variation 6% (scaled, as it has a different
unit to fe¢).
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Figure 11. The time-varying probability density of the encountertindd
injected comet fluxf. (red line) and the prediction of proxy,;, (blue
line), binned with a time bin of 1 Myr.

mate such comet showers. We define this binned proxyasand
normalize it over the whole time scale. In Figlird 11, we compa
this proxy to the normalized encounter-induced flux whichiiis-
ulated with a time step of 0.001 Myr using a samplé @f comets
generated from the DLDW model over 100 Myr. We find that the
main comet showers can be properly predicted/hy, although it

100
|
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Figure 12. Assessment of the comet shower prediction ability of thexypro

~. The black points show peaks which are correctly reproduzgglotting

their time of occurrence in the proxy;,, against their true time of occur-
rence, Ty, in f.. Peaks missed by the proxy are shown as vertical red lines
and false peaks in the proxy are shown as horizontal blus.line

may miss small comet showers and predict some non-existeait s
showers.

To assess the reliability of the shower prediction of thexpro
we evaluate the fraction of peaks fh which are correctly identi-
fied by yuin, @and the fraction of peaks ii, which have a cor-
responding true peak iffi.. For the former case, a peak ffa is
counted as correctly predicted by the proxy when it occurthén
same time bin as a peak i, Or when thef. peak is one bin
earlier (because the shower can occur up to 1 Myr after the clo
est approach of the encounter). We find that 23 out of 27 (0.85)
flux peaks are correctly predicted by the proxy, while 23 digd
(0.70) peaks iny,i, have corresponding peaks ji (Figure[12).
This simple counting ignores the intensity of the comet srsw
To remedy this use the amplitude of eagh, peak as a weight,
and count the weighted fractions. We find these to be 0.92 a&4d 0
respectively. These results suggests that is a reasonably good
proxy for statistical purposes. Hence we ugg, as the measure
of P,(t|0, M) for the model EncProb. The linear relationship be-
tweenp(t) and Gs(¢) (equationg® and 21) indicates that the av-
eraged EncProb model over sequenceswgf is equivalent to the
corresponding TideProb model for one solar orbit. We wiél g&
section[6 whether there is any significant difference betwtae
evidences for these two models.

5.3 Combined tide—encounter cometary flux

Having defined TideProb and EncProb, we can combine them to
make EncTideProb. We can further combine this sum with Sig-
Prob (scaled by the parametgy in order to include a smoothly
varying component (see Taljlk 4). Figliré 13 shows examplibeof
TideProb, EncTideProb and EncTideSigProb model predistaf

the cometary flux for specific values of their parameters.him t
upper panel, we see the TideProb model predicts an osuijlati
variation on at least two time scales. In the middle panelade:
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Figure 13. The prediction of the normalized cometary impact rate (i.e.
probability density function; black line) compared to theual impacts in
the basic250 time series (red lines). The models from topotoin are
TideProb, EncTideProb, and EncTideSigProb. A common swlsit and
encounter sample is used in all three cases.

EncProb to TideProb. The amplitude of the background isaedu
due to the normalization effect — the encounters dominated-ttee
high peaks characterize encounter-induced comet shoinetise
bottom panel, the SigProb model is added onto the EncTidePro
model withn = 3. A large value ofA has been used in SigProb
here, such that the additional trend is almost linear. Médulew
we also combine TideProb and SigProb to make TideSigPradb. Th
of course does not show the randomly occurring peaks whieh ar
characteristic of the encounters model.

In Sectior[ 6, we will compare these models with other time
series models defined in Sect[on]4.2 using Bayesian method.

6 MODEL COMPARISON

Now that we have a way to generate predictions of the comet
flux from our dynamical time series models, we use the Bapesia
method described in sectibh 4 to calculate the evidencebdorar-
ious time series models defined in secfiod 4.2 for differeatiering
data sets. Because the solar orbit is more sensitive to this Bi+

tial galactocentric distanceR?) and angular velocityd) than to the
other four initial conditions| (Feng & Bailer-Jones 2013k sam-
ple over only those two parameters when calculating theeenxiels
and Bayes factors (ratio of two evidences) for the dynanriuadi-
els. In order to make our model comparison complete, we ailyv
all initial conditions individually and simultaneously sectior 8.

To calculate the evidences we sample the parameter space of
the dynamical models and other time series models withand
10° points respectively. For the models of EncProb, EncTidePro
EncSigProb and EncTideSigProb, each point representstar en
simulation of the orbit of the Sun about the Galaxy and theezor
sponding simulation of the comet flux as a function of time.the
latter we use the proxies @¥3(¢) and~(t) (i.e. the time-varying
~pin) described in sectidn 3.1 and secfion 5.2 respectivelye&on
orbit of the Sun we just generate a single sequengg for the
comet flux at random. (Becausgt) is modulated by the verti-
cal tide coefficientG3(¢), an average over many sequences @
would be smooth and lack the spikes corresponding to coroet-sh
ers which we see in the individual sequences.)

The Bayes factors of various models relative to the uniform
model are listed in Tablgl 6. We see that the SigProb, Enc8ligPr
TideSigProb and EncTideSigProb models are favoured byhall t
data sets, sometimes marginally, sometimes by a signifieaatint
relative to certain models. In these favoured models, thgtne
trend (a decreasing cratering rate towards the past) isufado
much more than the positive trend. Such a negative trend ean b
picked out in Figuréll. As the positive values are so clearlgd
out, we only use negative values bfin all the trend models. This
would be consistent with the crater preservation bias odibip-
tion of a large asteroid dominating over any recent incréasiee
asteroid impact rate (see sectidn 5).

The SinSigProb model is not favoured more than SigProb,
which means the periodic component is not necessary iniexpla
ing cratering time series. This is consistent with the casion in
Bailer-Jones| (2011a). Moreover, the pure periodic modekts-
ally slightly less favoured than the uniform model for theasic”
and “ext” data sets. The pure random model (RandProb) ikthlig
more favoured than the random model with background (RageBk
Prob). Both are more favoured than the uniform model, bul wit
relatively low Bayes factors compared to the models witimdre
components.

EncProb is slightly more favoured than the TideProb model.
This suggests that the stochastic component of EncProlyfsigl
preferable to the smooth tidal component of TideProb in ipted
ing the cratering data, although the difference is smalm@ioing
them to make the EncTideProb models does not increase the evi
dence.

The best overall model for explaining the data is SigProb, th
pure trend model. Adding the tide or encounters or both dog¢s n
increase the evidence by a significant amount for any of the da
sets. This suggests that the solar motion has little infleemt
the total observed impact rate (i.e. comets plus asteraidstize
preservation bias) either through the Galactic tide orubhostel-
lar encounters, at least not in the way in which we have medell
them here. This minor role of the solar motion in generaterges-
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Table 6.Bayes factors of the various time series models (rows)ivel&d the uniform model for the various data sets (columfig suffix numbers 1 and 2
in the model names, e.g. EncProbl and EncProb2, refer tdwdifferent initial conditions are fixed. 1 meaf%¢ = 0) and 2 meang(t = 0).

Model basicl50 ext150 fulll50 basic250 ext250 full250
RandProb 4.4 9.3 72 3.0 9.4 41707
RandBkgProb 1.8 3.8 31 2.2 5.2 %802
SinProb 0.34 0.62 1.2 0.43 0.76 15
SinBkgProb 1.0 1.2 1.6 1.0 1.2 15
SigProb 15 63 9.1x10% 2.0x10%2 1.8x10% 5.8x 10
SinSigProb 10 36 1.6 x 102 1.0 x 102 6.0 x 102 2.6 x 10°
EncProbl 1.5 3.9 26 1.7 5.2 1.1 x 102
EncProb2 1.7 33 77 1.6 8.5 2.7 x 102
TideProb1 0.73 0.87 6.7 0.81 0.91 1.1
TideProb2 0.79 0.86 10 0.69 0.76 0.94
EncTideProbl 1.0 1.6 18 1.3 2.1 10
EncTideProb2 1.2 1.8 25 1.2 2.1 24
EncSigProbl 11 41 46x10% 1.5x10%2 1.5x10% 5.9 x 106
EncSigProb2 12 52 8.7x10% 1.7x102 15x10% 6.6 x 106
TideSigProbl 11 38 46x 103 1.6x10%2 1.4x10% 6.2x 106
TideSigProb2 10 37 45x10% 1.6x102 14x10% 6.1 x 106
EncTideSigProbl 11 40 5.0x 103  1.6x 102 1.4 x 103 6.0 x 106
EncTideSigProb2 11 40 47x10% 1.6x102 1.5x10% 6.1 x 106

trial craters weakens the hypothesis that the (semi-)gierigolar
motion triggers mass extinctions on the Earth through naithg
the impact rate, as some have suggested (Alvarez & Mulle4;19
Raup & Sepkoski 1984). We note that a low cometary impact ral
relative to the asteroid impact rate has been found by othdies
(Francis 2005; Weissman 2007).

The evidence is the prior-weighted average of the likelthoo,
over the parameter space. It is therefore possible that pante of
the parameter space are much more favoured than othethéie.
is a large variation of the likelihood), and that this is ne¢s due to
the averaging. In that case changing the prior, e.g. theerahthe
parameter space, could change the evidence. (We investigat
systematically in sectiof] 8). In other words, the tide oreemter g
models may play a more (or less) significant role if we had gooﬁ

reason to narrow the parameter space. This would be apatejfri =S
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eters, for example. We now investigate this by examining tioav
likelihood varies as a function of individual model paraerst(but
still be averaged over the other model parameters).

Figure[I2# shows how the resulting likelihood varies as
function of the four parameters in the TideSigProbl modée T
most favoured parameters of the trend component Jarex
—60 Myr and o 100 Myr. This trend component represents
an increasing cratering rate towards the present over tsé pa
100 Myr (Shoemaker 1998; Gehrels, Matthews & Schumann 1994;
McEwen, Moore & Shoemaker 1997), either real or a result of
preservation bias. In the upper left graph, the likelihoades with
R slightly and varies a lot in the region whefé < 8kpc and
R > 9kpc. In the lower right panel, the likelihood increase wjth
which means that the trend component is important in inangas
the likelihood for the TideSigProb model.

To find the relationship between the likelihood for TideSig-
Prob and the Sun’s initial galactocentric distari®Rend the scale
parametern, we fix the parameters of the trend component to
A = —60 Myr andto = 100 Myr. In Figure[Th we see that the like-
lihood for TideSigProb increases monotonically wittover this
range, but has a more complex dependence?oiihe likelihood
is highest at around® = 7.0 and R = 9.5kpc. In Figurd_1b we
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Figure 14.The distribution of the likelihood over each of the paramete

the TideSigProbl model for the basic250 data set, samplirgail other
parameters in each case. The parameters are divided intb08. For
each bin, the likelihoods are averaged to reduce the norseraged by the
randomly selected sequence of stellar encounters. Ther&0&r000 sam-
ples in the parameter space.

compare the dates of the craters in the basic250 data setheith
prediction of the cratering rate from TideProb with= 7.0 kpc.
There are 7 craters within the first 30 Myr compared to 16 and 13
craters in the intervals [30,60] Myr and [60,90] Myr respesliy.
This lack of craters in the first 30 Myr can be better predidigd
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Figure 15. The distribution of the likelihood over the parametétsandn
in the TideSigProbl model relative to the Uniform model fog basic250
data set. The relative likelihood is shown as the colouresicalicated in the
legend. There are 100 000 samples in the parameter space.
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Figure 16. Comparison between the prediction of TideProb with =
7.0kpc (shown as a probability distribution function in blaek)d the times
of the impact craters in the basic250 data set (shows asalertid lines).

TideSigProb than by the SigProb model with a negadv&Vhile
this is small number statistics, it may suggest that evenghave
have little evidence for the effect of the tide on cometarpaats in
the overall cratering data, it may have had more of an effeset
lected time periods. Other explanations are also possibt®urse:
we cannot say anything about models we have not actuallgdest
such as a more complex model for the asteroid impact rata-vari
tion.

7 MODELLING THE ANGULAR DISTRIBUTION OF
COMETARY PERIHELIA

In this section we predict the 2D angular distribution lade, lon-
gitude) of the perihelia of LPCs, the observed data for wiaich
shown in FiguréR. To do this we need to identify from the simu-
lations comets injected over an appropriate time scaleure[@l

10 Myr, something which was also demonstratec_by Dybcazyhsk
(2002) in detailed simulations of individual encounterseTGalac-
tic tide varies little over such a time scale, because thcatcom-
ponent of the tide, which dominates the total Galactic tidegies
over the period of the orbit of the Sun about the Galaxy, wiech
of order 200 Myr. We may therefore assume that the solar apex i
also more or less fixed during the past 10 Myr, which is then an
appropriate time scale for constructing our sample.

We simulate cometary orbits over the past 10 Myr as follows:
(1) generate one million comets from the Oort cloud model DN
or DQT), as well as a set of stellar encounters (about 400 over
10 Myr); (2) integrate the cometary orbits under the pedtidns
of only the Galactic tide (tide-only simulations with a tirsep of
0.1 Myr), only stellar encounters (encounter-only simola with
a time step of 0.01 Myr), and both of them (combined simutetio
with a time step of 0.01 Myr) back to 10 Myr ago; (3) identifyeth
injected comets and their longitudes and latitudes. We thpaat
steps (1)—(3) ten times (i.e. resample the Oort cloud andehef
stellar encounters) and combine the results in order tease the
number statistics.

7.1 Latitude distribution

The upper panels of Figuirel17 compare the Galactic latitafidee
LPC perihelia with our model predictions. In addition to iy
the model predictions for the comets injected into the lasecwe
also show the predicted distributions for comets injected the
observable zongy(< 5 AU). The former contains more comets, but
the latter is of course closer to the observed sample. Thi sama-
ple of comets within the observable zone have significantptam
noise in their angular distributions, so we will only companodel
predictions of the angular distribution of comets in thegé&a) loss
cone.

The upper panels show that the injected LPCs in the pole and
equatorial regions are depleted for both DLDW and DQT madels
as also found by Delsemime (1987). According to theoretioal p
diction, the tide-induced flux should be proportional i b cos b|
(Matese, Whitman & Whitmire 1999), in very good agreement
with our tide-only simulations. The observed data broadjyea
with this, the main difference being that for negative ladis the
peak is at around -0.4 rather than the model-predicted wdit{®7.
This discrepancy was also noticed|by Matese & Whitmire (2011
for example, and could be a consequence of the small sizeeof th
data set (note the errors bars in the figure).

We see in the figure that the PDF of the latitude distribution
predicted by the combined simulation always lies betweeseh
predicted by the single perturbation simulations. Althotlge com-
bined simulation of comets injected into the loss cone pisd
flatter distribution than the tide-only simulation does #tellar en-
counters cannot entirely smooth out the peaks in the |atitlistri-
bution. This is consistent with the results in Rickman ¢{2008).
Thus the observed non-uniform latitude distribution doessimdi-
cate that the Galactic tide dominates at the present epsaaa
claimed by Matese & Whitmire (2011).

We can attempt to make a more quantitative assessment of
how well our models predict the observed distribution. dsin
model comparison techniques we can ask whether our dynami-
cal models (the combined tide plus encounters model) exjpes
data better than a uniform distribution. We can do this dyuda
the binned data/simulations shown in the figure via a lilasih
test. The act of binning means that the model-predicted eurob

shows that a comet shower usually has a duration of less thanevents per bin is determined by the Poisson distributiars trefin-
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Figure 17. Comparison between the observed distribution (histogram
blocks) and model-predicted distributions (points/linekthe perihelia of
long-period comets (LPCs) with Galactic latitude (uppengds) and longi-
tude (lower panels) for the DLDW (left panels) and the DQltipan-
els) Oort cloud initial conditions. All distributions areormalized. The
error bars on the data have been calculated using a Poissss model
(arising from the binning) with a total of 102 class 1A LPCé€eTmodel-
predicted distributions show the comets injected into ¢iss tone for three
modes of simulations, namely including only the Galacii t{triangles),
only stellar encounters (squares), and both (circles).ntimeber of injected
comets in these simulations for the DLDW (DQT) models areS1&®1),
1133 (1976), and 12751 (2796), respectively. The red arcennected
by red lines show the number of comets injected into the oabés zone

(¢ < 5AU), and comprise 449 comets for the DLDW model, and 112 for
the DQT model.
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ing our likelihood. However, such a test is dependent on lioéce

of binning, and we have tried out a range of bin widths andresnt
While we find that the combined model for the DQT Oort cloud
model is always more favoured than a uniform distributibe, gig-
nificance is marginal.

An alternative approach is to use the unbinned data and un-
binned model predictions, and to apply a kernel densityregt
(KDE) to each. This produces a non-parametric density fandor
the data and for the model, the difference between which vae-qu
tify using the (symmetrized) Kullback-Leibler divergen@€_D).

A value of zero divergence means that the two distributiames a
identical; larger (positive/negative) values indicategéa differ-
ences. We find that our dynamical models give smaller KLDesglu
than do the uniform model (i.e. the former predict the datéebe
for both the DLDW and DQT. Although the distributions formeg
the KDE are sensitive to size of the kernel adoﬁmle find that

6 This is analogous to the size of the histogram bins. A histogis just a
particular type of kernel.

the KLD values are quite insensitive to this, and consistdatour
the dynamical models. This suggests that the dynamical Inede
plain the data better than a flat distribution in latitudeh@ugh be-
cause calibrating KLD ratios into formal significances i$ easy,
we leave this as a qualitative statement).

7.2 Longitude distribution

The perihelia of LPCs are not distributed uniformly on thiesgal
sphere. It has been suggested (Matese, Whitman & Whitm##;19
Matese & Whitmire 2011) that they lie preferentially on aajreir-

cle, as evidenced by two peaksiat~ 135°andl. ~ 315°seen

in Figure[2. The comets on this great circle could be induced
by stellar encounters with preferred directions, therebydpc-
ing the apparent anisotropy. In the lower two panels in FEgL#,

we see that the model predictions do not produce any verg larg
peaks, although one aroufd~ 135° is discernable. We also ob-
serve a peak around =0-60 which is proposed as a signal of
the “Biermann comet shower!’ (Biermann, Huebner & [lust 1983;
Matese, Whitman & Whitmire 1999). In our model, this peak is
probably the result of accumulated perturbations from rsé\atel-

lar encounters with preferred directions.

The peak around. = 135° is more prominent in the model
prediction for the comets injected into the observable z@ed
points/line in the figure). This peak is generated primabmiyone
or more massive stellar encounters. Hence, stellar enesuplay
a more significant role in injecting comets into the obselevabne
than just into the loss cone. This is consistent with the ésgn
effect” investigated by Rickman etlal. (2008).

As with the latitude distribution, we also measured the KLD
for the model predictions (for the loss cone) and for a unifalis-
tribution. The dynamical models predict the data littletbethan
a uniform distribution. (The likelihood test gives a simitasult.)
One reason for this lack of support for our dynamical (corat)n
model could be the fact that we are averaging the predicted di
tribution from the encounters over ten different realiaas of the
stellar encounters. This will tend to smooth out individpabks,
which are probably produced by just a few encounters with-mas
sive star§] If we instead only used a single random realization of
encounters, we are unlikely to reproduce exactly the showhich
occurred. This is an inherent problem of modelling steltarain-
ters in a stochastic way. This does not affect our model ptiedi of
the latitude distribution nearly as much, however, bec@sshape
is dominated by the non-stochastic tide.

In order to investigate this we again use our encounter model
via the proxy~ (a proxy of comet flux) defined in equatiénl22,
but now as a function of, andl,, the direction toward the peri-
helion of the stellar encounter. Moreover, we now impose ia mi
imum thresholdyim, on the proxy: The larger the value 9f,,
the larger the encounter perturbation must be for it to beided
in the model.

Using the encounter model described in sedfioh 3.3, we sim-
ulate 10 million encounters and calculateb,, andl, for each.
The predicted direction of an LPC’s perihelion is oppositetioe
sky to the direction of the encounter perihelion. Thus we can
culateb. andl. accordingly and use(b., l.) to predict the PDF
of b. andl.. Then we divide the range of the Galactic longitude

7 Such massive stars (or stars with relatively highmove slowly relative
to the Sun, and so would generate a relatively narrow peakrnmet flux
with Ic.
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Figure 18. Predictions of the enounter-induced cometary flux when adop
ing different lower limits,v;;,,, on the value ofy required for an event to
have an influence on the Oort cloud. There B3 and108 encounters gen-
erated for the model predictions witfy,,, = 0 and~);,,, # 0 respectively.

into 12 bins and sumy in each bin including only those encoun-
ters withy > ~1iim. Normalizing this gives the angular PDF of the
encounter-induced flux, as shown in Figliré 18. For largenesl
of yum We observe a larger variation in the flux with longitude, as
expected, because then fewer encounters contribute tastinioa-
tion. As we can see from equatibnl 22, these are the more reassiv
and/or slower stars. These encounters may induce a seniesagf
comet showers rather than a single strong comet showeruBeca
strong encounters are rare and extremely weak encountenstca
induce enough anisotropic LPCs, the spikes in the longitlistei-
bution can be caused by at least two weak encounters ratuer th
one strong or many extremely weak encounters. From Flgure 17
we see that the tide cannot completely wash out the anisotrop
the longitude distribution induced by these encounters.

Consistent with our results, Matese & Whitmire (2011) found
that the two spikes in the longitude distribution resultnfraveak
impulsive perturbations by analyzing the energy and amgula
mentum of dynamically new LPCs. Similar to the definition of
weak comet showers in Matese & Lissauer (2002).and Dybéiyhs
(2002), we define encounters within the interval[l x 1077, 5 x
107°|Mg) km s~" AU~ as weak encounters. We do not find
strong peaks in the longitude distribution offor these encoun-
ters in Figurd_1B, because we know thatan underestimate the
intensity of the shower (see Figuirel 11). Thus a small enlmece
of the two peaks in Figule_18 may correspond to a large enhance
ment of the peaks in the longitude distribution as predittgdur
dynamical model in Figue17.

Inspecting the catalogue of the frequencies of differepesy
of stellar encounters in table 8lof Garcia-Sanchez/efaDX), we
see that there were at least eight encounters with massaktequ
larger than one solar mass encountering the solar systédma pesst
10 Myr with perihelia less than 1 pc. These encounters carernmv
a heliocentric distance much larger than 50 pc over that, tivhéch
is the upper limit for their unbiased sample of stellar emtets
with My < 5 — see Figure 13 of Garcia-Sanchez et al. (2001).

We also point out that GL 710 will have a close approach
with the solar system in about 1.4 Myr at a perihelion longdgtu
of around 138. According to studies, it will induce a weak comet
shower which is expected to increase the cometary flux by 40%-
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50% (Garcia-Sanchez et al. 1999; Matese & Lissauer| 20013.
supports the suggestion that the solar apex motion indheasan-
uniform longitude distribution of the LPCs’ perihelia (Seigurel6
and[IT). In addition, Algol, a triple-star system with a tatass

of 5.8M, encountered the solar system with a closest distance
of 2.5pc 6.9 Myr ago| (Garcia-Sanchez et al. 2001). The ¢Hala
longitude of Algol was also close t85°.

Based on the above plausible scenario, we conclude that the
peaks in the longitude distribution of LPC perihelia coulisa
from the perturbations of a few strong stellar encountdrs,en-
counter directions of which depend on the solar apex moGaom-
sidering the important role of the Galactic tide in genexgtk non-
uniform latitude distribution, and the role of stellar enoters in
generating a non-uniform longitude distribution, the sgyeef-
fect plays a role in maintaining — rather than smoothing othe-
anisotropy in the observed LPCs. In other words, we can &xpla
the anisotropy of the LPC perihelia based only on the solak ap
motion and the Galactic tide, without needing to invoke thatér-
mass solar companion as proposed by Matese & Whitmire (2011)
To date there is no observational evidence for such a compani
We note that a recent analysis of data from the WISE satéldite
excluded the existence of a Jupiter-mass solar companitimawi
heliocentric distance less than 1 pc (Luhinan 2014).

8 SENSITIVITY TEST
8.1 Spiral arms and Galactic bar

The spiral arms and Galactic bar are non-axisymmetric, -time
varying components of the Galactic potential. These malg @n
small contribution to the tidal force acting on the Sun andtOo
cloud (Binney & Tremainel (2008); Cox & Gomez (2002)). How-
ever, if their contribution is always in the same directitime ef-
fect of their perturbation could accumulate. This can oaghen
the Sun is near to the co-rotation resonance, when theontag-
locities of the disk and of the spiral pattern coincide. Tst tihis
hypothesis, we simulate the solar and cometary motion auppt
various constant pattern speeds of the spiral arms and theitha
fixed Galactic density distributions (specified in Secfiofy) 3

We integrate the solar orbit in the Galactic potential baoth i
cluding and excluding the non-axisymmetric component® ifiit
tial conditions of the Sun and potential parameters arengiva-
ble[2. We find that the gravitational force from the bar is alsva
much larger than that from the spiral arms. However, therfice
between the pattern speed of the Galacticamand solar angu-
lar velocity is much larger than the difference between tibepn
speed of the spiral arnf3; and solar angular velocity, which re-
sults in a much lower accumulated perturbation due to theToar
see this effect, we integrate the solar orbit back to 5 Gyhan t
past. The variations of galactocentric radius and vertisplace-
ment of the Sun are shown in Figlirg 19. The arms have a stronger
effect on the solar orbit than does the bar. The spiral arms te
increase the galactocentric radius of the Sun as the integnaro-
ceeds (back in time), while the bar modulates the galactdcen
radius by a comparatively small amount. Neither the bar her t
arms significantly affect the vertical displacement anlié of the
Sun. Here the combined perturbation from the potentialigicig
both the Galactic bar and spiral arms changes the solar mibtée
same way as the perturbation from the bar alone.

We now simulate the tide-induced flux corresponding to these
different potential models. The lower panel in Figlré 20wehthat
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Figure 19. The variation of Sun’s galactocentric radius (upper paast) Afe/ fe, generated by asymmetric Galactic potential models (Ipaeel)
vertical displacement from the disk (lower panel) as caleufor different over the past 5 Gyr with a sample 0_f<304 comets. The potentials are:
potentials: axisymmetric potential (black); potentiatlinding Galactic bar axisymmetric potential only (black); including the armsu@); including
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arm (green). To show different lines in the lower panel bette plot the
variation of the Sun'’s vertical displacement over a shditee scale.
sensitivity of the evidence to changes in the dﬁd’ro complete
the calculation of evidences for dynamical models, we aby v
the non-axisymmetric components do not alter the flux vergmu e other three initial conditiond/z (¢ = 0 Myr), (¢t = 0 Myr),
Although the perturbation from the arms can change the soldr and V.(t = 0 Myr), in the EncTideSigProb models, which we
slightly, the resulting change in the perturbation of thet@toud previously kept constant. Together with SigProb, EncSigRmd
is minimal. The changed tidal force may change some indalidu  TigeSigProb, this was previously the best favoured modabler
cometary orbits, but has little effect on the overall inggttomet [B). We made numerous changes in the priors by altering tfaeir p
flux, because the effect of the tide depends also on thellistri  ameter ranges, and re-did all necessary Monte Carlo sagspli

tion of the comets, which is nearly isotropic. We also seeti&  nymerical simulations, and likelihood calculations anzbreputed
arms modify the cometary flux more than the bar, consistethiv the Bayes factors. Some of our results are shown in Table 7.
larger impact on the stellar density. (The limited numbenjgfcted The difference in Bayes factors for random models (Rand-
comets contributes to the sharp peaks in the relative flderdifice, Prob, RandBkgProb) and periodic models (SinProb, SinBigPr
Afe/fe, after 3Gyr.) with different prior distributions is less than five. The Rayfactors

We also investigated the sensitivity of the solar motion and 5150 remain less than ten so they remain no better explasatid
comet flux to the pattern speed of the asymmetric COMpON®f&s.  the cratering data than the Uniform model. Thus our formache
find that the closer the pattern speed of the arms is to thel@ngu  sjons about these models are not very sensitive to plaudibleges

velocity of the Sun, the larger the perturbation from the siim in the priors.
(We can understand this in terms of a resonance.? Meanvihde, The TideSigProb models in which other parameters are varied
perturbation from the bar is not sensitive to the bar's patspeed.  haye nearly the same evidences as the TideSigProb modetkitis
Finally, we also find that the distribution df. and[. of Table[®, so these too are insensitive to these changes imiths.p
the comet flux does not change very much for different non- e also see that the SigProb model with positivieas Bayes fac-
axisymmetric components of the Galactic potential. _ tors much lower than SigProb with negativéor both the basic150
In summary, we find that the model predictions of the tide- gnd pasic250 data sets.
induced cometary flux are generally insensitive to changebe The dynamical models have parameters of the Galaxy poten-
non-axisymmetric components of the Galactic potentiatepk tial, Sun’s initial conditions and combination ratio paeters ¢
when a resonance between the arms and the solar orbit occursgng ¢) which are listed in Tablg]5). To keep things simple, we
which increases the variation in the cometary flux. change the fixed parameters and the ranges of the varyingipara

eters individually, and then calculate the evidence by s the
o . prior defined by the changed parameter and other parambtare s
8.2 \Variations of the prior
As discussed earlier, the evidence depends on the pricibdison

adopted for the model parameters. As this prior frequerahnot 8 A more robust — but also more time-consuming — way of calindathe
be determined with any certainty, it is important to invgate the evidence is presented T
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Table 7. The Bayes factors for various time series models (rows}ivel#o the uniform model for two different data sets (cf. [Ed6). The second column
describes what change has been made to the range of whichegiaran the prior. The other priors are kept fixed. TideSupBr-6 refer to the TideSigProb
model in which different initial conditions are varied (¢t = 0 Myr); z(¢ = 0 Myr); V> (¢t = 0 Myr); all three (respectively)

models varied prior Bayes factor for basic150 Bayes fa@pbésic250

none 4.4 3.0

o = 27; 2.0 4.8
RandProb oc=1/25; 2.2 4.7

N = 2Nis 1.9 1.8

N =1/2Nys 2.4 7.6

none 1.8 2.2

o = 20; 1.6 3.7
RandBkgProb o =1/25; 1.8 2.6

N = 2Nis 1.5 1.5

N =1/2Ngs 2.4 29

none 0.34 0.43
SinProb 10 < T < 100 0.12 0.14

27/300 < w < 27/10 0.34 0.39

10 < T < 300 0.88 5.4 x 1072

none 1.0 1.0

. 10 < T < 100 0.90 0.88

SINBKGPIOD /300 < w < 27/10 1.0 1.0

10 < T < 300 1.8 1.4

none 15 2.0 x 102

. 0 < to < 1.27Tmax 13 1.4 x 102

SigProb ~100 < A < 100 7.7 1.0 x 102

0 <A< 100 1.3 x 1072 1.8 x 1073

none 6.4 80
SinSigProb 0 <to < 1.27Tmax 8.3 71

27/300 < w < 27/10 9.9 97
TideSigProb3  none 9.0 1.7 x 102
TideSigProb4  none 9.1 1.7 x 102
TideSigProb5  none 9.0 1.7 x 102
TideSigProb6  none 11 1.6 x 102

in Table[®. We calculate evidences for dynamical models dail-
ble or half the disk mass\{,), halo mass{/},), standard deviation
of the initial valueR (o), and the range of the varying ratio be-
tween the EncTideProb (or TideProb) and SigProb modglsir
addition, previous studies suggest that the number ofitideced
LPCs is not identical to the encounter-induced LPCs,4.e% 1
(Heisler, Tremaine & Alcock 1987; Rickman etlal. 2008). Tnes
multiply the ratio between the tide-induced flux and the emter-
induced flux €) by a factor of 4 or 1/4 for the sensitivity test.

The resulting Bayes factors calculated for the basic158 dat
set are shown in Tabld 8. In each row we see little variatibe: t
Bayes factors are relatively insensitive to these paraisefehis

means that either the parameter space of the EncTideSigProb

model is evenly favoured by the basic150 data set, or theatata
unable to discriminate between the compound dynamical feode

The model prediction of the anisotropic LPCs (see Fifuie 17)

depends to a greater or lesser extent on the Galactic paiteth
Sun’s initial condition, the Oort Cloud model, and the moafedn-

counters. We vary the model parameters in the same way agiwe di

in Table[8 and simulate ten million orbits of DLDW comets per-
turbed by the tide and ten samples of stellar encountersazads
to 10 Myr ago. We find that the latitude distribution of the LP€}-

ihelia is not sensitive to the change of the Galactic halosntie
initial conditions of the Sun, or the direction of the solpea. The
amplitudes of the peaks in the latitude distribution areuced if
we decrease the mass of the Galactic disk or increase thar stel
masses, which make the stellar encounters play a more iamort
role in injecting comets into the loss cone. However, theraive
profile of the peaks is not changed in the latitude distrduti

The peaks in the longitude distribution shift slightly if we
change the solar apex direction, the masses of the enceunter
the mass of the Galactic disk. The longitude distributionassen-
sitive to changes in the other model parameters.

Finally, we also tested the effect of changing the time step
in the (combined) simulations. We simulated four millionmets
generated from the DLDW model perturbed by the tide and ten
samples of stellar encounters backwards to 10 Myr ago udingea
step of 0.001 Myr (as opposed to 0.01 Myr). We find little cleng
in either the latitude or longitude distributions. In adafit, we see
only 4% more comets injected when using this smaller timg. ste

In summary, we find that the overall shape of the angular dis-
tribution of LPC perihelia in both longitude and latitudenist very
sensitive to changes in the model parameters, in particato
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Table 8. The Bayes factors for EncProbl, EncTideProbl and EncTadePfor basic150 with different Galaxy parameters.

models none 2M, 1/2M,; 2M; 1/2M; 20r 1/20p =4 €£=1/4 0<n<8 0<n<2
EncProbl 15 25 34 25 4.1 23 2.6 — — — —

EncTideProbl 1.0 21 2.3 2.6 35 1.8 1.0 15 0.73 — —
EncTideSigProbl 11 15 11 13 12 12 11 12 10 13 8.8

the initial distribution of Oort Cloud comets, not to the rses of
Galactic halo and disk, and not to the initial conditionshsf Sun.

9 DISCUSSION AND CONCLUSION

We have built dynamical models for the impact rate and amgula
distribution of comets induced by the Galactic tide andlatedn-
counters, as modulated by the solar motion around the Galaxy
Without using the approximate methods (the averaged Hamilt
nian or impulse approximation), we numerically simulate tide-
induced flux and encounter-induced flux separately. We wesseth
to validate the use of proxies for tide-induced flG¥%, and for the
encounter-induced fluxin, in our models.

Using the Bayesian evidence framework, we find that the
pure trend model (SigProb) together with the dynamical mod-
els including a trend component (EncSigProb, TideSigPmd a
EncTideSigProb) for the cratering record are better favduhan
other models we have tested. The trend component indicates a
creasing cratering rate\( < 0) towards the past over the past
100 Myr (Shoemaker 1998; Gehrels, Matthews & Schumann 1994;
McEwen, Moore & Shoemaker 1997; Bailer-Jones 2011a). This
suggests that either the asteroid impact rate or the pisamv
bias or both dominates the cratering record. Because thersra
in our data sets are larger than 5 km, the preservation bigsota
be very significant over this time scale. The disruption oingle
large asteroid could explain the trend in the data, as stegdy
(Bottke, David & David 2007). In addition, our models, whiith
clude the solar apex motion, can properly predict the aropat
perihelia of LPCs without assuming a massive body in theroute
Oort Cloud or an anisotropic Oort Cloud.

The EncTideSigProb, EncSigProb and TideSigProb models

By including the solar apex motion, our dynamical models for
anisotropic LPCs can predict reasonably well the distidmubf
Galactic latitude and longitude in a set of 102 dynamicakliyvn
comets. In this model, the asymmetry in the distribution afa®-
tic latitudes caused by the Sun’s current location and itsiano
over the past 10 Myr (comparable with the time scale of a comet
shower).

The two narrow peaks in the cometary perihelid.at 135°
andl. = 315° could be caused by a handful of strong stellar en-
counters encountering the Sun with their encounteringcits
in the direction of antapex in the HRF. On the other hand, we
might also see something similar due to the periodic orlitat
tion about the Sun of a massive body (such as a brown dwarf) re-
siding within the Oort cloud (Matese, Whitman & Whitmire 239
Matese & Whitmire 2011). However, our dynamical model, vihic
takes into account the solar apex motion, can predict thgitiaahi-
nal asymmetry without assuming the existence of such a body.
addition, the latitude distribution of LPC perihelia pretid by our
simulations is consistent with the theoretical predictialthough
one peak in the observed distribution is not properly ptedidy
our simulations. The synergy effect between the encouatetshe
tide cannot entirely eliminate the anisotropy induced lilgegithe
tide or the encounters.

A non-uniform distribution in the perihelion direction ofe
counters was found by Garcia-Sanchez et al. (2001), wdtinshe
signal is of questionable significance due to the incompksis,
i.e. faint stars which high velocities being too faint aftéMyr for
Hipparcos to have observed.

An anisotropy in the longitude of LPCs will not correspond to
an anisotropy in longitudes of impacts on the Earth’s serfae to
the rotation of the Earth and its orbit about the Sun. Sonititk
variation may be expected, despite the long-term variationcli-

have Bayes factors of the same magnitude as the SigProb modelnation and obliquity of the Earth’s orbit (Le Feuvre & Wiecek

which indicates that either the tide and encounter compisrexe
unnecessary in modelling the temporal distribution of engtor
the data cannot effectively discriminate between the nsdel

The stochastic component in the comet flux arising from en-
counters — as represented by the termin the EncProb and Enc-
TideProb models can slightly increase their evidenceiveléb the
TideProb model. We have performed a sensitivity test by ghan
ing the prior PDF over the parameters in the dynamical maatats
other time series models, and find only small changes of tiyeBa
factors.

The asymmetrical components in the Galactic potentiald;oul
in principle, increase the time-variation of the comet fluxda
hence impact rate predicted by the dynamical models, bycindu
ing larger deviations of the Sun’s motion from a circularibemd
thus larger changes in the local stellar density. It turnstbat
the non-axisymmetric component has relatively little icipan the
predicted cometary flux, with the exception of when the Sun is
co-rotation with the spiral arms. In that case the transiestinance
can produce large variations in the flux.

2008; Werner & Medvedev 2010). Disrupted comets generaly r
tain their original orbital plane: (Bottke etial. 2002), se tlesulting
asteroids would tend to impact in the plane perpendiculaotar
apex. Yet these are all higher order effects which would Heedit

to convincingly detect and relate to the solar orbit in thalgsis of
terrestrial impact craters.

Our modelling approach has, like any other, introduced-vari
ous assumptions and approximations. We have ignored tieegyn
effect between the Galactic tide and stellar encountefsligtgted
by|Rickman et &l.. (2008). We instead simply sum the tide-@edu
flux and the encounter-induced flux in the ragido 1. Because
the cometary impact rate modulated by the solar motion aroun
the Galactic center seems to be unnecessary in order tarexpta
data, the synergy effect, which is also influenced by thersoka
tion, may not change the result significantly. In additior, use a
decreasing impact rate towards the past (negative trengaoamt)
to model the combined effect of preservation bias and dstérs
pactrate. In modelling the angular distribution of the LRGilpelia,
the sample noise in the comets injected into the observabie z
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prevent us from building a more robust model, especiallytiier
longitude distribution. This problem could be resolved layjca-
lating perturbations based on a more accurately measuriedtia
tide and using an actual catalogue of encountering stafsisa-
lar neighborhood as opposed to our stochastic model of iplaus
encounters.

In common with some other studies (elg. Rickman et al.
(2008); |Gardneretal. | (2011); | Fouchardetal.| (2011);
Wickramasinghe & Napier| (2008)), we have ignored the per-
turbing effect on comets from the giant planets, although we
acknowledge that the giants planets could influence theigiesd
LPC flux in particular |(Kaib & Quinn| 2009). The planetary
perturbations can also change the fraction of the inner Goud
comets among the injected LPCs (Kaib & Quinn 2009), which in
turn could change the angular distribution of the LPC pdiahe
However, these perturbations should not have a significéette
over the relatively short time scale of 10 Myr which we useha t
simulations to generate the LPC distribution. As the maial go
of our work is to study the variable effect of the solar orhit o
the LPC flux and angular distribution, rather than to prethet
absolute LPC flux precisely, our conclusions should not l&lgv
affected by neglecting the giant planets in this way.

In the future, the Gaia survey allow us to detect many more re-
cent stellar encounters down to fainter magnitude limits langer
distances than Hipparcos, thereby allowing us to extenditihe
scale over which we can get a complete sample of recentrstelia
counters. The Gaia magnitude limit of G=20 which is low erfoug
to cover the high velocity stars in a time scale of 10 Myr. Bara-
ple, a star with absolute magnitude of 10 and a velocity ofr8sk
in the HRF would move 800 pc in 10 Myr and so have an apparent
magnitude of 19.5. Thus Gaia will be able to observe all stane
massive than early M dwarfs (and thus essentially all relestars)
encountering the solar system over the past 10 Myr. For mere r
cent timescales Gaia can observe even less massive objiects.
over, the Gaia catalogue of more massive stellar encou(atns
with absolute magnitudes larger than that of the Sun) may she
light on the study of terrestrial craters over since the ilngigig of
the Phanerozoic era, some 550 Myr ago. Gaia can further iapro
the measurement of Sun’s initial conditions and the paaéofithe
Galaxy (Lindegren et al. 2008; Koposov, Rix & Hogg 2010).eXft
including planetary perturbations, this would make theuation
of cometary orbits accurate enough to trace the stellarwerieo
back to the time when it generated comet showers and comdspo
ing terrestrial craters (Rickman etial. 2012).
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