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ABSTRACT

Misalignments between the orbital planes of planets and the equatorial planes of their host stars have been observed
in our solar system, in transiting exoplanets, and in the orbital planes of debris discs. We present a mechanism that
causes such a spin-orbit misalignment for a protoplanetary disc due to its movement through an ambient medium. Our
physical explanation of the mechanism is based on the theoretical solutions to the Stark problem. We test this idea by
performing self-consistent hydrodynamical simulations and simplified gravitational N-body simulations. The N-body
model reduces the mechanism to the relevant physical processes. The hydrodynamical simulations show the mechanism
in its full extent, including gas-dynamical and viscous processes in the disc which are not included in the theoretical
framework. We find that a protoplanetary disc embedded in a flow changes its orientation as its angular momentum
vector tends to align parallel to the relative velocity vector. Due to the force exerted by the flow, orbits in the disc
become eccentric, which produces a net torque and consequentially changes the orbital inclination. The tilting of the
disc causes it to contract. Apart from becoming lopsided, the gaseous disc also forms a spiral arm even if the inclination
does not change substantially. The process is most effective at high velocities and observational signatures are therefore
mostly expected in massive star-forming regions and around winds or supernova ejecta. Our N-body model indicates
that the interaction with supernova ejecta is a viable explanation for the observed spin-orbit misalignment in our solar
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system.
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1. Introduction

Intuitively, one might expect that the spin axis of a star
should be aligned with the orbital axis of its protoplane-
tary disc and the planets that form there. However, the
solar system is known to exhibit a misalignment of roughly
7° between the equatorial plane of the sun and the orbital
planes of its planets (Beck & Giles||2005). Such spin-orbit
misalignments have also been observed for transiting exo-
planets (Hébrard et al|2008; [Johnson et al|2009; Gillon|

v:1707.01096v1 [astro-ph.EP] 4 Jul 2017

2009; [Narita et al.|[2009; Pont et al.[|2009; Winn et al.[2009)

and for debris discs (Watson et al|[2011} |Greaves et al|

>< 2014). For debris discs, i.e. protoplanetary discs cleared of

©

the majority of their gas, the observed misalignment is not
greater than 30°. Several scenarios have been put forward to
explain these misalignments, ranging from interaction with

stellar and/or planetary companions (see e.g. [Fabrycky &

Tremaine|[2007}; [Nagasawa et al.|[2008; Matsakos & Konigl

2016; [Hamers et al|[2017)) to magnetic interactions between

the star and its disc (Lai et al|[2011) and to primordial
misalignment (Bate et al[2010; [Fielding et al.[2015).

In addition, transition discs, i.e. protoplanetary discs
with inner clearings, are known to show asymmetries (e.g.

Oppenheimer et al|[2008} [[sella et al|[2012} [van der Marel

et al|[2013) and spiral structures (e.g. [Piétu et al.|[2005;

Corder et al| 2005, Muto et al|[2012; |Christiaens et al

2014} van der Marel et al.|[2016)). These features are gen-
erally explained by the presence of a planet that can cause
the Rossby wave instability (Lovelace et al.|[1999} [de Val-
Borro et al.|[2007) or trigger density waves (Kley & Nelson
2012). Although the origins of these observed structures
in transition discs and the spin-orbit misalignment in de-
bris discs and planetary systems are generally investigated
separately, we will show in this work that they could be re-
lated. As a star surrounded by a protoplanetary disc moves
through an ambient medium, the experienced drag and in-
teraction with the interstellar medium (ISM) can affect the
orientation and evolution of the protoplanetary disc. In pre-
vious works (Wijnen et al.[2016, [2017, hereafter paper I and
IT), we found that the accretion of gas from the ISM with
no azimuthal angular momentum causes the disc to con-
tract because the specific angular momentum of the disc
decreases. Interactions of debris discs with their environ-
ments have also been observed. For example,
(2009) and Debes et al| (2009) respectively find that the
morphology and asymmetry observed in the dusty debris
disc HD 61005 and the asymmetries and warping in the de-
bris disc HD 32297 can be explained via interaction with the
ambient interstellar medium. Our solar system is believed
to have experienced interactions with either the wind of an
evolved asymptotic giant branch star (e.g. Busso et al.[1999)

Article number, page 1 of 14



A&A proofs: manuscript no. 30793 _hk

or, more likely, supernova ejecta (e.g. (Clayton![1977). The
observed misalignment in our solar system may be related
to these interactions.

The interaction of dust grains in a debris disc with the
ISM has been investigated in terms of the Stark problem
(also known as the accelerated Kepler problem, see e.g.
Belyaev & Rafikov||2010; [Lantoine & Russelll 2011} [Pastor
2012 and Sect. 2.1)), sandblasting of the disc by the ISM
(Artymowicz & Clampin/[1997), and with N-body integra-
tions (Debes et al.|[2009; Marzari & Thébault||2011)). For
example, Marzari & Thébault| (2011) find that asymme-
tries in debris discs can be attributed to interaction with
an ISM flux if the optical depth of the disc is low, i.e. the
collisional lifetimes of dust particles in the disc are long.
Several authors (see e.g. Namouni|2005; Namouni & Guzzo
2007} [Pastor||2012) have derived secular time derivatives of
Keplerian orbital elements of spherical dust particles sub-
ject to a small constant mono-directional force caused by an
ISM flow. Here we investigate star-disc alignment as a re-
sult of interaction with an ambient medium by performing
self-consistent hydrodynamical simulations of an inclined
gaseous disc subject to an incoming gas stream.

In this paper we show that, in addition to affecting the
outer regions and size of a protoplanetary disc, an ISM flow
may induce a tilt of the disc that is perpendicular to the
flow direction. This process occurs even if the geometry of
the disc is initially symmetric. It may not be immediately
apparent why this happens since no net torque should be
present on a symmetric disc. We show that a tilt is expected
from the effects of the ISM force on the orbits of the gas
particles within the disc and can be qualitatively described
by the solutions to the Stark problem. We perform hydro-
dynamic as well as gravitational N-body simulations, and
compare their outcome with a theoretical description of the
process. In addition, we derive the time scale on which the
disc changes its orientation as a function of the ISM den-
sity and relative velocity, and investigate under which con-
ditions this mechanism affects the orientation of the disc.
We show that this process can be linked to the formation
of asymmetries and spiral structures in the disc. We discuss
the relevant theoretical processes in Sect. [2] The set-up of
our simulations is presented in Sect. [3] and the results in
Sect. [ In Sect. 5] we discuss our assumptions and relate
the implications of the mechanism to observations and the
required physical conditions.

2. Theory

A qualitative theoretical description of the physical mech-
anism that changes the orientation of the disc can be pro-
vided in the context of the Stark problem. The Stark prob-
lem has the same physical basis as the Stark effect where
the shifting and splitting of spectral lines is caused by an
external electric field (Stark |1914]). We use the theoretical
solutions to this problem to explain the behaviour of the
disc in the hydrodynamical simulations.

2.1. Stark problem

The Stark problem is a classical two-body problem in which
a particle moves in a potential, for example the gravita-
tional potential of a star, and is subject to a constant mono-
directional force. In the context of our work this force is ex-
erted by an ISM flow. In Fig. [[] we have drawn a schematic
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Fig. 1. Schematic overview of the mechanism that causes the
net torque on the disc. The figure is not to scale. The left side
shows the orbit of a particle in the plane of the disc and the
right side shows the edge-on view of the disc. In this overview
the ISM flows in from the right. See Sect. for an explanation
of the mechanism that tilts the disc.

overview of the behaviour of particles when they are sub-
ject to a force exerted by the ISM flow. We can qualitatively
understand the process by considering a disc consisting of
particles that initially move on circular orbits. The parti-
cles represent a certain mass and volume and the normal
of their orbital plane is inclined by an angle g with respect
to the force vector. The disc rotates clockwise and we have
indicated its angular momentum vector with L. The left
half of Fig. [T] shows the orbit of a particle in the plane of
the disc, i.e. viewed along the orbital axis of the disc (in the

direction of the angular momentum vector f) The right
half of the figure shows the edge-on view of the orbit. In
this view, the left side of the orbit is the near side and
comes out of the plane of the paper. The ISM flow exerts
a force everywhere on the particles that can be split into

a component parallel, |, and a component perpendicular,

_>
F, to the plane of the orbit. When the orbital velocity

_>
of the particle has a component parallel to Fj, the veloc-
ity of the particle increases and so will the eccentricity and
apocentre of its orbit. Likewise, if the orbital velocity has

a component anti-parallel to F) the velocity of the particle
is reduced, thereby increasing the eccentricity and decreas-
ing its pericentre distance. This is shown schematically in
the top left panel of Fig. [I] for the two points in the orbit
where the effect is strongest. This process will result in an
eccentric orbit, i.e. a lopsided disc where, in this example,
the particle spends a larger fraction of the orbital period on
the left side of the star than on the right side (see lower left
of the figure). As a result, the force exerted on a particle
while it is on the left side of the orbit has a longer arm with
respect to the star and acts for a longer time than the force
exerted during the transit of the right side. This produces
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a net torque, N), on the time-averaged orbit of the particle
which is orthogonal to the direction of the force. This is de-

picted in the bottom right. Since ﬁ = df/dt, the orbital
plane is tilted in a direction perpendicular to the force vec-
tor. In the absence of other forces the eccentricity will keep
growing to a maximum value when the orbital plane has
reached perpendicular alignment to the force vector. The
torque is thus maintained and the orbit will continue to tilt

in the same direction. Now, Z*T)‘H points in the opposite di-
rection with respect to the orientation of the orbit and the
eccentricity will decrease. At the moment the eccentricity
becomes zero, the inclination attains a maximum. The con-
figuration of the disc now mirrors the initial situation and
the process is reversed. The force increases the eccentricity
again, but this time the apocentre of the orbit will be on the
right side of the star, i.e. the a%ument of pericentre, w, has

changed by 180°. Therefore, points upwards and once
more the orbital plane will be tilted perpendicular to the
force vector, thereby decreasing the inclination. Both the
eccentricity and inclination of the orbit will oscillate back
and forth between a minimum and maximum. We refer to
this process as the tilt process.

In the case of the classical Stark problem,the semi-major
axis a of the orbit remains constant and the oscillation of
the eccentricity and inclination can be described analyti-
cally as a function of time. For the case where the initial
orbit is circular and the normal of the orbital plane is in-
clined by an angle iy with respect to the force, the eccen-
tricity can be derived from (cf. Namouni|[2005; Namouni &
Guzz0o/|2007))

de 3 a . . 9 R
@ =\ an A(t)ey/sinig” — €2, (1)

where G is the gravitational constant, M, the mass of the
star, € is the sign of cosw, and A(t) the acceleration, which
we allow to vary in time (it is constant in the classical Stark
problem). Integrating Eq. [1| yields

(3 [a [t
sin (2 GM*/O A(t)dt)smzo

The inclination ¢ can be obtained via

e(t) = : (2)

COS 19
V1—e®)?

from the conservation of the angular momentum component
along the direction of the force.

In the solutions to the Stark problem given above, orbit
averaging is applied. The description therefore also applies
when considering the rings of a disc that move on Kepler
orbits.

(3)

cosi(t) =

2.2. Tilt process for a gaseous disc

In the case of a gaseous disc embedded in an ISM flow, the
force is exerted by the ram pressure of the flow. In contrast

to the classical Stark problem, F is not constant but de-
pends on the relative velocity of the gas particles in the disc
with respect to the velocity of the flow. As a consequence,
the acceleration on a gas particle in the disc depends on its
location in the disc and the component of its orbital veloc-
ity parallel to the ISM velocity, v|. Qualitatively, however,

the effect of the force exerted by the flow is the same as
described above: the decrease in the force when v is in the
same direction as wvigy iS compensated by an increase in
the force when v)| opposes vism. For the present purposes,
we can assume that the disc consists of an incompressible
gas. A complete derivation would require solving the fluid
equations for conservation of angular momentum (Olbers
et al|2012)), which is non-trivial for a disc that becomes
eccentric. The acceleration can then be written as

 prsu (vism — vy (7, ¢))2 cosi(t)
B (r, ¢,t) 7

where r and ¢ are cylindrical coordinates, pisnv and vism
are the density and velocity of the ISM flow, X(r, ¢,t) is
the surface density profile of the disc, and the factor cosi(t)
arises from accounting for the inclined surface area.

Apart from the loss of axisymmetry due to the non-
constant force, the description in Sect. is complicated
by two additional effects: (1) the accretion of ISM causes
the disc to contract so that the orbital semi-major axes of
the particles are no longer constant and (2) gas particles
in the disc do not orbit independently from each other be-
cause the gas interacts gravitationally, hydro-dynamically,
and viscously. Considering the first effect, we showed in pa-
per IT that in case of axisymmetry da/dt depends on the
change in the surface density profile of the disc and that
there is no analytic solution to describe a as a function
of time. Furthermore, A(r, ¢,t) depends on the eccentricity
via cosi(t) and Eq.|3| Since, via the surface density profile,
a(t) also depends on the eccentricity, integrating Eq. |1 no
longer results in Eq. 2] and the coupled differential equa-
tions for da/dt, de/dt, and dw/dt (see e.g. [Namouni |2005)
would have to be solved simultaneously. Second, gas dy-
namical and viscous interactions in the disc have not been
taken into account. It may be sufficient to describe de/dt
in a gaseous disc by including a dissipation term in Eq.
to account for these interactions. The dissipation will damp
the amplitude of the oscillation in the eccentricity and incli-
nation. Unfortunately, little is known about this dissipation
and hence we cannot include a dissipation term in Eq.
Considering this and the above-mentioned point that the
assumption of axisymmetry is no longer valid, solving the
coupled differential equations would not yield a compre-
hensive physical description of the tilt process in a gaseous
disc.

In order to obtain a qualitative description of the pro-
cess to which we can compare our hydrodynamical simula-
tions, we use several simplifying assumptions. By neglecting
dissipation and the component of the force that depends on
the location in the disc, assuming axisymmetry and treating
cos i as constant in time, we can write

A(r, ¢, 1) (4)

2 .
PISMVISM ™~ COS ©
A(r,t) = s 2 (5)

Using the theoretical model for ISM accretion derived in
paper IT and assuming that prgn and vigy are constant, we
can write the surface density profile as

(6)

where we assume that the surface density profile at ¢t = 0
can be written as Xo(r/ro) ™" and we take the perpendicular

S(r,t) = Xo(r/ro) ™™ 4 5prsmuism cos ig t

Article number, page 3 of 14



A&A proofs: manuscript no. 30793 _hk

component of vigy as discussed in Sect. 5.5 of paper II.
With the simplifications above we can write

S(r,t)

=0 "

t 1
/ A(r,t)dt' = —visp In
0 5

and we use Eqs. 2] and [3] to qualitatively describe the be-
haviour of the disc. Although physically this is not correct,
we show in the results section that this still provides an
insightful description of the physical process.

We estimate a time scale for the change in eccentricity,
Te, at t = 0 from Eq. |1} assuming that 7, = (de/dt)~! and
that the disc is axisymmetric. Using Eq. [5| this yields

ro(r) = 20011 (1) 2(r)
‘ 3p1sMuIsM2 cos g sindg

(8)

with vorb(r) = /GM,/r. Since the changes in inclination
and eccentricity are coupled, the inclination varies on the
same time scale. We can relate 7. to the time scale of mass
loading onto the disc, i.e. Eq. 8 from paper 11

) X(r)
Tm\T) = -o———————————,
SPISMUISM COS %o

(9)

to derive for which ve,(7), i-e. at which r, the eccentric-
ity changes faster than the disc contracts. Equating Eqs. [§]
and |§| gives Uorb(r) < 3/10visMm sindg. For a given momen-
tum flux from the ISM, the tilting is thus more effective at
high incoming velocity rather than at high ambient density.
This is a consequence of the dependence of the process on
the ram pressure, prsmUism>, so that increasing vigy has a
stronger effect than increasing prsnm.

The mechanism described above implies that the tilting
of the disc happens without any precession and that the
component of the angular momentum parallel to the veloc-
ity and force vector remains unaffected by this process. In
the next section we verify the qualitative theoretical pre-
dictions of this mechanism using numerical simulations.

3. Numerical set-up

We investigated the influence of an ISM flow on the
disc by performing hydrodynamical simulations of a self-
gravitating gas disc embedded in an ISM flow. We com-
pared these simulations to an N-body model in which we
approximated the dynamics by considering the orbits of
test particles (representing the gas disc) subjected to the
gravity of the central star and the momentum and mass
flux imparted by the ISM flow. Thus, in the hydrodynam-
ical simulations, the tilt process occurs self-consistently as
a result of interaction with the inflowing ISM, while in the
N-body simulations the tilt process is induced by applying
an artificial pressure force on the particles.

3.1. Hydrodynamical simulations

We performed smoothed particle hydrodynamic (SPH) sim-
ulations for which we used the same set-up as outlined in
paper II. Our computational domain spans a cylinder with
a length of 400 AU and a radius of 200 AU. The disc, con-
sisting of 128 000 SPH particles, is positioned in the middle
of the cylinder. A schematic overview of the set-up is shown
in Fig. 1 in paper L. In contrast to papers I and II, we gave
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the disc an inclination i of 45° with respect to the radial
axis (see top right panel of Fig. . As described in paper I,
we constructed the incoming gas stream by adding a slice
of new particles at the inflow boundary of the domain ev-
ery time step. We used the SPH code Fi (Pelupessy et al.
2004) within the AMUSE framework (Portegies Zwart et al.
2013} [Pelupessy et al. 2013)El For a detailed description of
the set-up we refer to Sect. 3 of paper I and Sect. 3 of
paper II. We used the same initial conditions and parame-
ters as in paper II, which are repeated here in Table [I] Fi
uses the Monaghan & Gingold| (1983)) prescription for the
viscosity factor Il;;, but takes the minimum of the density
and the maximum of the sound speed between two neigh-
bours instead of the mean. Therefore, Fi is able to resolve
shocks even at a relatively low value of the artificial vis-
cosity parameter agpy. Our assumed value of agpy = 0.1
corresponds to a physical « of roughly 0.02 in the [Shakural
& Sunyaev| (1973) prescription (following |Artymowicz &
Lubow|1994)). To distinguish the disc from the flow we used
the clump finding algorithm Hop (Eisenstein & Hut||[1998)
in the parameterspace of vg, p, and v, (see Sect. 3 of paper
IT). For the SPH particles that are assigned to the disc by
this algorithm and are gravitationally bound to the star,
we calculated the orbital eccentricity and inclination from
their orbital energy and angular momentum assuming they
follow Kepler orbits. The orbital parameters are used in
the analysis in Sect. [df We defined the overall eccentricity
and inclination of the disc or a ring within the disc at any
moment in time as the average of that parameter over the
respective particles at that moment.

3.2. N-body model

We used the code Huayno (Pelupessy et al.[2012]) within the
AMUSE framework to perform the N-body simulations.
Here we represent the disc by test particles that feel the
gravity of the central star and have their velocity and mass
m changed by the captured mass and momentum from the
ISM flow. We changed the mass of the N-body particles to
account for the accretion that occurs in the gaseous disc,
as described in paper II. The particles accrete mass and
momentum according to assigned cross sections, assuming
they are distributed in a flat disc. In the N-body simula-
tions, the disc consists of 5000 particles that are distributed
according to the parameters listed in Table [I] We assigned
each particle a fixed cross section o depending on its radius,
USing O'(’I“) = Udisc(T/Rdisc,inner)_lﬁ/ Ep(r/Rdisc,inner)_lﬁv
where o 4;sc 1S the total surface area of the disc and Zp is the
sum over all particles, such that the sum of the individual
cross sections equals the surface area of the disc. As in the
SPH simulations, we started the simulations with the disc
inclined by an angle ¢ = 45° with respect to the incoming
flow. To mimic an ISM flow in the N-body simulation, di-
rected along the x-axis, we increased the mass and velocity
of each particle every time step using

Am = pigm(vism — vz )0 cosigAt,
_ pism(vism — vg) %0 cosigAt (10)

Av,
v m+ Am

for the particles with v, < vigm. Multiplying by cosig in-
stead of cosi(t) introduces a minor error compared to the

! http://www.amusecode.org
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Table 1. Initial conditions for our simulations. Only the density and velocity vary between simulations, which are listed in Table

Parameter Value Description

Nisc 128 000 Number of disc particles

n 2.3 Mean molecular weight

M, 0.4 Mg

fdisc 0.01 A/Z{dTi:C

Rdisc,inner 10AU

Rdisc,outer 100 AU

X(r) ZO(%)_I‘5 Surface density profile

EoS Isothermal Equation of state

T 25 K Temperature of gas particles

Cs 0.3kms™' Sound speed

Rgink 1AU  Sink particle radius

Nneighbours 64 &2

€grav 1AU Gravitational softening length
QSPH 0.1 Artificial viscosity parameter
Bspu 1  Artificial viscosity parameter
Lcyiinder 400 AU Length of computational domain
Reylinder 200 AU Radius of computational domain
tsim 10 000 yr  Duration of the simulation

one introduced by the fixed cross sections in time. Assigning
new, physically consistent cross sections each time step is
non-trivial as the surface density profile of the disc changes
during the simulation, and we therefore decided to keep
them constant. We experimented with cross sections that
vary in time, but they provided practically the same out-
come of the simulations. We calculated the eccentricity and
inclination of the particles in the same way as we did for
the SPH simulations.

To provide a qualitative theoretical description of our
N-body models, we assume that we can write the acceler-
ation of a particle as

A(T t) _ pISM’UISMQO'(T’) COSiO
’ m(r,t)

; (11)

analogously to Eq. [} but replacing X(r, t) by m(r,t)/o(r),
where o(r) is the cross section of the particle and its mass is
given by m(r,t) = mo + pismvismo (1) cosigt. As discussed
in Sect. this does not provide a physically correct de-
scription of the evolution of the particles at any moment
in time. However, we show that for the first oscillation of
the eccentricity and inclination in our N-body models this
approximation is still adequate.

3.3. ISM densities and velocities

We chose six combinations of densities and velocities that
overlap with those used in paper II. The lowest velocities
that we used in paper II, 1 and 3 km/s, are in the regime
where gravitational focusing, i.e. Bondi-Hoyle accretion, of
ISM from radii > Rgjsc complicates the analysis. Further-
more, the change in eccentricity and inclination of the disc
is expected to be stronger at a higher momentum flux. As a
representative sample of velocities, we therefore used v = 5,
10, and 20 km/s. The simulations with the lowest number
density we used in paper II, n = 5 x 10* cm ™3, seemed to
suffer from numerical issues (due to the low number of par-
ticles in the flow, see Sect. 5.1 of paper II). We therefore

Table 2. Models used for our alignment study.

Label v [km/s] nlem™3] plg/em?] i[°]
V5N5i45 5 5x10° 19x 1078 45
V5N6i45 5 5x 106  1.9x10717 45
V10N5i45 10 5x10° 1.9x 1078 45
V10N6id5 10 5x 106  1.9x10717 45
V20N5i45 20 5x10° 1.9x 1078 45
V20N6i45 20 5x 106  1.9x10717 45

Columns 1 to 5: The label we use to refer to the
simulation, the velocity of the ISM, the number density of
the ISM, the mass density of the ISM, and the inclination

of the disc’s axis with respect to the ISM flow.

decided to use n = 5x 10° and 5 x 108 cm 3. For these num-
ber densities, > 10% cm ™3, and our adopted temperature of
25 K, the cooling time scale is < 16 years (see Sect. 3.1. of
paper I). Assuming the same mean molecular weight of 2.3
as in paper I and II, these number densities correspond to
mass densities of 1.9 x 10718 and 1.9 x 10717 g/cm3. This
results in six different models, which are listed in Table

Our aim was to understand the physical process that
changes the orientation of the disc, as a function of the
density and velocity of the ISM. We therefore started each
simulation with an inclination of 45 degrees, which we re-
gard as a representative value and which allowed us to dis-
entangle the relevant physical mechanisms that govern the
response of the disc to the ISM flow.

4. Results

We start by discussing simulation V20N6i45 (see Table
by comparing the behaviour of different rings in the disc
in the N-body and SPH simulations in Sect. Then we
discuss the evolution of the disc as a whole in all simulations
in Sect. and we end with the evolution of the angular
momentum vector in Sect.
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4.1. Evolution of concentric rings in the disc

We discuss simulation V20N6i45 in detail because it has
the highest momentum flux and therefore the change in in-
clination within the time frame of our simulations is more
prominent than in the other models. At ¢ = 0, we binned the
disc particles in ten concentric rings. We followed the par-
ticles in each ring over the time span of the simulation and
averaged the eccentricities and inclinations of the particles
in that ring. In Fig. [J] we show the evolution of the eccen-
tricity and inclination of four representative rings within
the disc, i.e. the inner and outer ring and two rings that
are equally spaced between them, for both the N-body and
SPH simulation. In this simulation, disc material at radii
2 50 AU is stripped from the disc by ram pressure. Figure
[2] shows that in the N-body simulation the rings at 95 and
67 AU are indeed completely stripped after 110 and 390
years, respectively. However, in the SPH simulation a small
fraction of the disc material at large radii remains part of
the disc and migrates to smaller radii. Less than 1% of
material that was originally in the outer rings survives and
remains in the disc.

4.1.1. N-body simulation

In the N-body simulation all rings behave independently,
as expected. The larger the distance of the ring to the cen-
tral star, the faster it changes its eccentricity (cf. Eq.
i.e. both @ and A(r,t) increase with r). Initially, the eccen-
tricity increases, which is followed by a change in the in-
clination. This is consistent with the mechanism discussed
in Sec. i.e. the inclination changes as a result of the
non-zero eccentricity. Although the solutions to the Stark
problem presented in Sect. are simplified and the parti-
cles within each ring do not have the same cross section, the
initial evolution of the rings is still well described by Egs.
and As expected, in the long term these equations
no longer provide an accurate description. We note that
the amplitude of the oscillation decreases. This is caused
in part by the binning of the particles, which averages out
the extreme values. In addition, individual particles reach
a maximum eccentricity that is smaller than theoretically
expected, i.e. emax = sinig (Eq. , on longer time scales.
According to the solutions to the classical Stark problem,
the minimum and maximum eccentricity do not depend on
the semi-major axis of the particle’s orbit and the angular
momentum component of the particles along the flow di-
rection, which is L, in our simulations, does not change.
However, the stripping of the outer rings also reduces L,
(see Sect. [4.3)), which might explain the lower maximum ec-
centricity obtained. This argument is supported by the fact
that in simulation V10N5i45, where practically no stripping
occurs, particles continue to reach the maximum eccentric-
ity until the end of the simulation.

Apart from the discrepancies described above, the initial
evolution of the inclination is fairly well described by Eq.
[Bl At later times, the inclination also deviates from the the-
oretically expected values. We conclude that the solutions
to the Stark problem of Sect. 2.2] provide insight into the
relevant mechanisms for the tilt process of a protoplanetary
disc at early times, while on the long term the description
is no longer accurate, due to the effects of mass accretion.
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4.1.2. SPH simulation

Upon inspection of the results of the SPH simulation, we
see that initially the rings follow a qualitatively similar be-
haviour to the N-body runs and the theory of Sect.[2.2] The
rings react independently to the ISM flow during the first
800 years. At later times, in contrast to the N-body simu-
lation, the eccentricities and inclinations are equalised and
the disc behaves collectively. We see this in all the simula-
tions, but the time scale on which the disc starts behaving
as a whole differs for each simulation. The higher the mo-
mentum flux in the simulation, the shorter the time scale on
which the rings start to evolve synchronously. Another no-
table difference between the N-body and SPH simulations
is that the amplitude of the oscillation is strongly damped
in the latter. This difference cannot be attributed to the av-
eraging of the eccentricity of particle orbits within a ring,
but it is due to gas dynamical and viscous interactions,
which limit the eccentricities that the orbits of the parti-
cles attain. As a result of dissipation within the disc, the
eccentricity cannot increase to the maximum value given by
the classical Stark problem. Eq. [1|should contain a dissipa-
tion term if it were to describe the evolution of the gaseous
disc more accurately. The dissipation in the disc eventually
circularises the orbits. The maximum eccentricity obtained
by a ring depends on the time scale on which the eccentric-
ity increases: at large radii the eccentricity increases faster
and therefore has reached a higher value before dissipation
causes the eccentricity to decrease. This is visible in the
bottom left panel of Fig. [2] where the outer rings reach a
higher eccentricity than the inner rings.

The initial change in inclination of the rings depends on
their radii, in accordance with the evolution of the eccen-
tricity. The increasing average inclination of the two outer
rings, starting around 150 years, is an artefact caused by
disc material that is in the process of being stripped but is
still associated with the disc by the algorithm that we use
to distinguish the disc from the ISM flow. At around 500
years, when this material is completely removed from the
disc, the inclination of these rings decreases rapidly as the
small fraction of gas they retain now determines their aver-
age inclination. The initially independent behaviour of the
outer rings is also visible in snapshots from the simulation.
In Fig. [3] we show snapshots of the column density in the
V20N6i45 simulation at four consecutive times: ¢ = 0, 250,
500, and 1000 years. The top row shows the edge-on view
where the ISM is flowing in from the left and the bottom
row shows the face-on view looking along (and in the di-
rection of) the angular momentum vector of the disc (as in
Fig. [1). When the flow hits the disc, the outer edge of the
disc is stripped by ram pressure. At ¢ = 250 and 500 years,
the outer edge experiences a larger change in its inclination
than the rest of the disc. At ¢ = 1000 years the disc behaves
as a whole, consistent with Fig. 2} In the face-on view at
t = 250 years the increasing column density at small radii
shows that the disc is contracting rapidly. This is caused by
the accretion of ISM with no azimuthal angular momentum
and by the change in the inclination, as discussed in Sect.
[2:2] Furthermore, the face-on view at ¢t = 1000 years shows
that the disc is clearly lopsided. The snapshots and orbital
elements of the gaseous disc indicate that the disc qualita-
tively behaves in the way illustrated in Fig.
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Fig. 2. At the start of the simulation, we binned the disc in both the N-body and SPH simulation V20N6i45 in ten concentric
rings, based on the minimum and maximum radius of the particles in the disc. The labels give the radius in the middle of each ring.
The top panels show the evolution of the eccentricity (left) and inclination (right) of four representative rings in the N-body
simulation as dashed lines. The bottom panels show the same quantities for the SPH simulation. The dotted lines represent the
theoretically expected eccentricity and inclination for each ring, using Eq. for the N-body and Eq. [5] for the SPH simulations
with the average parameters of each ring. Once a ring is fully stripped, we no longer plot the theoretical values. The vertical dashed
lines in the bottom panels give the time scale for eccentricity changes in the ring in the corresponding colour according to Eq.

4.2. Disc evolution for different flow conditions

In Figs. [] and [f] we show the evolution of the eccentricity
and inclination of the disc for all N-body and SPH simula-
tions. We have characterised the disc in each simulation by
taking the average of the eccentricity and inclination of all
the particles in the disc at each moment in time. We show
in Sect. [41] that for the SPH simulations the mean eccen-
tricity and inclination is a good indicator of the evolution
of the entire disc once all the rings evolve synchronously.
The N-body simulations are shown for comparison to the
SPH simulations, although the mean eccentricity and incli-
nation do not provide a reliable measure of the long-term
behaviour of the individual rings in these simulations (see
Sect. . The vertical line shows the time scale for ec-
centricity changes (Eq. for the characteristic radius of
the disc, which we have chosen to be half the truncation

radius of each disd®l The time scale for simulation V5N5i45
is 2.8 x 10* years, which is longer than the duration of the
simulation. Figs. [] and [5] show that the time scale of Eq.
provides a reasonable indication for the initial change in
the average eccentricity and inclination in the SPH simu-
lations. The green dashed curves are based on Egs. [2| and
[7 for the SPH simulations, again using half of the trun-
cation radius. This is expected to describe the short-term
behaviour of the eccentricity and inclination of the disc in
the SPH simulations.

2 The truncation radius is defined as the largest radius in the
disc that is not affected by ram pressure stripping. We use Eq. 2
from paper II, taking the ISM velocity component perpendicular
to the disc, to calculate this radius and take the minimum of this
radius and the initial disc radius.

The ISM impacts the disc after the start of the SPH simulations,
and we correct the time scale for this, which corresponds to an
increase of 3 % at most.
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Fig. 3. Edge-on (top row) and face-on (bottom row) snapshots from the V20N6i45 simulations. We note that the face-on view
is in the plane of the disc. The column density, pc, is shown in logarithmic scale and is integrated along the full computational
domain. The spatial scale is indicated at the bottom left and the flow direction at the top left.

In the SPH simulations, the gas dynamical and viscous
processes in the disc slow down the evolution of the eccen-
tricity and inclination compared the purely gravitational
N-body simulations. The SPH simulations show an increas-
ing trend in the maximum eccentricity of the disc with in-
creasing momentum flux. As discussed in Sect. the
maximum eccentricity depends on the time scale on which
the eccentricity changes, which decreases with increasing
momentum flux, and the dissipation time scale within the
disc. Assuming that the dissipation time scale is similar in
all simulations since the initial disc is the same, it is to
be expected that at a higher momentum flux the disc ob-
tains a higher eccentricity before dissipation within the disc
imposes the circularisation of the orbits. The maximum ec-
centricity is reached around the point where the disc starts
behaving collectively. After the eccentricity has reached its
maximum value, the inclination follows a different trend
than theoretically predicted and decreases more slowly. In
SPH simulation V10N6i45 the mean eccentricity is 0.05 at
the end of the simulation, when the inclination of the disc
is still 24° (see Fig. . As long as the eccentricity remains
non-zero there will be a net torque on the disc, as is evi-
dent from the declining trend of the inclination in Fig.
On long time scales, i.e. when 7, > 7y;, the effects of mass
loading and contraction have increased the surface density
profile and the resulting acceleration is small, making it in-
creasingly hard for the ISM flow to increase the eccentricity
again. The dissipation within the disc and the acceleration
exerted by the ISM flow probably obtain an equilibrium in
which the eccentricity of the disc asymptotically approaches
zero. In simulation V20N6i45, the disc has almost reached
perpendicular alignment and the eccentricity is 0.05. There-
fore, the net torque on the disc is small. As the net acceler-
ation decreases, it is difficult for the gaseous disc to reach
completely perpendicular alignment to the flow.
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In Fig. [6] we present the final face-on snapshot of the
discs in our SPH simulations at 10 000 years. We show the
column density in the plane of the disc, i.e. the same view-
point used in Fig. [3] As can also be seen in Fig.[d] the discs
in the simulations with the highest density (bottom row)
are almost axially symmetric at the end of the simulation.
On the other hand, the discs in the simulations with the
low density, in particular V20N5i45, are lopsided and show
asymmetries. A one-armed spiral structure is clearly visi-
ble in these low-density simulations. The spiral structure is
also present in simulations VoN6i45 and V10N6i45, but the
density contrast is less sharp at the end of the simulation.
All the modelled discs in our simulations show a one-armed
spiral during their simulation. The time scale on which the
spiral structure forms is roughly the eccentricity growth
time scale (Eq. , which is consistent with the eccentricity
being dissipated in the spiral arm structure.

4.3. Orientation of the angular momentum vectors

From the solutions to the Stark problem presented in Sect.
the total angular momentum of the disc is expected to
decrease as it tilts to an inclination of 0°. The change in
orientation of the disc therefore causes the disc to contract,
in addition to the contraction caused by the accretion of
ISM. When no accretion or stripping of disc material oc-
curs, the component of the angular momentum parallel to
the velocity vector of the flow is expected to remain con-
stant. Furthermore, there should be no precession of the
angular momentum vector.

To test these predictions, we show the evolution of the
angular momentum vectors of simulation V10N5i45 in Fig.
[l We express all angular momentum components in terms
of the initial value of the total angular momentum of the
disc. The large frame on the left shows the evolution of the



T.P.G. Wijnen et al.: Orientation and shape of protoplanetary discs

1.0 . . .

VbHN5idd

0.8F

0.6

0.4}

0.2}

V5HNG6i4d

L L

0.0 '
1.0 . . .

V10Nb5id5 I
I

0.8+ I
I

I

0.6+ I

0.4}

0.2}

LS,

V10N6i45

0.0 e

1.0 . . .

V20N5i45
0.8F

0.6

0.4}

0.2}

- 1

0.0

V20N6i45

- = 1

102 103

Time [yr]

100 10!

10* 10°

102 10%

Time [yr]

161

Fig. 4. Mean eccentricity of the particles in the disc for the SPH simulation (black), in the N-body simulation (purple), and as
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from Eq. 8| for half the truncation radius (see Sect.. The left column shows the simulations with a density of 1.9 x 107*® g/cm®
and the right column the simulations with a density of 1.9 x 1077 g/cm3.

total angular momentum of the disc, L, and the angular
momentum component along the flow direction, L,, as a
function of time for both the SPH and N-body simulation.
The two smaller frames on the right show the evolution of
the other two angular momentum components, L, and L.,
as a function of L.

In the N-body simulation, where no particles become
unbound, L, remains constant, while the total angular mo-
mentum decreases. When the disc is practically aligned per-
pendicular to the flow, L, = Ly and both L, = L, =0
and all components remain constant during the rest of the
simulation. The evolution of L, and L, as a function of L,
show that no precession is occurring.

In the SPH simulation, the situation is complicated by
the continuous loss of angular momentum. Gas from the
disc is accreted onto the star and disc material is contin-
uously stripped from the outer edge of the disc. Previous
work suggests that this stripping is numerical rather than
physical (see Sect. 5.2 of paper IT). Nonetheless, even keep-
ing this continuous loss of angular momentum in mind, Fig.
[7] illustrates that in the SPH simulation, the same process
occurs. The angular momentum vectors do not precess and

although L. does not remain constant, its change is caused
by continuous stripping of disc material rather than by the
tilt process.

5. Discussion
b.1. Model uncertainties

Although we use simplified solutions to the Stark problem,
we have shown that essentially the same physical mecha-
nism changes the orientation of a gaseous disc that is sub-
jected to an ISM flow. Using a more detailed description for
the semi-major axis a(t) and acceleration A(t) would not
provide a proper quantitative description for the evolution
of a gaseous disc because the dissipation of the eccentricity
within the disc is an unknown function of density, temper-
ature, and viscosity.

The viscosity in our models is not constrained by first
principles, but is set by a numerical free parameter and
therefore does not provide a physical understanding of the
dissipation. In reality, the dissipation in the disc may be
slower than in our simulations, in which case the obtained
eccentricity will be higher.
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Fig. 5. Similar to Fig. |4 but for the average inclination of the particles in the disc, using the same colour-coding and plotting the
same time scales. The theoretically expected inclination is derived from the eccentricity in Fig. [ using Eq. [

The N-body models presented in this work do not in-
clude self-gravity between the test particles. This is a delib-
erate choice. The simplified N-body model illustrates the
basic physical mechanism that changes the orientation of
the disc. We also performed N-body simulations taking the
gravity between the individual particles into account, but
they do not provide additional insight into the process that
occurs in the SPH simulations, which is determined by the
additional effects of pressure and viscosity.

The tilt process requires that the obits in the disc are
(close to) Keplerian. If this it not the case, for example in
massive discs, then the eccentric orbits are not closed and
they will precess. The resulting rotation of the argument of
pericentre affects the direction of the torque. This may pre-
vent the tilt process from occurring, for example, in galactic
discs.

5.2. Observed orientations of protoplanetary discs

Figure[§|shows the time scale on which a disc with the same
parameters as in our simulations is expected to change its
inclination substantially as a function of the ambient den-
sity and relative velocity. In addition to the density and
velocity, this time scale also depends on the surface density
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profile of the disc, its initial inclination with respect to the
velocity vector, and mass of the host star. Our simulations
show that this time scale is an upper limit because the disc
generally reacts on a shorter time scale (cf. Fig. [5). The
time scale can differ by orders of magnitude between very
rapid (< 10* years) and slow (106 — 107 years) compared to
the typical lifetime of a protoplanetary disc. Typical veloc-
ities (1-3 km/s) and average densities (~ 10! g/cm?) ob-
served in star-forming regions (see e.g. Lada & Lada)2003])
are probably not sufficient for a substantial change in in-
clination. Continuously moving in a straight line through a
homogeneous density of 107 g/cm?® with a velocity of 3
km /s will effectively change the inclination after 10° years.
Although the densities and velocities in the dense cores of
such star-forming regions are sufficient, the stellar orbits
change the velocity vector on shorter time scales, i.e. less
than the typical cluster crossing time. Therefore, if a pop-
ulation of protoplanetary discs in a star-forming region is
observed to have a preferred orientation with respect to
their velocity vector, this may indicate that their velocities
and the ambient density that the discs have moved through
in the past were high. This can provide constraints on the
initial conditions of the star-forming region, in particular
in the outskirts of dense star-forming regions where the fre-
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Fig. 7. Left frame: Total angular momentum of the disc, Liot,
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and SPH (black) simulation V10N5i45. Right square frames:
Evolution of the two remaining angular momentum components
as a function of L, for the N-body and SPH simulations using
the same colour coding as in the left frame. All angular momen-
tum vectors are expressed in terms of the initial total angular
momentum of the disc.

quency of close encounters that change the orientation of
the velocity vector is low. However, in the outskirts the
ambient gas density is also lower and the change in incli-
nation may be small. In the core of the cluster, the imprint
of the tilt process may be washed out by the frequent or-
bital changes of the stars. Even if the frequent change of

the velocity vector in the core of an embedded cluster had
a small net effect on the inclination of the disc, the cumu-
lative effect of the small inclination changes could still lead
to a substantial contraction of the disc.

The tilt process is expected to have little effect in small
and sparse star-forming regions where the densities and ve-
locities are low. Because a higher mass density implies a
higher velocity dispersion, a correlation is expected between
the mass density of star-forming regions and the orientation
of the protoplanetary discs they host. This is in contrast
with other scenarios that explain the observed spin-orbit
misalignment as these generally do not prefer a certain ori-
entation (e.g. dynamical encounters) or do not depend on
the environment (e.g. magnetic interactions between the
star and the disc). The relevance of the tilt process with
respect to other scenarios can be tested with observations
and with simulations. Simulations of stellar orbits in star-
forming regions can provide insight into whether the ex-
pected distribution of disc orientations is distinguishable
from a random distribution.

The presence of winds from massive and giant stars and
supernovae ejecta can also affect the orientation of nearby
discs. The winds of giants have typical velocities of the order
of 10 km /s, while for massive stars and supernova ejecta this
is two to three orders of magnitude higher, which increases
the relative velocity and makes the process more effective
(see Fig. . The temperature of these ejecta is much higher
than assumed in this work. As a result, the disc may not
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Fig. 8. Time scale on which the inclination is expected to change
and spiral arms are expected to form for the disc parameters,
and corresponding typical radii (see Sect. [4.2)), in our simula-
tions as a function of their ambient density and relative velocity
(Eq. . The spacing of the isochrones depends on the influence
of ram pressure stripping. The circled regions provide an order
of magnitude estimate for different environments: winds from
massive stars and giants (Owocki[2013, Van der Helm et al., in
prep.), supernova ejecta (SN, |Ouellette et al.|2007) and embed-
ded open and young massive clusters (EC, Lada & Ladal[2003;
[Portegies Zwart et al.[[2010]).

accrete the hot gaseous ejecta as efficiently as it accretes the
cold gas. |Ouellette et al.| (2007) performed 2D simulations
of the interaction of a protoplanetary disc with supernova
ejecta and found that 99 % of the hot gaseous material is
deflected around the disc (contrary to the cold dust of which
more than 90 % is accreted, |Ouellette et al.| 2009, 2010).
However, the tilt process depends on the force exerted by
the inflowing material and not on the accreted material.
The net effect on the tilt process may be similar, but to
verify this requires additional simulations that are beyond
our computational limitations (see Sect. [5.4).

Observations show that most hot Jupiters, i.e. Jupiter-
mass planets with a period < 10 days, are misaligned (see
e.g. [Triaud et al|[2010), but the spin-orbit misalignment is
not restricted to hot-Jupiter systems (Huber et al.|[2013).
The formation of hot Jupiters is generally associated with
dynamical interactions between planetary and stellar com-
panions. The observations that hot Jupiters around main
sequence stars occur more frequently in open clusters than
in the field (Brucalassi et al.[|2016, [2017) is therefore related
to dynamical interactions within the cluster. The contrac-
tion of protoplanetary discs caused by the tilt process and
accretion of ISM would lead to more compact and possibly
misaligned planetary systems in dense environments com-
pared to planetary systems in sparse regions and the field
(Wijnen et al.[2017). A study of the occurrence of spin-orbit
misalignment as a function of stellar environment may pro-
vide additional constraints on the relevance of the tilt pro-
cess, in particular for stars with multiple co-planar planets.
Based on the time scale estimate in Fig. [S|and on our sim-
ulations the tilt process will probably not cause very large
obliquities, which are more likely the result of dynamical
interactions.
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5.3. Asymmetries and spiral arms in protoplanetary discs

Our simulations show that asymmetries and spiral struc-
tures observed in protoplanetary discs, which are usually
associated with planet formation, could be caused by the
movement of a protoplanetary disc through an ambient
medium. In turn, these structures could cause or aid planet
formation. The spiral structures and asymmetries form even
when the inclination of the protoplanetary disc does not
change substantially, as in simulation V5N5i45. The spiral
arms in simulations V5N5i45 and V10N5i45 are similar, in
both shape and size, to the spiral-like structure observed
by [van der Marel et al| (2016) in the HD135344B transi-
tion disc (see their Fig. 1). The time scale given by Eq.
gives us an indication of the extent to which the tilt process
can cause the formation of spirals arms and asymmetries in
the disc in nature. The tilt process can only be plausibly
considered to be a trigger for planet formation if it occurs
on time scales < 10° years, as planets are expected to start
forming around protoplanetary disc lifetimes of 10® years
(e.g. Williams & Ciezal |2011)). As discussed in Sect.
for typical velocities in star-forming regions the protoplan-
etary disc will have to move through an ambient density of
> 10719 g/cm? continuously for 108 years, which can only
occur in the cores of embedded clusters. Therefore, for spi-
ral arms to form in this process, the protoplanetary discs
should pass through a high-density region and/or the rela-
tive velocity should be high. This passage can be relatively
brief with a duration of < 10* years. This may happen
in the vicinity of winds from massive stars and supernova
ejecta, although that introduces stochasticity making it un-
likely as a general process. A more generic situation would
arise when the star and protoplanetary disc leave their na-
tal core. Whether this is a plausible scenario needs to be
investigated with future studies, for example by integrat-
ing the orbits of stars and their protoplanetary disc over
their ambient density and relative velocity in simulations
of star-forming regions (e.g. Bonnell et al|2003).

Our study also suggests that, similar to the orienta-
tion, the occurrence of lopsided discs may scale with the
gas density and velocity dispersion of star-forming regions.
Observational studies on the occurrence of lopsided pro-
toplanetary discs can therefore also shed light on the rel-
evance of this process. Simultaneously, such observations
could provide constraints on the time scale of dissipation of
the eccentricity in the disc. However, these studies may be
difficult because our work suggests that in the long term,
t 2 7., the eccentricity of the disc may not be much larger
than ~ 0.1.

5.4. The solar system

The observed misalignment of 7° between the equatorial
plane of the Sun and the orbital plane of its planets can, in
principle, be explained by the tilt process presented here.
The observation of short-lived radioisotope tracers in me-
teorites (see e.g. [Tachibana & Huss|[2003) indicates that
during its formation the solar system may have experi-
enced an interaction with supernova ejecta. Unfortunately,
we cannot perform a fully consistent hydrodynamical sim-
ulation with our SPH model because the relatively low
density and high velocity of the supernova ejecta would
cause severe numerical artefacts with our current code.
However, we can investigate whether this interaction can
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also explain the observed misalignment by performing a
simulation with our simplified N-body model, assuming
a 1 Mg star and otherwise the same disc parameters as
in our other N-body models. We use the time-dependent

supernova density, p o< ((t + tiray) /ttrav)f?’, and velocity,

0 o ((t + tray) /tiay) ", from (Ouellette et al| (2007) (see
also [Matzner & McKee||1999), which scale with the travel
time ttray = d/vo from the supernova to the disc where vg
is the initial velocity of the ejecta, and assume that all mo-
mentum is transferred but only 1% of the injected mass is
accreted. For a supernova explosion with an energy of 10°!
ergs and ejected mass of 20 Mg at a distance of 0.3 pc, our
simulation gives an average eccentricity of 0.2 and a change
in inclination of 9° when the ejecta have passed after 2000
years, which is the duration of the simulation in |Ouellette
et al| (2007). Within the first 100 years 80 % of the change
in inclination is obtained, which approximately corresponds
to the scaling time scale ti;.,. The reaction of the disc in
the N-body simulations is generally faster than in the hy-
drodynamical simulations, but the estimated time scale for
supernova ejecta in Fig. [§loverlaps with the 2000 years given
by the|Ouellette et al.]2007 model. Furthermore, the radius
of the disc is truncated to roughly 40 AU in the N-body
simulation, which resembles the inferred outer edge of the
early solar nebula of 30 AU (see e.g. |Adams| 2010). The
eccentric orbits that result from interaction with the super-
nova ejecta may be related to other phenomena observed
in the solar system. When planetesimals move on eccentric
orbits, an inclination instability may set in (see Madigan &
McCourt| (2016))), which can explain the observed strange
orbits of planetesimals in the outer solar system without
needing to invoke ‘Planet 9’ (Batygin & Brown||2016, al-
though see |Jilkova et al.|[2015| for an alternative scenario
in which these objects could have been captured during a
fly-by). Further accurate modelling of the interaction of the
Sun’s protoplanetary disc with supernova ejecta can provide
a more conclusive insight into the possible relation between
the enrichment of the solar system and its spin-orbit mis-
alignment. Such studies may also help to put constraints
on the nature and parameters of the ejecta that interacted
with the solar system.

6. Conclusions

In this work we explain why a protoplanetary disc — and
by extension any circumstellar disc — changes its orienta-
tion and shape when it moves through an ambient medium.
The driving mechanism behind the change in inclination is
similar to the physical process known as the Stark problem
(i.e. eccentricity pumping with conservation of the angu-
lar momentum component along the direction of the force)
for which theoretical solutions exist. Here we use these so-
lutions and compare them to a simplified N-body model
and to self-consistent hydrodynamical simulations. Even if
the disc is initially axisymmetric, the force exerted by the
flow will make the disc lopsided and cause a net torque on
the disc. Consequently, the inclination of the disc changes
and the disc will align its angular momentum vector paral-
lel to the relative velocity vector between the disc and the
ISM. This process occurs without precession of the disc.
The higher the velocity relative to the ISM, the more effec-
tively this process changes the inclination.

In the restricted theoretical Stark problem, the angu-
lar momentum component along the flow direction remains
constant, but the net torque decreases the total angular mo-
mentum. Therefore, in the process of changing its orienta-
tion, the disc also contracts. This contraction is in addition
to the contraction caused by the accretion of ISM with no
azimuthal angular momentum with respect to the disc (see
Wijnen et al.|2017). The continuous contraction and accre-
tion of the ISM decreases the efficiency of the tilt process.
The higher the surface density profile of the disc, the more
difficult it becomes to change its orientation as the force
per unit mass decreases. Furthermore, the net torque also
decreases with decreasing disc size.

The increase in eccentricity of orbits in the disc is coun-
teracted by gas dynamical and viscous forces that circu-
larise the orbits. From our simulations, we cannot draw
any conclusions about the nature and strength of this dissi-
pation, not least because the viscosity in our simulations is
numerical. The physical viscosity is approximated because
its nature and magnitude are still subject to debate.

In addition to the disc becoming eccentric, a spiral arm
forms in the disc maintained by the balance between the ec-
centricity dissipation and the force exerted by the flow. Spi-
ral arms are usually thought to be invoked by the presence
of a planet, but our study shows that this is not a necessary
culprit. On the contrary, the emergence of a spiral arm may
initiate planet formation. The spiral arm forms even if the
inclination of the disc does not change substantially. Proto-
stars and their discs emerge from embedded environments,
but it is not clear whether the formation of spiral arms is a
generic process in such environments. For the tilting of the
disc to occur within about 10° years, relative velocities > 5
km /s and/or ambient densities > 10719 g/cm? are required.
Conditions with similar time scales can be found in young
massive clusters and also in regions that have been affected
by winds from massive stars or by supernova ejecta. Simu-
lations with our simplified N-body model indicate that the
interaction of the solar system with supernova ejecta could
be responsible for the observed 7° misalignment between
the Sun’s equatorial plane and the plane of the planetary
obits.
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