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Abstract

Gas giant satellites are generally believed to form in circumplanetary disks (CPDs): a gas disk contain-
ing solid particles that accumulate to form moons over time. The discoveries by the Cassini-Huygens
mission have led to a revision of the birth environment of the Saturnian system.

The aim of this thesis is to constrain the formation circumstances of Titan’s building blocks by consid-
ering the satellite’s observed characteristics, and identify the implications therefrom on Titan’s present
state. We use the Protoplanetary Disk Modelling (ProDiMo) tool to model radiation thermo-chemical
CPDs, and evaluate them on their capacity to reproduce a Titan-like satellite.

To form a moon with Titan’s ice-to-rock ratio, we find that the dust-to-gas ratio in the CPD must
be in the order of solar nebula values, log(d/g) = —2.05 + 0.2. The ice availability upon accretion
is otherwise incompatible with Titan’s moment of inertia. Our models predict a large NH; inventory
was available upon Titan’s formation, ~10-20wt.% of the total ice. Our findings are consistent with
the hypothesis that the observed N, in Titan is captured as NH5, and are compatible with the possible
presence of a conductive layer at 45+15 km as revealed by the Huygens probe.
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Abbreviations and acronyms

A&A Astronomy and Astrophysics
CEQ Chemical EQuilibrium

CPD Circum-Planetary Disk

GCMS Gas Chromatograph Mass Spectrometer
HASI Huygens Atmospheric Structure Instrument
MMsN Minimum Mass sub-Nebula

Mol  Moment of Inertia

MRI  Magneto-Rotational Instability
PPD Proto-Planetary Disk

ProDiMo Protoplanetary Disk Model
RDA Radau-Darwin Approximation
SED Spectral Energy Distribution
SEMM Solids Enhanced Minimum Mass
uv Ultra-Violet

Constants

Pritan  Titan mean density

Agaturn  Saturn semi-major axis

Lo Solar luminosity

Msaturn  Saturn mass

Mritan Titan mass

Mg  Solar mass

Rsaturn  Saturn radius

Rritan  Titan radius

Elements and molecules

Ar Argon

C Carbon

C,H, Acetylene

C,H; Ethylenyl

C,H, Ethylene

Nomenclature

1.8820 - 103 kg m~3
1.4335-1012 m
382.8- 1024 Js~1
5.6832 - 1026 kg
1.3452 - 1023 kg
1.9885 - 1030 kg
5.8232-107 m

2.5747 -10° m
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X Nomenclature
C,H:; Ethyl radical
Cs;H, Cyclopropenylidene

CH;0 Methoxide

CH3;OH Methanol

CH, Methane

CO  Carbon monoxide
CO, Carbon dioxide

Fe Iron

FeS Ferrous sulfide

H,O Water

HCN Hydrogen cyanide
HNO Nitroxyl

N Nitrogen

N, (Molecular) Nitrogen
Na Sodium

Ne Neon

NH;  Ammonia

NO Nitrogen oxide

O Oxygen

OH Hydroxide

PAH  Polycyclic aromatic hydrocarbon
Symbols

apow Powerlaw size index
fice  lce over total weight

Ja(r,z) Local radiation field

Fy

d/9)

a

B

X
Av

€2D

Midplane gas pressure
Dust-to-gas ratio
Turbulence

Flaring index

Incident vertical UV
Relative velocity
Accretion rate

Radial powerlaw index

2D accretion efficiency



Nomenclature

Xi

Pcore
Pg
Pice

pocean

LSaturn
Lyv
Mcpp

P

p

3D accretion efficiency
Pebble accretion efficiency
Headwind prefactor
Tapering-off exponent
Viscous heating rate (per volume)
Gap opening parameter
Reynolds number

Viscosity

Orbital frequency

Mass density

Core density

Gas mass density

Ice density

Ocean density

Gas column density
Dimensionless stopping time
Titan formation timescale
Maximum dust size
Minimum dust size

Optical extinction

Isothermal speed of sound
Dust size

Modulation factor

Viscous heating rate (per column)
Gravity

Reference scale height

Gas scale height
Normalized gas scale height
Normalized pebble scale height
Saturn luminosity

UV luminosity

Disk mass

Pressure

Scaling parameter



Xii

Nomenclature

dhw/sh Transition mass ratio

qs Seed to planet mass ratio
r Radial distance to Saturn
Reore  Core radius

T Distance to satellite center
i Hill radius

Tincpp Disk inner radius

Toutcpp Disk outer radius

Ty Seed radius

Tiaper,cPD 1aper radius

T Temperature

Thack Background temperature
Tq Dust temperature

Tetr Effective temperature

Ty Gas temperature
Uy Relative flux

v Frequency

v, Transition velocity

Vhw Headwind velocity

vk Keplerian speed

Vsh Keplerian shear velocity

z Height above the midplane

I Mean Mol



Introduction

Titan is similar to Ganymede and Callisto in mass and size, but differs from the Jovian moons in that it
is the only large satellite around Saturn, it is host to a massive atmosphere and has a unique internal
structure. The parallels between the Jovian and Saturnian systems have led to believe that they both
formed in a disk surrounding the giant planets, a cicumplanetary disk (CPD). Hamilton (2013) suggested
that the Saturnian system contained initially four massive regular moons, like the Jovian system does,
but these collided after an orbital instability event. In this scenario, Titan would have re-acreted from
the debris-like disk, and its origin would not be primordial (Hamilton 2013). Differences between the
Jovian and Saturnian system architectures have also been explained through distinct mass inflow from
the protoplanetary disk (PPD) and the different evolution of a cavity in the disk (Sasaki et al. 2010).
Under these different conditions, a single massive satellite can remain in the CPD (Sasaki et al. 2010).
Equally, Fuijii and Ogihara (2020) show through N-body simulations that a Titan-like satellite can survive
inwards migration in the disk for the expected viscosity values. A primordial origin of Titan is therefore
possible. The origin of moons inner to Titan, however, remains an issue of debate. Saturn’s young rings
(less et al. 2019), the fast tidal migration of its moons (Lainey et al. 2020), and observations of new
moons forming in the rings (Ida 2019), suggest that these moon’s formed from the rings, not the CPD
(Salmon et al. 2010; Canup 2010; Charnoz et al. 2010; Charnoz et al. 2011; Cuk et al. 2016). Titan’s
characteristics constitute thus the most robust constraints on the Saturnian CPD conditions which, in
turn, provide clues on the possible uniqueness of satellite system formation mechanisms.

Voyager and Cassini data allowed to constrain Titan’s mass, radius and mean density. Titan’s gravity
harmonics were determined up to degree-three by radio tracking measurements from Cassini (less et
al. 2010). From these, a moment of inertia (Mol) of 0.327-0.334 (Gao and Stevenson 2013; Tobie et
al. 2014), between Ganymede’s 0.3105+0.0028 (Anderson et al. 1996) and Callisto’s 0.3549+0.0042
(Anderson et al. 2001), could be inferred. Titan’s Mol is relevant in that it provides information on the
radial mass distribution in the satellite, and is an indicator of the possible chemical composition of the
body.

Interior models assume ice fractions ranging from ~ 30wt.% (Fortes 2012) to ~ 50wt.% (Grasset
et al. 2000; Castillo-Rogez and Lunine 2010). Titan could have three layers: anhydrous rock, a rock/ice
mixture and an icy crust (Grasset et al. 2000; Tobie et al. 2005); or two layers: hydrated silicates or
an rock/ice mixture surrounded by an icy crust (Fortes et al. 2007; Lunine et al. 2010; Castillo-Rogez
and Lunine 2010). A small (<500 km) metallic core cannot be ruled out (Lunine et al. 2010; Fortes
2012). Titan could also host a subsurface ocean (Fortes et al. 2007; Lunine et al. 2010; Fortes 2012),
as suggested by Titan’s spin state, tidal gravity’s response, long-wavelength shape (Tobie et al. 2014)
and the measurement of an atypical Schumann-like resonance by the Huygens Atmospheric Structure
Instrument (HASI), indicative of the possible presence of a conductive layer at a depth of 45+15 km
(Béghin et al. 2010).

The chemistry that is probed via the atmosphere provides further clues to Titan’s interior composition
and structure. Huygens probe measurements confirmed Titan’s atmosphere is primarily composed by
N, and CH, (Gautier and Raulin 1997). Out of the noble gases, only the mole fraction of 3Ar was
sampled upon the Huygens probe’s descent by the Gas Chromatograph Mass Spectrometer (GCMS),
yielding a ratio (2.06 + 0.84) - 1077 of 3®Ar/(N,+CH,) (Niemann et al. 2010). As Ar and N, have a
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2 1. Introduction

similar volatility and H,O ice affinity, the Ar/N, ratio should be ~5-10° times larger than that sampled
if the N, in Titan was primordial, in order to match the solar composition ratio of ~ 10~ (Niemann
et al. 2005; Tobie et al. 2014). Similarly, Titan’s atmosphere is depleted in CO with respect to the solar
nebula, having CO:CH, =~ 1073 (Gautier and Raulin 1997; Mumma and Charnley 2011). With a similar
volatility to N,, the depletion in CO supports the non-primordial origin of N,. The N, in Titan has been
suggested to have been captured as NH; upon formation (Niemann et al. 2005), a part of which would
have outgassed and converted to N, by photolysis (Atreya et al. 1978) and shock heating (Jones and
Lewis 1987). Titan might thus host a substantial abundance of NH; in its interior. Being an anti-freeze,
this would support the presence of a subsurface ocean.

The expected primordial species and their abundances in Titan’s interior, inferred from observa-
tions, should have been present in the satellite’s building blocks. For a primordial Titan, the Saturnian
CPD conditions should be such that a Titan-like satellite could have formed in it. Despite the fact that
astrochemical and interior modelling are related, they are often tackled in isolation. In this thesis, we
aim at providing a coherent picture, spanning from Titan’s birth environment to the satellite’s interior,
and assess its implications with regards to satellite formation theory and Titan’s characteristics.

1.1. Research questions

Following from the knowledge gaps discussed in the introduction, a research question has been for-
mulated:

What are the predictions of Titan’s formation and present state based on its birth environ-
ment conditions?

Two questions have been derived from the main research question:
1. What were the characteristics of Titan’s birth environment?

(a) What constraints do the observations of Titan place on its birth environment conditions?
(b) What CPD characteristics are required to meet the observational constraints?
(c) Whatimplications do the CPD characteristics have on the environment in which Titan formed?

2. What implications does the chemical composition of the CPD, as a function of radial distance to
Saturn, have on the formation of a Titan-like satellite?

(a) What is the closest distance to Saturn at which Titan could form?

(b) How does the chemical composition and abundance of the ices in the CPD relate to Titan’s
present composition?

(c) What are the predictions that can be made on Titan’s radial profile based on the ice and NH;
availability upon accretion?

1.2. Report outline

The research and findings of this thesis have been documented in the form of a journal article, included
in chapter 2. The conclusions and recommendations for future work are provided in chapter 3.



Journal article

The research work has been documented in the form of a scientific paper, to be submitted to the journal
Astronomy and Astrophysics (A&A). The article is provided in this chapter, following the standard A&A
template and guidelines. For consistency in the format, Appendix E: Verification and validation, which
will not be submitted for publication, has been included as part of the paper.
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ABSTRACT

Aims. We aim to constrain the environment in which Titan’s building blocks formed to assess their relation to the moon’s present
characteristics.

Methods. We simulate a series of thermo-chemical steady state circumplanetary disks (CPDs). We use interior models to build Titan
from the CPD composition (different types of ices) and characteristics (ice-to-rock ratio). We then examine what implications the
chemical composition of the CPD has on the formation of a Titan-like satellite.

Results. The dust-to-gas ratio in the CPD must be (d/g) = 10729%*02_for Titan to end up with its current ice-to-rock ratio. The ice
available upon accretion is otherwise incompatible with the radial mass distribution inferred from Titan’s moment of inertia. Our
models suggest a large (10-20 wt.%) abundance of NH; was available during Titan’s formation.

Conclusions. Our findings are consistent with the hypothesis that the observed N, in Titan was present in the satellite’s building
blocks under the from of NHj3, and are compatible with the possible presence of a salty subsurface ocean at a depth of 45+15 km as

©ESO 2021

revealed by the Huygens probe.

Key words. Circumplanetary disk — Titan — Satellite formation

1. Introduction

In the Saturnian satellite system, ~96% of the mass is present in
a single moon: Titan. Voyager and Cassini data provided a well
constrained M, mass, R, radius and pri,, mean density
(see Table 1). With radio tracking measurements from Cassini,
Titan’s gravity harmonics could be measured up to degree-three
(Iess et al. 2010). From these, it can be inferred that Titan’s mean
moment of inertia (Mol) is 1/ (MTitanR%imn) = 0.3414 + 0.0005,
between that of Callisto (0.36) and Ganymede (0.31), assuming
hydrostatic equilibrium (Iess et al. 2010). The value extends to
0.334-0.327 when accounting for a possible 5-10% overestimate
of the hydrostatic component, respectively (Gao & Stevenson
2013; Tobie et al. 2014).

Table 1: Overview of constants used in this study.

Symbol Parameter Value Unit Source
Mritan Titan mass 1.3452 - 10?3 kg (D)
Ritan Titan radius 2.5747 - 10° m 2)
PTitan Titan mean density 1.8820 - 10° kg m>3 (1)
Mo Solar mass 1.9885 - 10% kg 4)
Lo Solar luminosity 382.8 - 10* Is7! 4
ASaturn Saturn semi-major axis ~ 1.4335 - 10'2 m “4)
Msarm  Saturn mass 5.6832-10% kg D
Rsaum  Saturn radius 5.8232- 107 m 3)

References. (1) Jacobson et al. (2006); (2) Zebker et al. (2009) ;
(3) Archinal et al. (2018).

4 Retrieved from https://nssdc.gsfc.nasa.gov/, 21/02/21.

Titan’s Mol can be explained by the presence of hydrated
silicates in the core ! and an incomplete rock/ice differentiation.
The body could have three layers: anhydrous rock surrounded
by a rock/ice mixture and an icy crust. This profile is generally
compatible with the lower range of Mol, 0.30-0.33 (Grasset et al.
2000; Tobie et al. 2005). Alternatively, it could have two layers:
a rock/ice mix surrounded by ice. A two-layer body could also
have a full rock/ice separation, with the possible presence of hy-
drated silicates (mostly serpentine antigorite) to explain the low
core density (Lunine et al. 2010; Fortes et al. 2007; Castillo-
Rogez & Lunine 2010).

While no intrinsic magnetic field has been observed, a small
metallic core (<500 km) cannot be ruled out, as the core might be
barely convecting, or not at all (Lunine et al. 2010; Fortes 2012).
Additionally, a subsurface ocean might be present in the outer
icy layer, although uncertainties on depth, thickness and com-
position remain (Lunine et al. 2010; Fortes et al. 2007; Fortes
2012). The existence of a salty ocean is supported by the Huy-
gens Atmospheric Structure Instrument (HASI) measurement of
an atypical Schumann-like resonance, which indicates the pos-
sible presence of a conductive layer at a depth of 45+15 km
(Béghin et al. 2010). An ocean is also suggested by Titan’s spin
state, tidal gravity’s response and long-wavelength shape (Tobie
et al. 2014).

While the Mol provides clues to Titan’s radial mass distri-
bution, observations of its atmospheric chemistry serve as an

! In this paper, core refers to all material inner to an ice crust. For
distinct layers within the core, we refer to inner and outer core.
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indicator for the interior composition of the satellite. Titan is
host to a substantial atmosphere, that consists primarily of N,
and CHy, as confirmed by Huygens probe measurements (Gau-
tier & Raulin 1997). Noble gases are present at oversolar abun-
dances both in the atmosphere of telluric planets (Pepin 1992)
and that of Jupiter (Owen et al. 1999). In Titan, however, only
the mole fraction of 3®Ar was clearly sampled upon the Huygens
probe’s descent by the Gas Chromatograph Mass Spectrometer
(GCMS), yielding a ratio (2.06 + 0.84) - 1077 of 3°Ar/(N,+CH,)
(Niemann et al. 2010). Additionally, a tentative (2.8 £2.1) - 107’
of ?Ne/(N,+CH,4) was obtained (Niemann et al. 2010). If the
large amounts of N, that are observed today had been present
upon Titan’s formation, the Ar/N; ratio should be ~5-10° times
larger (Tobie et al. 2014). Instead, the low amount of ®Ar de-
tected hints towards the capture of nitrogen not as N, but as
NH; (Niemann et al. 2005). Titan’s atmosphere has a CO:CHy
ratio of ~ 1073 (Gautier & Raulin 1997), while CO is expected
to have been more abundant than CHy in the protosolar nebula
(i.e. Mumma & Charnley 2011). Having a similar volatility to
Nj, the depletion in CO suppports the non-primordial origin of
Nj. Titan could have accreted NH3 upon formation and a part
of it would have outgassed and converted to N, by photolysis
(Atreya et al. 1978) and shock heating possibly driven by bom-
bardment (Jones & Lewis 1987). The presence of NH3, an anti-
freeze agent, in Titan’s interior, would also support the presence
of subsurface ocean.

Constraining the birth environment conditions is a key step
towards identifying the chemistry of Titan’s building blocks and
present interior. Gas giant regular satellites are generally be-
lieved to form in circumplanetary disks (CPDs): gaseous ac-
cretion disks containing dust grains that can be covered in ice.
Differences in evolution of a cavity in the disk and mass inflow
from the protoplanetary disk (PPD) are often invoked to justify
the differences in resulting moon system architectures between
the Jovian and Saturnian systems (Sasaki et al. 2010). The birth
of the Galilean moons in a CPD has been extensively examined
(i.e. Canup & Ward 2002; Mosqueira & Estrada 2003; Sasaki
et al. 2010; Miguel & Ida 2016; Cilibrasi et al. 2018; Shibaike
et al. 2019; Fujii & Ogihara 2020).

Reconciling the observational constraints with possible for-
mation pathways poses more difficulties when it comes to the
Saturnian system. The survival of a single massive satellite as is
Titan has often proved challenging. Hamilton (2013) proposed
that the Saturnian system contained originally four massive reg-
ular satellites, much like the Jovian system does. An orbital in-
stability event would have led to the collision of the moons,
resulting on a late debris-like disk from which Titan and mid-
sized moons would have formed. A primordial Titan formation
is also considered possible: Sasaki et al. (2010) succeeded in
simulating the survival of a single massive body in Saturnian-
condition systems, and Fujii & Ogihara (2020) demonstrated
through N-body simulations that a Titan-mass satellite can re-
main in the CPD without falling into the planet for a given disk
viscosity. Saturn’s young rings (Iess et al. 2019), the fast tidal
migration of its moons (Lainey et al. 2020), and observations
of new moons forming in the rings have, in the last decade, led
to a re-evaluation of the origin of Saturn’s inner satellites (Ida
2019). Recent studies show that the formation of moons inte-
rior to Titan might not have occured within a CPD, but from
Saturn’s rings (Salmon et al. 2010; Canup 2010; Charnoz et al.
2010, 2011; Cuk et al. 2016). While these moons might consti-
tute a second generation of satellites, Titan can survive against
migration in the CPD (Fujii & Ogihara 2020; Sasaki et al. 2010),
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and be primordial. Its characteristics constitute thus the most ro-
bust constraints on Saturnian CPD conditions.

With the aim of assessing how the chemistry of a primordial
CPD can be used to explore Titan’s interior structure and com-
position, we simulate a series of thermo-chemical steady state
CPDs. The model inputs are described in section 2, and the re-
sulting CPDs are examined in section 3. In section 4, we identify
the required ice-to-rock ratio and the NHj3 ice abundance to form
Titan with a Mol comparable to the measurements. We then eval-
uate the CPDs on their capacity to reproduce said volatile con-
tent and identify the range of CPD parameters and distance from
Saturn allowing to form Titan with its observed characteristics
in section 5. A discussion of the results is provided in section 6,
and the conclusions in section 7.

2. Circumplanetary disk models

We use the radiation thermo-chemical disk modelling code
ProDiMo (Protoplanetary Disk Model) (Woitke et al. 2009;
Kamp et al. 2010; Woitke et al. 2016). The tool self-consistently
and iteratively computes the physical, thermal and chemical
structure of circumstellar or circumplanetary disks. ProDiMo is
fed a set of CPD characteristics. The radiation field at every grid
point J,(r,z) and the local dust temperature T4(r,z) are com-
puted from a wavelength-dependent continuum radiative trans-
fer. Then, the gas phase and ice chemistry as well as heating and
cooling balance can be obtained. Throughout iteration, a model
with a consistent density, radiative transfer and chemistry is ob-
tained. The chemical network, consisting of 13 elements and 235
chemical (gas and ice) species, is listed in Table 4 in Kamp et al.
(2017). Gas phase and ultra-violet (UV) reactions are obtained
from the UMIST2012 database (McElroy et al. 2013).

2.1. Reference CPD model

Table 2: ProDiMo input parameters for the reference Saturnian
CPD

Parameter Symbol Value Unit
Saturn mass Mgaum  2.86-107% M,
Saturn luminosity Lsatum 107° Lo
Effective temperature Tef 4.00 - 102 K
UV luminosity Lyv 1078 Ly
Incident vertical UV b% 10? -
Background temperature  Tpacx 30 K
Disk mass Mcpp 3.00-107° M,
Disk inner radius Fin.CPD 1073 au
Taper radius Fapercep  1.46-107"  au
Disk outer radius Fout CPD 4381071 au
Tapering-off exponent 0% 1.00 -
Radial powerlaw index € 1.00 -
Flaring index B 1.15 -
Reference scale height Hoy i 1072 -
Minimum dust size Amin 5.00-1072 um
Maximum dust size Amax 10 um
Dust-to-gas ratio d/g) 1072 -
Turbulence @ 1074 -
Accretion rate M 3.00- 107" Mg yr!

In this section, a brief description and justification of the
main parameter choices for the reference model is provided and
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reported in Table 2. An overview of the constants used in this
study can be found in Table 1. While radiation dictates the ra-
dial temperature structure in PPDs, the temperature in CPDs is
dictated by viscous dissipation. The CPD is expected to evolve
with time: the disk cools down as accretion declines, and the
icelines migrate towards Saturn. Owing to its Mol, Titan is ex-
pected to have formed in a minimum of ~ 10° yrs to prevent
melting and differentiation (Iess et al. 2010; Sasaki et al. 2010).
For this timescale, the birth environment can be approximated by
a stationary disk, without consideration for the iceline migration
(Anderson et al. 2021).

The disk model follows a gas mass density distribution
(Woitke 2015),

2
i) L

&@@WM4
where r and z refer to radial distance and height above
the midplane, respectively. The disk scale height H, is fully
parametrized, and its normalized form follows (Woitke et al.
2011),

he(n = 2 _ g r Y 2
o(r) = = Horw| g7 ()
with all simulated disks having reference sale height

Hp i =0.01, and a flaring index B=1.15, which are canon-
ical values for a PPD. The gas column density follows from
vertically integrating py(r, z) (Woitke 2015),

e ro V7
2(r) < rexp| — oD , 3
taper,

where € = 1.0 is a radial powerlaw indexX, riper,cpp the tapering-
off radius and y = 1.0 the tapering-off exponent.

Disk dimensions

The model inner radius is approximated by the upper Roche
Limit bound, rj,cpp = 0.001 au, corresponding to the inner C
ring location (Charnoz et al. 2009). While the CPD might have
extended further inwards, no moons could form below this limit.
The CPD outer radius, 7oy cpp is approximated by Saturn’s Hill
radius as in Canup & Ward (2002),

1/3
MSatum) / (4)

rH = aSalurn(m
where ry is Saturn’s Hill radius and ag,gem, its semi-major axis,
yielding rou.cpp = ra = 0.438 au. The CPD is expected to have
been tapered at a distance corresponding to the centrifugal radius
of the accreting material, ~ 0.33rg (Quillen & Trilling 1998),
possibly up to ~ 0.4ry according to accretion disk models sub-
ject to tidal forces from the central star (Martin & Lubow 2011).
We adopt the former, rypercpp = 0.33rg = 0.146 au. This is
within 2% of the photoevaporative truncation radius computed
from Equation 13 in Oberg et al. (2020) for our input parameters
(Table 2).

XY= 40 ergcm™3’

Disk mass

Based on an actively supplied disk throughout the phase
of satellite growth (Canup & Ward 2002), the CPD mass
ranges between 107> — 10™*Mgyuum (Kronrod & Makalkin
2017). Therefore, with Saturn’s mass Msuum = 3 - 107 M,
Mcpp=[3-10°M,3 - 1078M,]. For the reference model, we
adopt the lower bound, Mcpp = 3 - 10°M,, as the Saturnian
CPD is expected to have formed in a depleted PPD (Sasaki et al.
2010). In section 2.2, we investigate more massive CPDs.

Background radiation field

Unlike relatively isolated PPDs in low-mass star formation re-
gions, the Saturnian CPD could have been exposed to signifi-
cant UV irradiation from the nearby Sun. To account for this, we
consider the CPD to be embedded in an homogeneous vertical
radiation field. The FUV can efficiently heat up and affect the
chemical composition of the upper molecular layers of a disk. If
the CPD has a low dust mass, it can be sufficiently optically thin
for the midplane to be irradiated.

In the interstellar medium, (vu,);g00 4 at a wavelength of
1000A is 4-10~" erg cm™> (Habing 1968), with v the frequency,
and u, its relative flux. The dimensionless factor y follows,

(Vitv) 1000 A

&)

Presently, the Sun produces ~ 1073 erg cm™2 s~! at 1000 A2,
This value is expected to have been significantly higher for the
young Sun, namely ~ 100 — 1000 times higher (Ribas et al.
2005). Based on an expected UV radiation field strength at Sat-
urn’s location for an unperturbed disk, y ~ 102 (Oberg 2021),
we adopt this value for the reference model. Due to the high un-
certainty, we examine a wider range of y in section 2.2.

The background temperature parameter allows to have the
CPD embedded in a certain PPD temperature. Saturn is not ex-
pected to have opened a gap (Sasaki et al. 2010). Hence, the
CPD is considered to be in thermal equilibrium with the sur-
rounding PPD. Makalkin & Dorofeeva (2006) find temperatures
in the solar nebula at a distance r ~ 10 au are in the range
Tvack = [20,40] K. We adopt Tpacx = 30 K.

Planetary characteristics

The formation of the regular satellites is expected to occur to-
wards the tail end of giant planet accretion, when the planet is
approaching its final mass (Charnoz et al. 2009, Sasaki et al.
2010). Because of this, the luminosity considered should co-
incide with the value after envelope contraction. Having lower
mass than Jupiter, Saturn is expected to have had lower initial
luminosities (Lissauer et al. 2009, Burrows et al. 1997). An up-
per bound can be set coinciding with young Jupiter’s luminosity,
~ 107 Ly, (Lissauer et al. 2009). The lower bound in considered
luminosity is obtained from Burrows et al. (1997), ~ 1077Lg,
corresponding to Teg ~ 250 K for a Saturn-mass planet. In the
reference model, we adopt Lsawym = 107%Le.

Saturn’s effective temperature was considerably higher upon
satellite formation: T.x =~ [250,500] K, corresponding to
Lsawm = [1077,107°]Ly, (Burrows et al. 1997). For the ref-
erence model, we adopt T,z = 400 K (corresponding to

2 Retrieved from http://www.sws.bom.gov.au/Educational/2/
1/7,15/02/21.
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Fig. 1: Dominant heating (left) and cooling (right) processes in the reference CPD. The input parameters are given in Table 2.

Lsawm = 107°Ly and Msyum = 3 - 107*M, in Burrows et al.
(1997)).

Saturn is the principal source of irradiation in the CPD. Its
stellar spectrum is approximated by the metallicity atmosphere
and evolutionary model ATMO 2020, with Chemical EQuilib-
rium (CEQ), presented by Phillips et al. (2020) 3. Our model is
provided an input spectrum corresponding to T = 400 K and
log(g) =3.019 = 3.0.

Viscous heating

Unlike PPDs, CPDs are continuously fed by a vertical gas and
dust influx (Lubow et al. 1999). These are injected at distances
extending to the centifugal radius, where the angular momen-
tum of the inflowing gas equals Saturn’s gravitational potential
(Canup & Ward 2002). The infalling gas spreads both inwards,
onto Saturn, and outwards (Canup & Ward 2002). The former
motion implies a reduction of the gas orbital radius r. For the
gas to re-adapt to the local Keplerian velocity, a braking force
must be in action: an internal, viscous force. Simply put, mass
accretion onto Saturn entails an energetic variation: gas kinetic
and potential energy decrease and thermal energy increases for
an isolated CPD. This increase in thermal energy is referred to
as viscous dissipation (Woitke 2015).

To account for the viscous heating rate, models include a
mass accretion rate input, M. This value does not modify the
mass of the CPD or include infall (shock) heating. Instead, it is
used to compute the viscous dissipation heating on a steady-state
disk from a constant inflow. The viscous heating rate is deter-
mined from M following D’ Alessio et al. (1998),

3G Msarurn M
Fyis(r) = TE:;]

: (1 - VRSaturn/r)a (6)

3 The theoretical spectra can be retrieved from http://svo2.cab.
inta-csic.es/theory/newov2/index.php.
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where Fis(7) is the viscous heating rate per column at a given
distance r from the central planet in ergcm™2s~!, and G the
gravitational constant.

The models assume (I) a constant M across the CPD, (IT) that
when the disk shrinks, part of the gravitational energy turns to
heat and (IIT) a heating rate vertically distributed as,

Fyis(r) - pP(r,2)
[prerndz

being I'yis(, z) the energy rate per unit volume locally generated
by viscous stress, p the mass density and p a scaling parameter,
with p = 2 in the models (D’ Alessio et al. 1998)*.

To summarize, whether the disk is viscously heated or not,
and to which extent, constrains midplane heating and disk
chemistry. The viscous heating parameter from Equation 7 is
computed from an M input through Equation 6. We adopt
M =3.0-10"""Mg yr~!, which is a reasonable value to grow Ti-
tan in its expected formation timescale, Trjgn= 0(10%) yr (Sasaki
et al. 2010; Iess et al. 2010).

[is(r,2) = @

Turbulent viscosity

The effective viscosity of CPDs is still a matter of debate. As
given by Shakura & Sunyaev (1973), the standard o definition
is,

v =acH, = aQKHZ, (8)

where v is the viscosity and ¢, = H,/Q is the isothermal speed
of sound (Shakura & Sunyaev 1973); Qg refers to the orbital
frequency. This allows to define a space and time dependant vis-
cosity, having a constant @ CPD and PPD (Estrada et al. 2017).
Having no direct observational constraint on CPD viscosity, ex-
isting models posit values to fit different scenarios; @ is poorly

4 Retrieved from https://forge.roe.ac.uk/trac/ProDiMo/
wiki/viscous_heating, 17/02/21
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Fig. 2: Gas (left) and dust (right) temperature across the reference model disk. The white contour lines indicate different temperature
values, and the black lines mark the location of the optical extinction line, at which A,=1. The input parameters are given in Table 2.

constrained. Following Ronnet & Johansen (2019) and Shibaike
et al. (2019), a turbulent viscosity of @ = 107* is assumed.
This value is in agreement with the inability to sustain Magneto-
Rotational Instability (MRI) in the CPD, resulting in a low turbu-
lence disk (Fujii et al. 2014). Moreover, Fujii & Ogihara (2020)
find @ = 107 to be the most favorable viscosity value for the
survival of a single massive moon.

Dust characteristics

Dust grains in the CPD are the main constituent of the accret-
ing satellites, and their properties and abundance constrain moon
mineralogy and formation scenarios. Furthermore, they dictate
the CPD’s opacity and thereby its temperature. Chemical reac-
tions on dust surface and disk turbulence and ionization state are
also dependant on the dust (Birnstiel et al. 2012).

At the location of giant planet formation, the dust-to-gas ra-
tio in the solar nebula ranges (d/g) = (1.49+0.15)-10~% (Lodders
2003). Based on this, the dust to gas ratio in the reference CPD is
approximated by the canonical value (d/g) = 1072. The ratio is
varied in section 2.2 to assess its impact on disk characteristics.

Dust abundance and size is assumed to be uniformly dis-
tributed across the disk radius (Woitke et al. 2009). For every
column, dust size follows a powerlaw distribution before set-
tling, expressed as (i.e. (Woitke et al. 2016)):

&)

with a € [amin, Amax], Where apoy 1s the powerlaw size index and
fo(a) is computed to match the imposed (d/g) ratio (Woitke et al.
2009), and ap;in, Amax are the minimum and maximum dust parti-
cle size in microns. Dust settling is computed following Dubrulle
et al. (1995), finding an equilibrium between settling caused by
gravity and diffusion caused by turbulence. In this context, the
dust scale height decreases with distance to the planet, while gas
scale height becomes increasingly flared (Woitke 2015). While
small particles are the main contributors to dust surface area and
opacity, large particles are the main contributors to dust mass
(Woitke et al. 2016).

Draine (2006) finds a PPD grain distribution that can account
for the observed submillimiter opacity of interstellar dust, char-
acterized by apow = 3.5 and amax > 3mm. Since Saturn is not ex-
pected to have formed a gap (Sasaki et al. 2010), incoming grains

fo(a) oc a” v,

from the PPD may not be filtered by pressure-bumps. However,
we investigate a CPD corresponding to the tail end of planet
formation. Due to the fragmentation and drift of dust, maxi-
mum particle size becomes smaller in time. Therefore, we adopt
Apow = 3.5 and amax = 10um. In the Inter-Stellar Medium (ISM),
observed wavelength dependence of extinction is matched by a
3.5 power-law index with ani, = 0.05 um (Mathis et al. 1977),
which we take as the minimum particle size in the CPD. For
the opacity calculations, we assume the dust grains are 60%
amorphous silicate, Mgy 7Fe( 35103, 15% amorphous carbon and
porous, with 25% vacuum (Woitke et al. 2016).

2.2. Variation of parameters

Table 3: Varied input parameters for the steady-state CPDs with
equilibrium chemistry in ProDiMo

Parameter Symbol Reference model Variations Unit
Saturn luminosity Lsawum 106 107,107 Ly
Incident vertical UV y 102 10°, 104 -
Disk mass Mcpp 3.00-107° 1078,10°° M,
Dust-to-gas ratio d/g) 1072 1073, 107" -

As described under section 2.1, several of the proper-
ties of the Saturnian CPD at the time of Titan’s forma-
tion are poorly constrained. We find that variation of M
in a range M =[10""1,10""]M, yr~! and variations within
Toack = [20,40] K have a negligible impact on the dominant
chemical abundances (see Appendix A). We thus focus our at-
tention on the influence that the parameters in Table 3 have on
the thermo-chemical disk properties. We run models with the in-
puts of Table 2, applying the modifications described in Table 3.

3. Results: CPD characteristics

Under the conditions summarized in Table 2, we model the ref-
erence disk and obtain the dominant heating and cooling mecha-
nisms shown in Figure 1. Viscous heating, derived from the flow
of mass across the CPD, is found to be the dominant heating
process. Dust thermal accommodation, where inelastic collisions
between dust and gas are coupling their temperature in the op-
tically thick regime, is a dominant coolant. These are of partic-
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ular interest as they determine the midplane conditions, where
Titan forms. From heating and cooling processes, the thermal
balance can be determined and gas and dust temperatures can be
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derived. The 2D gas and dust temperature structure is shown in
Figure 2. We evaluate the model on H,O ice and NHj3 ice abun-
dance (hereafter referred to as H,O and NHj3). The icelines are
found at 153.5 K and r = 4.96Rg,um for H,O and at 96.5 K and
r= 8-82RSatum for NH3.

In addition to the reference model, we consider the parameter
explorations described in section 2.2. The gas and dust tempera-
tures for all models is shown in Figure A.3, while the most abun-
dant chemical ice species present are depicted in Figure A.4. The
column integrated values for the ice over total mass percentage
fice, and the H,O+OH and NH3 ice over total volatile mass per-
centages are depicted in Figure 3.

The total ice content fi,e as a function of radius is shown
for the different models in Figure 3a. The ice content varies
by < 10wt.% from 10-100 Rsuum- The sole exception being the
Lgaum = 107 Ly model. There, the disk has a larger rcppin as the
modelled Saturn has a larger radius, and the H,O and NHj ice-
lines are located at r ~ 21Rgyum and r ~ 33Rg,um, respectively.
We find that the dust-to-gas ratio is the parameter most affecting
the ice abundance in Figure 3a, by up to ~ 45wz.% at a given
r for a change of one in order of magnitude. For the same disk
mass, an enhancement of solids implies an increase in surface
area, which in increases the optical extinction Ay, resulting in a
disk depleted in volatiles, as is the case when (d/g) = 107"

Figure 3b shows the percentage of H,O and OH ices rel-
ative to the total ice content as function of radius from Sat-
urn. Both species are considered since OH + H — H;O is a
radical-radical reaction that will take place once reactants en-
counter each other on the surface. Owing to the low desorption
energy of OH (i.e. Cuppen & Herbst 2007), this is expected to be
in the form of H,O in Titan’s interior. Water content, H,O and
OH, drops for r > 80Rsaum to < 50wt.% ice. In Figure 3c, the
NHj is presented as a function of radius for the different con-
sidered models. The NHj3 content is similar for all models in the
10-100 Rsaurm range, and varies by less than 10%. The sole ex-
ception iS Lgyum = 107Ly and (d/g) = 1073. The peak in NH;
at ~ 12Rgaurm in the former corresponds to an outlying low H,O
content.

The C:O ratio, shown in Figure 4, remains constant for all
models, with a value ~ 0.46. With the initial elemental ratio be-
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ing C:0=0.457 for all CPDs, this indicates all available C and
O is being frozen. The decrease in H,O+OH in Figure 3b cor-
responds mainly to an increase in CO, abundance in our CPDs.
The (d/g) = 1073 model is the one containing the highest CO,
ice content, ~50% of the total ice at ~ 100Rs,wm (as indicated
by a bright green line in Figure A.4), and lowest NH3 content,
<10wt.% after ~ TORsaum. After CO,, the most abudant carbon-
bearing species in our models are C,;H,, C,Hs, C;H4, CH;30,
and C3H2.

Interior models predict CO; to be the main carbon-bearing
species in the Saturnian CPD (Tobie et al. 2012; Alibert &
Mousis 2007). Waite et al. (2017) find from Cassini measure-
ments of the plumes of Enceladus that CO, is present with a
0.3-0.8% volume mixing ratio. This supports the presence of
CO; in Titan’s building blocks, which has been suggested to be
the source of Titan’s CHy4 as serpentinization by fluids contain-
ing CO, can produce CHy (Zolotov et al. 2005). However, there
has been no detection of CO, on Titan’s surface (Solomonidou
et al. 2020; Hartung et al. 2006), and the CO, abundance in the
CPD remains unknown. Consequently, we do not use CO; as a
constraint when evaluating the CPDs in their capability to form
Titan.

4. Forming Titan

Assuming Titan forms with the same fi.. and NH3; percentages
that are present in the disk, we consider a suite of interior models
to assess which building blocks yield Titan’s Mol, mean density
and radius.

4.1. Titan’s Mol

A satellites’ Mol is related to its radial mass structure following,

R
f plroridre,
0

where 1. is the distance from the center of the satellite. With
radio tracking measurements from Cassini, Titan’s gravity har-
monics could be measured up to degree-three, with high confi-
dence up to a degree-two (Iess et al. 2010). The precession rate
provides the final constraint to compute the principal Mol. Being
unavailable for Titan, the Radau-Darwin Approximation (RDA)
is applied. The RDA assumes a fluid response to rotational and
tidal forces (Fortes 2012). With the RDA, it can be inferred that
Titan’s normalized Mol is [ /(MTmmR%ml . = 0.3414 £ 0.0005
(Iess et al. 2010). In order to compute the moment of inertia
of Titan with the RDA, an homogeneous interior in hydrostatic
equilibrium is assumed (Tobie et al. 2014; Gao & Stevenson
2013). However, gravity and topography measurements indicate
that Titan is not in hydrostatic equilibrium but has lateral varia-
tions in mass distribution (Gao & Stevenson 2013). These con-
tribute to the observed gravity field, which does not solely reflect
a radial mass distribution (Tobie et al. 2014). Consequently, the
Mol value that is computed assuming hydrostatic equilibrium re-
quires a correction; an overestimate of the hydrostatic parts be-
tween 5—10% implies a Mol of 0.334-0.327, respectively (Tobie
et al. 2014).

In this work, we refer to a Mol ranging between 0.33 and
0.34 to account for the uncertainties from the different models
and for the fact that the value should be lower than the one re-
sulting from the RDA approximation.

I 8 =

= _ 10
MR> 3 MR? (19)
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4.2. Interior models

We have extracted radial profiles of ice and ammonia abundance
from our CPD model ensemble (as shown in Figure 3). We as-
sume all ice other than NHj3 ice to be H,O, which is generally
true up to ~ 100Rstum, as the liquidus curves for the NH3;-H,O
system are well known (i.e Sotin et al. 1998) and observations
do not place constraints on the carbon-bearing species in Titan’s
interior (see section 3). The presence of other ices in our CPDs
is further discussed under section 6. The moon interior models
are constrained by Titan’s observed density and radius, and an
input fi.e and NHj3 content. We leave the core density and core
radius as unconstrained parameters.

We consider whether conditions within the CPD allow for
the in-situ formation of Titan. In reality, Titan is expected to have
migrated inwards (i.e. Canup & Ward 2002, 2006) and possibly
outwards (Fujii & Ogihara 2020) through tidal interaction with
the CPD gas. The implications of migration for Titan’s final bulk
composition are discussed in Appendix C. The volatile inventory
might vary upon encountering a change in conditions due to ra-
dial drift. Considering the cold CPD conditions, radial drift is
not expected to have had a significant impact on the ice and NHj3
inventory, which are close to constant within 10-100 Rgyg, for
the reference model (see section 3). The migration of solids in
the disk is not expected to have a significant effect on our volatile
inventory.

To model Titan’s interior, we start by defining the icy layer
structure: we first consider the possible presence of an ocean fol-
lowing the method described in Grasset et al. (2000), with which
we constrain the ice I layer thickness such that the global heat
flux through the ice I shell is equal to the global heat flux from
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the core. Models having > 3wt.%NH3 can have an ice I shell
matching the heat flux from the core. These models present an
NH;-rich ocean between an ice I layer and high-pressure ices
(V-VI). The thickness of the Ice I shell is such that thermal equi-
librium is reached. The temperature at the layer bottom follows
from the NH3-H,O liquidus curve. We assume that the ocean
is isothermal, and calculate its depth from the liquid to high-
pressure ice transition. The extent of the high-pressure ices is
determined by the input fi.. parameter. The pressure profile is
computed assuming hydrostatic equilibrium. Having the pres-
sure and temperature conditions of the icy layer, we obtain the
H,0 ice densities and phases using the open source SeaFreeze
software hosted on GitHub’. The ammonia rich ocean density is
taken from Hammond et al. (2018),

Pocean = 1.0+ a(T —273.1) + b(T - 273.1> gem™, (11)

where a = 1.7-1073 and b = 1.3-107>. We iterate to obtain a
self-consistent pressure, temperature and density profile. One of
these models is shown in Figure 5, for which an NH;3 content of
~16wt.% yields an ocean extending ~370 km, underlain by ice
VL

Models in which NH3 is <3wt.% result in a fully frozen
body, as no layer outer to an ocean can have a heat flux match-
ing that of the core. In this case, we impose temperature profiles
from thermal models, following Grasset et al. (2000), and build
a fully frozen profile in hydrostatic equilibrium (see 9.2.1.1. in
Fortes 2004).

3> Retrieved from https://github.com/Bjournaux/SeaFreeze,
last visited 06/05/2021.
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Independently of the NHs; content, models containing less
than 15% ice by weight cannot yield both Titan’s mean density
and a Mol of 0.33-0.34. The Mol exceeds the observed range as
a large portion of Titan’s mass is placed close to the surface. In
these cases, we approximate the icy layer density by a constant
Pice = 1000 kg m™>.

With the icy layer structure being defined by the ice and NH3
percentages, we study three core profiles, and a dense ocean pro-
file. Figure 6 shows the Mol values that result for a range of fic.
and NHj3 percentage, for each of these four interior profiles. First,
we consider a fully differentiated anhydrous core, top left in Fig-
ure 6 (profile characteristics are provided in Figure 5). For the
second profile, we look at possible ice contents in the core and
use antigorite as a reference, which has up to ~13wt% of H,O
(Ulmer & Trommsdorff 1995). We place this ice percentage in
the core, to account for either the presence of hydrated silicates
or partial differentiation (Figure B.1). The Mol values for this
profile are shown at the top right in Figure 6. The presence of a
Fe (or FeS) core cannot be ruled out (Lunine et al. 2010; Fortes
2012). On that account, we include a third model containing a
pure Fe core making up 2% of Titan’s mass, surrounded by hy-
drated silicates. The resulting moon characteristics can be found
in the bottom left graph in Figure 6, and the corresponding inte-
rior profile is shown in Figure B.2.

Deschamps et al. (2010) suggest CH3OH could be if not the
main, an anti-freeze agent in Titan’s ocean. In our CPD models,
CH;0H does not stay above 5% for a range larger than 2Rgaem in
any model. However, CH3O, which is likely to become CH3;0H
during accretion, reaches up to ~ 36wt.% at r < 11Rgam in our
reference model (see Figure A.4). A content of 5 wt.% CH3;0H
has an anti-freeze effect equivalent to that of 3 wt.% NH3 (De-
schamps et al. 2010), and its presence in our CPDs indicates it
could exist in Titan’s ocean. However, as it is abundant over a
very narrow radial range, r < 11Rgsyum, We neglect its effect on
the satellite’s mass distribution. That being said, the NH3; aque-
ous solution might contain other solutes, such as magnesium sul-
fates or sodium sulfates, resulting in an ocean density increase.
These are not included in the CPD chemical network; we ac-
count for their possible presence by considering a dense ocean
model (pocean = 1200 kg m™ after Fortes (2012)) bottom right in
Figure 6, and observe the increase of the Mol.

The different scenarios considered in this study result in dif-
ferent Mols, which can be seen in Figure 6. We evaluate the
CPDs on the capability to form a Titan with both Mol between
0.33-0.34 and an (outer) core density above 2500 kg m~ in the
hydrated silicates case and 3000 kg m™ in the anhydrous sili-
cates case. The density constraints ensure, for example, that the
anhydrous silicates case does not have a core with densities cor-
responding to hydrated silicates (p< 3000 kg m~3). That is, that
the core density results are self-consistent with the assessed sce-
nario. The dashed area in Figure 6 marks the combination of fi..
and NHj; percentages that produce models compatible with the
constraints. It can be seen how the anhydrous silicates model
(top left in Figure 6) cannot yield a Mol of 0.33-0.34 and have
anhydrous core densities.

As we are considering an average core density, the Mol is
overestimated in Figure 6. In reality, the density should be higher
towards the center and less at outer radii. Under a constant den-
sity assumption, the Mol remains accurate up to the third dec-
imal point (see section D.2). Therefore, the present approxima-
tion is sufficient to discard a combination of interior structures.

5. Results: Forming Titan

In section 4, we have considered a range of interior profiles for
Titan to identify what f;.e and NH; percentage is consistent with
PTitan> RTitan and the Mol. We assess the CPDs obtained in sec-
tion 3 on their capacity to reproduce the required fice and NHj3
percentage, as a function of radial distance to Saturn.

5.1. Interior profile

It follows from Figure 6 that, in order to form a Titan with a
Mol of 0.33-0.34, the core cannot be fully differentiated and an-
hydrous. The interior profiles matching the Mol, mean density
and radius of Titan require ice to be present in the core and a
total ice content of 30-40wt.%. If the ocean density is increased
t0 Pocean = 1200 kg m™> to account for the possible presence
of salts, the total ice content must be between 35-40wt.% to be
in agreement with Mol observations. A satellite with a Mol of
0.33-0.34 and an ice fraction of 30-40% can only form when our
adopted (d/g) = 1072, implying that the dust-to-gas ratio in our
models must be on the order of solar nebula values upon Titan’s
formation. For the other dust-to-gas ratios considered in Table 3,
fice does not change enough to match a Mol of 0.33-0.34 even
for the range of y, Lsawum and Mcpp values we consider (see Fig-
ure 3).

In the absence of anti-freeze impurities, Titan might be fully
frozen (Grasset et al. 2000). Ammonia (NHj3), and potentially
other anti-freeze species, allow for the presence of a subsurface
ocean. The latter replaces higher density ice phases II and V, thus
reducing the Mol. Although the Mol is more strongly dependent
on the bulk ice fraction of the satellite, a higher abundance of
NH; produces a deeper ocean and a relatively smaller Mol. An
icy layer enriched in 5, 10 and 15wt.% NHj results in ocean
depths of 274, 324 and 359 km at distance from the surface of
80, 53 and 39 km, respectively. For a hydrated core model with
35wt.% ice, the corresponding Mol are 0.335, 0.333 and 0.332.
To reproduce a Mol of 0.33-0.34, the body cannot contain more
than 21wt.% NHj in the ice layer, regardless of fic, as in indi-
cated in Figure 6. Said amount can be up to 33wt.% for a model
ocean enriched with other solutes, like magnesium sulfates or
sodium sulfates. As described in section 3, our models suggest
that a large NHj3 reservoir was available at Titan’s formation:
in the reference CPD model, NH; content is more than 15wt.%
within 28 Rsawrm, and more than 10wt.% NH; up to r=~111Rs,wem.
These high values result in thick oceans, decreasing the relative
mass fraction of the outer layers.

5.2. Where Titan forms

In Figure 7, we show the Mol of a satellite formed in our refer-
ence CPD model. Our CPD model provides the fi.e and NHj3
content at each radial location within the disk. In this CPD
model, Titan must have obtained the bulk of its mass between
~11-130Rs,wum, due to the lack of ices outside these boundaries.
At 80 — 130Rs,um, Titan forms with < 50wt.% H,O+OH in the
ices, while carbon-bearing species become abundant (see discus-
sion under section 3).

Titan’s orbital expansion rate has been found to be
11.342.0 cm yr~!, significantly faster than previously assumed
(Lainey et al. 2020). This results in a substantial outwards migra-
tion over Titan’s lifetime, which suggests that the moon was in
close proximity to the planet upon disk dispersal, ~ SRsyym ac-
cording to Equation 17 in Supplementary Information in Lainey
et al. (2020). The accretion efficiency of Titan increases with Ti-
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Fig. 7: Mol of model Titan if formed in-situ at every radial dis-
tance from Saturn, for reference model characteristics and in-
terior profiles described in section 4.2. The dashes lines indicate
core densities not meeting the constraints described in text, while
the shaded area marks the observed Mol. The red stars corre-
spond to those in Figure 6, and mark Titan’s present location in
the disk.

tan’s seed mass and in proximity to Saturn (see Appendix C).
Consequently, Titan is expected to have accreted more than half
of its mass in less than ~ 10Rg,qy Of its final migration location
(Appendix C). If Titan stopped growing at ~ SRsyum, the bulk
of its mass should have been acquired closer than ~ 15Rsaum
from the planet. We assess our CPDs to determine whether Ti-
tan could have formed in proximity to Saturn from a thermo-
chemical standpoint.

CPD models allowing for the closest formation of Titan are
Mepp = 107°M, and Lgyum = 1077 L. The former value is in
line with a Minimum Mass sub-Nebula (MMsN) model (Lunine
& Stevenson 1982), and reduces the minimum distance to the
planet to ~4 Rg,um by increasing the optical extinction Ay, al-
lowing ices to form and survive. The forming moon must, how-
ever, contain a significant ice fraction in its core to match the
Mol, which contradicts the fast formation timescales that take
place in such a massive CPD, even at larger distances. Conse-
quently, the only birth environment that is compatible with Ti-
tan acquiring the bulk of its mass closer than 7 Rgyy, requires
Lsawurn = 1077 L. This luminosity can be reached ~ 1073 yrs after
Saturn’s formation (Burrows et al. 1997), while Saturn’s CPD is
expected to have a lifetime of ~ 10°-107 yrs (Alibert et al. 2005;
Castillo-Rogez et al. 2009; Shu et al. 1993). Titan formed in the
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latest stages of the CPD (Charnoz et al. 2009; Sasaki et al. 2010),
and could have experienced Lgyum = 1077L, upon accretion. For
Lsawm = 1077 Ly in our models, it is possible that Titan stopped
growing at ~ SRsamumn-

Conversely, increasing the luminosity to Lgyym = 105Lg
moves the H,O iceline outwards to r ~ 21Rs,wum (See section 3).
Under such conditions, there is not enough ice to form a satel-
lite matching Titan’s observed characteristics at distances closer
than ~ 42Rg,um (see Figure 3a). While this is the only model
inhibiting formation of Titan closer than ~15Rg,n;, from the
planet, the luminosity of Saturn is expected to have dropped be-
low Lgaum = 107°Ly after only 10° yrs (Pollack et al. 1977).
This parameter choice, which hinders the formation of Titan in
close proximity to the planet, reflects conditions are not expected
to have been experienced by the growing satellite. Other than
Lsaun = 107°Lg, all our CPDs are compatible with the the for-
mation of Titan as close as ~ 7Rsawum. The ~5 Rsaum distance
suggested by (Lainey et al. 2020) is only possible for a low Sat-
urn luminosity, Lgaum = 10~*Ls, which reduces the minimum
radial distance for formation to ~ 4Rg,ym, and can take place if
Titan formed in the latest stages of the CPD, which is expected
(i.e. Charnoz et al. 2009; Sasaki et al. 2010).

While our CPDs, excepting Lsyum = 107 Lo, allow for the
formation of Titan in proximity to Saturn, they do not place a
clear upper limit on the radial distance at which Titan can form.
We consider an external UV radiation field strength y = 10*
reflecting a time at which the young Sun had an excess UV com-
ponent. This strong UV mostly affects the outer regions of the
CPD, and still allows for enough fi.. and NHj3 ice to be present
to form Titan, albeit over a smaller radius (r £ 81Rsaum)- By
contrast, a very low solar radiation of y = 10° extends it to a
maximum 7 ~ 218Rs,wum. While the reduced accretion efficien-
cies at such far distances from the planet do not support this sce-
nario (see Figure C.1), placing stringent upper limits on Titan’s
r upon formation requires a more in-depth study of the accretion
and migration process.

6. Discussion

We have assumed that fi.. in the CPD directly translates to how
much ice there is presently in Titan’s interior. In reality, a fraction
of the volatiles available in the CPD could be lost either during
or after their accretion onto Titan.

The accretion process could be imperfect, meaning only part
of an impacting body is accreted onto the growing satellite. In
this scenario, part of the ice can be lost from Titan by vaporiza-
tion and subsequent escape. Dwyer et al. (2013) finds an Europa-
like body’s ice fraction can decrease from 0.53 to 0.48 by this
mechanism, and up to 0.44 if the vapor escape threshold (impact
to escape velocity) is relaxed from 5 to 2. Considering the up-
per bound, up to 9% of the initial ice mass could be lost from
Titan due to imperfect accretion. Water molecules can also be
lost through the atmosphere through hydrodynamic escape. For
Titan’s accretion timescale, ~ 10° yrs (Iess et al. 2010; Sasaki
et al. 2010), warming from the background disk is more im-
portant than the mass accreted in determining the reach of hy-
drodynamic escape (Bierson & Nimmo 2020). For our reference
model, background temperatures are lower than ~ 100 K in the
midplane for r > 8Rg,um (see Figure A.3). For this temperature
and formation timescale, hydrodynamic escape has a negligible
effect on the body’s density (see Fig. 3 in Bierson & Nimmo
2020).

Another process that could lead to the loss of Titan ices is
the stripping of volatiles through giant impacts. The inner cav-
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ity could be absent in the Saturnian CPD, leaving satellites to
migrate freely towards Saturn (Sasaki et al. 2010). As the satel-
lites do not pile up in a resonance chain, collisions between
larger bodies are likely to have taken place in the Saturnian
CPD (Dwyer et al. 2013). Titan may have offered an environ-
ment favorable for bombardment, which has been proposed to
be at the origin of the conversion of NHj3 to N; via shock heat-
ing (Jones & Lewis 1987). According to Nimmo & Korycansky
(2012), an impactor of ~5 times the mass of Enceladus collid-
ing at 10 km s~! would only vaporize ~0.04 of the mass of Ti-
tan. Such an energetic impact would yield a fully differentiated
Titan (Brian Tonks & Jay Melosh 1992; Estrada & Mosqueira
2006), not reconcilable with thermal evolution constraints from
Titan’s Mol (see section 4 for detailed discussion). We take this
value, ~0.04 of Titan’s mass, as a generous upper bound for how
much ice could be lost due to giant impacts. Ice could also be
lost due to tidal heating. In order to determine the upper bound
in mass that could be lost due to this mechanism, we consider
eq. 5 in Dwyer et al. (2013). Even if Titan sustained its highest
tidal-heating flux (1.9 TW, Grasset et al. (2000)) for a very ex-
tended period (3 - 10° yrs) with none of the lost volatiles being
reaccreted, Titan’s loss in fi.e would decrease in less than 1%
with respect to fic. in the CPD.

Imperfect accretion, hydrodynamic escape, high-velocity
impacts and tidal heating can lead to a decrease in ice in Ti-
tan with respect to the CPD in which it forms. However, none
of these processes can justify an ice loss larger than 9% of the
initial ice mass. As established in section 3, the parameter to
which the ice fraction is most sensitive to is our initial dust-to-
gas ratio in the CPD. For (d/g)=1073, the solids are dominated
by ice (~80wt.% up to ~110Rgsamm ). If these solids formed Titan,
a mass of volatiles equivalent to two Titans should be lost ei-
ther during or post-accretion for Titan to end up with its current
ice content, ~30-40wt.%. None of the described ice loss mecha-
nisms can lead to this ice loss, meaning Titan’s bulk composition
cannot be reconciled with its formation in a CPD with a very low
dust-to-gas ratio, (d/g)= 1073,

A high dust-to-gas ratio of (d/g) = 107! results in a disk
saturated in solids, with ~6wt.% of ice. If sufficient ice is to re-
main in the disk for the formation in Titan with (d/g)=10"", the
ice cannot be directly accreted from the mm-sized particles that
carry the bulk of the mass in our grain size distribution. Instead,
it must come from captured planetesimals that have ~30-40wt.%
of ice.

We find that, for Titan to end up with an ice fraction compati-
ble with Mol observations, the dust-to-gas ratio in the CPD must
remain in the order of solar nebula values, (d/g) = O(1072). In
section 5, we found that Titan should have an fi.. of 30-40 wt.%
in order to match its observed characteristics. If up to a 9% of
fice in the CPD can be lost during or after Titan’s accretion, the
disk must have an ice mass content of ~ 30 — 49wr.%. We fur-
ther constrain the dust-to-gas ratio by investigating a range of
1071 — 10724, and taking into account the possible ice loss
mechanisms. The results are shown in Figure 8. To have fi.
of ~ 30 — 49wt.% in the CPD, the dust-to-gas ratio must be
(d/g) = 10729502 if Titan acquires the bulk of its mass closer
than ~ 100Rsturm.

Firstly, this supports the fact that Saturn did not open a gap
Sasaki et al. (2010). If it had, the dust-to-gas ratio is expected
to have decreased significantly by the time of Titan’s formation
due to dust filtering. While the lower bound, (d/g) = 1072,
could be compatible with some degree of filtering, it reflects a
very generous upper range in CPD ice content, and is unlikely
to be representative of CPD conditions upon Titan’s accretion.

70

—— Reference model

(dig)= 10712
(dig) =107
(dig) = 10712
(dig) =107
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(dig) = 10722
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Fig. 8: Column integrated ice over total weight, fic., as a func-
tion of distance to Saturn for the reference model (inputs are
described in section 2.1), and variations in the dust-to-gas ratio.
In blue, the range of fi.. that are compatible with the formation
of Titan having a Mol of 0.33-0.34. Light blue indicates an fi..
in the CPD if ice loss takes place. Dark blue indicates fi.. present
in Titan’s interior.

Secondly, the absence of a gap indicates the main solids deliv-
ery mechanism into the CPD can be a direct dust inflow from
the PPD; the process of drag capture and ablation of crossing
planetesimals is not required to justify Titan’s characteristics.
Thirdly, defining the volatile availability has implications on the
formation of moons other than Titan. If satellites inner to Titan
formed from massive rings (Salmon et al. 2010; Canup 2010;
Charnoz et al. 2010, 2011; Cuk et al. 2016), enough ice should
be present to result in the rings, whether through the tidal dis-
ruption of a Titan-like moon (Canup 2010) or a orbital instabil-
ity event leading to massive collisions that would create a debris
disk (Cuk et al. 2016).

We conclude that the abundance of ices in the Saturnian
CPD is rather insensitive to parameters other than the dust-to-
gas ratio. However, a strong background source of UV radi-
ation from the disk’s environment (y = 10*) or from Saturn
(Lsaun = 107°Lg) pose a more stringent condition on where
Titan can form. These conditions are not expected to represent
the disk parameters across the full accretion of Titan, but rather
be experienced shortly (as discussed under section 5). Conse-
quently, our CPDs are consistent with the formation of Titan
between ~7-130Rsawm- The upper bound can be extended to a
maximum 7 ~ 218Rsaum for y = 10°, although Titan is unlikely
to form at such far distances as accretion is less efficient. The
lower bound can be reduced to r ~ 4Rsum fOr Lsamum = 1077 Lo.
This reflects a condition that might have taken place during ac-
cretion, and is compatible with the rapid orbital expansion of
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Titan (Lainey et al. 2020). Owing to the range of CPD condi-
tions that could reproduce a satellite with Titan’s characteristics,
we sustain that Titan’s origin is primordial.

The presence of NH3 in Saturn’s CPD is supported by the
identification of the species in the plumes of Enceladus (Waite
et al. 2009) and its abundance in comets (i.e. Crovisier 1994).
Our CPD models predict that a large NH3 inventory was avail-
able upon Titan’s formation. In the reference CPD model, there
is more than 15wt.% NHj in the ices up to r~ 28Rg,wm and more
than 10wt.% NHj up to r ~111Rguum (as shown in Figure 6).
These findings are consistent with the hypothesis that the ob-
served N, in Titan is not primordial, but rather was captured as
NH; (i.e. Niemann et al. 2005). A fraction of NH3 is expected
to have outgassed during accretion and differentiation, to later
convert to N, by photolysis (Atreya et al. 1978) and shock heat-
ing (Jones & Lewis 1987). However, a major fraction of NHj
remains in the interior (Fortes 2004), which makes the existence
of the subsurface ocean possible. We show that Titan is likely to
have accreted sufficient NH; to possess a subsurface ocean.

Other than NH3;, CH30H has been proposed to be a potential
antifreeze in Titan’s primordial ocean (Deschamps et al. 2010).
Our CPD models have yielded insufficient fractions to justify any
significant variation in the liquid layer profile for Titan’s forma-
tion beyond ~ 11Rgsuym. If Titan formed closer to Saturn than
~ 11Rsaum, CH30H could be an anti-freeze in Titan’s ocean
along with NHj. The large portion of NH3 in our models, be-
tween 10 and 20wt.% in the 10-70Rgym range with the sole ex-
ception of Lsyum = 107 Ly, yields oceans between 53 to 28 km
from the surface, respectively. This is compatible with the pos-
sible presence of a conductive layer at 45+15 km discovered by
Huygens (Béghin et al. 2010). Our findings thus support the pre-
diction of the existence of a liquid salty layer in Titan.

From radio tracking measurements from Cassini, it can be
inferred that the Mol of Titan must be in the range 0.33-0.34 (as
discussed in section 4.1). We have established that a sufficient
amount of NHj is present in Titan to justify the existence of a
~ 300-400 km deep ocean. This ocean decreases the mass be-
ing placed in proximity to Titan’s surface. Matching a Mol of
0.33-0.34 with an NH3 ocean generally requires that more than
~ 13wt.% H,0 ice is placed in the core. This is representative
of a partially differentiated body, and possibly a core composed
of hydrated silicates. Alternatively, the Mol can be reached if
the ocean’s density is large (~1200 kg m~2). Consequently, our
CPD models favor a scenario in which Titan has either an H,O
ice content higher than 13wt.% in its core or an ocean enriched
in antifreeze compounds denser than NHj3.

7. Conclusions

We have evaluated a ensemble of CPDs in their capacity to form
amoon with Titan’s ice to rock fraction, mean density and radius,
as well as its Mol, and concluded that:

1. To form a moon with Titan’s bulk ice content, the dust-to-
gas ratio in the CPD must be (d/g) = 1072902 if Titan
acquires the bulk of its mass closer than ~ 100Rgam. The
ice availability upon accretion is otherwise inconsistent with
Titan’s Mol.

2. A large NHj reservoir was available upon Titan’s formation,
of the order of 10-20wt.% of the total nebular volatile mass
from 10 to 70 Rgyum for all CPD models except the one with
a very luminous Saturn, Lg,ym = 1073 L. This is consistent
with the hypothesis that the observed N, in Titan is captured
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as NH3 and converted by photolysis (Atreya et al. 1978) and
shock heating (Jones & Lewis 1987).

3. The NHj; inventory in the CPD is compatible with the pos-
sible presence of a conductive layer at 45+15 km depth as
revealed by the Huygens probe (Béghin et al. 2010).

4. Our CPD models are reconcilable with the formation of Ti-
tan in close proximity to Saturn (# > 7Rsaurm). Formation at
~ 5Rsaum, Which agrees with the rapid orbital expansion of
Titan in the resonant locking scenario (Lainey et al. 2020),
requires Lsaum = 1077 Lo,
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Appendix A: Circumplanetary disk characteristics

The dependence of the main chemical species on the input pa-
rameters M and Ty, are shown in Figure A.1. It can be seen that
M has a negligible impact on the species abundances. This is also
the case for a background temperature Thacx between 20-40 K.
We show the effects of further increasing Thack to 50 K. While
this changes the carbon-bearing species, HO+OH and NH;
have a negligible change for r < 100Rsaum- Even if Tpaex = S0 K
upon Titan’s formation, our findings do not vary as they focus on
H,0+OH and NH3.

The oxygen, nitrogen and carbon elemental ice fractions in
the ices for the CPD reference model are shown in Figure A.2.
The mid-plane temperature profiles and main chemical species
are shown as a function of distance to Saturn in Figure A.3 and
Figure A.4 for the considered CPDs. We provide a description
of the CPDs in section 2.

=== CzHz
CzHs -
CzHy e
M=10"1M, Hew
= -} cos R
100
80
g
g &
£
o
&
i
T 40
1~
& \
|
|
20 i
i
'
0 f
! ! !
10t 10° 10°
I [Rsstum]
Thack = 20K
100 .
n
I
[
[N}
i)
U I
A
\\
g
g 80
E
o
L
i
T 40
=
&
I
Vo
[
1!
[
"
o 1

T
10t 102 108

Fig. A.1: Chemical species abundances (column integrated) for varied parameters in M and Tk, as a function of r. We discuss the
input parameters in section 2. Only species reaching more than a 5% molecular abundance across two consecutive grid points are

presented.
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Fig. A.3: Mid-plane temperature profiles for the gas (left) and the dust (right) for the reference model (in magenta) and the varied
parameters, as a function of r. The input parameters are described in section 2.
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Fig. A.4: Chemical species abundances (column integrated) for the reference model and the varied parameters, as a function of r.
We discuss the input parameters in section 2. Only species reaching more than a 5% molecular abundance across two consecutive
grid points are presented.
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Appendix B: Interior model profiles patible with the density of San Carlos Olivine at low pres-

sure conditions (peore = 3343 kg m™3). The hydrated silicate
Interior models are detailed at Titan’s present location cores have densities closer to that of antigorie at low pressures
(r ~ 21Rgaum) in Figure 5, Figure B.1 and Figure B.2, and a de-  (0core = 2558 kg m™) (Fortes 2004). At this location, only the
scription of the physical parameters can be found in Table B.1. dense ocean case complies with the constraints described under
Resulting core densities in the anhydrous core case are com- section 4.1.
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Fig. B.1: Model characteristics for an ice bearing core and an ammonia rich ocean in Titan. On the left, profiles of gravity, den-
sity, pressure and temperature inside Titan are shown for in-situ formation at the moon’s present location in the reference model
(fice=37wWt.% and 16wt.% NH; over ice weight). On the right, a depiction of the modelled layers is provided (not to scale). Titan
image credit: NASA/JPL/University of Arizona/University of Idaho.
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Fig. B.2: Model characteristics for a differentiated core, composed by pure Fe surrounded by hydrated silicates (or possibly an
undifferentiated outer core). The icy layer contains an ammonia rich ocean. On the left, profiles of gravity, density, pressure and
temperature inside Titan are shown for in-situ formation at the moon’s present location in the reference model (37wt.% of ice
and 16wt.% NHj over ice weight). On the right, a depiction of the modelled layers is provided (not to scale). Titan image credit:
NASA/JPL/University of Arizona/University of Idaho.

Table B.1: Numerical results for interior models at Titan’s present location in reference model.

Description Mol  peore [kg m>3] Regre [km] Ocean depth [km] Ocean extent [km]

Anhydrous silicate core 0312 3349.467 1818.701 36.000 370.039 Figure 5
Hydrated/undifferentiated core ~ 0.327  2840.683 2001.268 36.000 370.039 Figure B.1
Hydrated/undifferentiated outer 8058.300, 430.391, .

core with pure Fe inner core 0.323 2788.264 2001.268 36.000 370.039 Figure B.2
Hydrated/undifferentiated core ) 336 5590 go4 2037733 36.000 370.039 -

with dense ocean
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Appendix C: Migration

We assess the effect of migration on the bulk composition of
Titan. To that end, we assume Titan grows through pebble accre-
tion from an initial seed mass. We compute the pebble accretion
efficiency as a function of distance to Saturn and seed mass in
section C.1. In section C.2, we impose different migration tracks,
and let Titan grow at a rate depending on the pebble accretion
efficiency. The effect of migration on Titan’s bulk chemistry is
discussed under section C.3.

Appendix C.1: Pebble accretion efficiency

In this study, the formation or capture of the seed itself is not
considered. We form Titan in the CPD models from an initial
(spherical) seed radius ~130 km, corresponding to Titan’s mean
density and a seed to planet mass ratio of g, = 1077, We inves-
tigate its further growth via the pebble accretion mechanism, by
which small particles of negligible gravitational mass compared
to the seed are accreted onto the growing body (see Ormel 2017,
Ormel & Liu 2018; Liu & Ormel 2018; Lambrechts et al. 2014).

We compute the pebble accretion efficiency epa as a function
of distance to Saturn and seed mass in our reference CPD model.
This efficiency refers to the probability that a pebble, drifting to
the central body (i.e. Saturn) is accreted by the minor forming
body (i.e. Titan) (Ormel & Liu 2018). The values of eps are com-
puted following the framework provided in Ormel & Liu (2018)
and Liu & Ormel (2018), with the characteristics of the CPD
reference model described in section 2.1. Ormel & Liu (2018)
and Liu & Ormel (2018) carry out three body —central, minor
body and pebble— integrations to follow the drifting trajectory of
pebbles in a PPD. They provide analytical fits describing eps in
terms of growing body, disk and pebble properties, applicable in
the 1073 < 7, < 1 range, where 7, is the pebble dimensionless
stopping time.

The expression for eps is a combination of the 2D and 3D
limits. In the former (2D), all pebbles reside in the midplane.
In the latter (3D), turbulence stirring pebbles out of the mid-
plane —and increasing relative velocities— is accounted for. The
total accretion efficiency then follows from combination of both
regimes, 6p and ep (Ormel & Liu 2018),

ea = (6p + €p) 2. (C.1)

When the pebble accretion radius exceeds the pebble scale
height, h,, the first term dominates. This value is obtained from
the analytical approximation (Youdin & Lithwick 2007),

Ty 1+ 27 )_1/2 (C2)

hp_hg(l " a 1471

In the planar approximation (2D), accretion efficiency is di-
vided into two terms, &p = €D set + €D bal-

The first term, p g, refers to the settling regime where the
gas-drag effect is relevant. The second term €p py, refers to the
ballistic regime, where gas-drag is insufficient for the capture of
pebbles and accretion can only take place upon impact of peb-
bles on the growing satellite’s surface. These two terms follow
Equation C.3 and Equation C.4, respectively,

Av
e = 03222
n°Ts VK
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(C.3)

(C4)

Ts 2qsr Av
€D,bal = — t

2
2 _) (1 - f@et)’
T nr Is VK

where v is the Keplerian speed, 7y is the seed radius and
is the headwind prefactor,

_lH_é ologP,
2 12 Glogr’

(C.5)

with Pj the gas pressure in the midplane. Assuming the satel-
lite is in a circular orbit, the relative velocity between the satellite
and the pebble is given by,

Av =

-1
1+5.7( as )} Vow + Ve (C.6)
qhw/sh

where vy, = nvk is the headwind velocity experienced by
particles, vg, = 0.52(gs7s)"?vk is the Keplerian shear veloc-
ity between the satellite and the pebble and ghw/sh = 17 /7
is the transition mass ratio between the headwind and shear
regimes (Liu & Ormel 2018). In Equation C.4 and Equation C.3,
fiet = exp[-0.5(Av/v,)?] is a modulation factor, with v, =
(gs /1) Pvk the transition velocity between both regimes (Liu
& Ormel 2018).

Similarly to the 2D limit, in the 3D regime (Ormel & Liu
2018; Liu & Ormel 2018), &sp = €3p set + €30 bal»

qs o
set = 0.39—f2., C.7
E3D, et nhp set ( )
1 Vi T T 2Av
k s s 2
€&ppal = ——|2¢s—— +|=| — |(1 = fi.) (C.8)
bl 4\/En73hp( 1 Avr (”) Vk) Fo

We solve Equation C.1 to find eps for every seed mass ratio
gs and distance to Saturn r, shown in Figure C.1. We observe epa
increases towards Saturn, for higher seed masses. The top left
area, in yellow, corresponds to the most efficient accretion.
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Fig. C.1: Pebble accretion efficiency in the reference model (see
section 2.1) as a function of r, and seed to planet mass, ¢s. Re-
sults are shown for an assumed 7, = 5- 1073, and a seed mass up
to Titan’s current mass, g5 ~ 10™* ~ Mrjtan/Msawrn.-
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Fig. C.2: Cumulative mass of Titan as a function of its migration track across time, for migration scenarios (a) 'M1’ and (b) "M2’.
The position of Titan as a function of time is taken from Fujii & Ogihara (2020). The growth of the seed at each timestep is computed

from Equation C.9.
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Fig. C.3: Rock-to-ice and ices bulk composition for Titan finishing its growth at r ~ 13.6Rg,um in the reference model with
(a) 'M1’ migration and (b) "M2’ migration. The bulk composition acquired at each radial distance is proportional to the mass

increase depicted in Figure C.2.

Appendix C.2: Migration tracks

We subject the seed to two boundary migration tracks computed
in Fujii & Ogihara (2020) for @ = 107*. The tracks in Fujii
& Ogihara (2020) describe the orbital evolution since the disk
starts to dissipate. We assume Titan grows throughout these from
gs = 10777 to its present mass, g; ~ 107, to get a first estimate
of the effect of migration on the moon’s bulk chemistry. In fu-
ture work, the migration track should be self-consistent with the
moon’s mass growth, rather than imposed.

Having the seed position as a function of time, r(f), we com-
pute the mass increase through,

gs(t + 1) = gy(1) + Mepa(gs(n), (1)), (C9)

for the two considered tracks, named ‘M1’ and 'M2’. The
former is the closest initial location allowing for Titan’s survival

in Fujii & Ogihara (2020), while the latter reflects an extended
inwards migration. These are shown in Figure C.2, along with
the total seed mass at each radial position. The color in the fig-
ures reflects the cumulative seed mass. Dark purple indicates the
initial seed mass, g; = 10777, and yellow reflects the highest
seed masses, as Titan approaches its final location. These seed
masses are indicated in the right color bar in Figure C.2. In
both migration scenarios, ~50% of Titan’s mass is acquired in
at r < 21Rsaum, corresponding to the last five yellow dots in
Figure C.2. This is caused by the increased epy both for higher
mass seeds and reduced radial distance to Saturn (yellow values
in Figure C.1), which triggers a fast growth in the last migration
stages.
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Fig. C.4: Rock-to-ice and ices bulk composition for Titan form-
ing in-situ at r & 13.6Rgsaum in the reference model.

Appendix C.3: Effect of migration on bulk chemistry

The body’s bulk composition might be dependant on radial mix-
ing, and consist of an amalgam of the solids with different chem-
ical composition that are present at different radii. As shown in
Figure A.4, we know the abundance of each icy species as a func-
tion of distance to Saturn. From Figure C.2, we know how much
mass Titan acquires at each radial location. We thus compute
the final bulk composition corresponding to the mass growth in
the M1’ and M2’ migration scenarios. Figure C.3 shows the
rock-to-ice in Titan’s interior (small pie plots) and the main ice
species (big pie plots) in Titan, resulting from the radial mixing
introduced by migration. For both migration tracks, water con-
tent, HyO+OH, is dominant, being 54-55wt.% of the total ices
and the NH; content is ~ 15wz.%.

In section C.2, we find that Titan acquires the bulk of its mass
as it nears its final location. Similarly, ~50% of Titan’s compo-
sition is acquired within < 10Rgam, from its final position in the
CPD. This implies < 5% difference in icy species abundance for
the "M 1’ and "M2’ scenarios, despite the differences between the
tracks. This difference is further reduced for species with stable
abundances throughout the disk. This is the case of NHj3 (see
section 3), for which it is +O(107%). Similarly, the ice-to-rock
ratio is close to constant, as described under section 3, and only
varies within +O(107?) for the different migration tracks.

We compare the final bulk composition in the M1’ and
"M2’ scenarios to that of a formation in-situ at the final loca-
tion, shown in Figure C.4. The major difference resides in the
variety of C-bearing species. Their increased diversity in outer
radii is reflected in Figure C.3. In the in-situ case, formation oc-
curs before the snowlines for CO,, C,H,, C,H3 and C,Hy. The
total C elemental fraction is comparable in the in-situ, M1’ and
’M2’ scenarios; it is close to constant after ¥ = 10Rs,tum, as are
the N and O fractions (as shown in Figure A.2).

We conclude that the elemental fractions for a migrating Ti-
tan do not vary with respect to in-situ formation, but migration
can introduce a larger diversity in species. Furthermore, the bulk
composition is mostly sensitive to the final location, not the mi-
gration track. However, it remains unknown where the body fin-
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ished accreting. Titan could have ceased to migrate upon reach-
ing its current location (Fujii & Ogihara 2020) or in proximity
to Saturn, only to later migrate outwards by interaction with the
planet (Lainey et al. 2020). Narrowing down the migration path
could help in refining our interior models, and the assessment of
species other than NH3; and H,O.

Appendix D: Verification and validation
Appendix D.1: Disk models

We model a TTauri PPD, so as to compare our Spectral Energy
Distribution (SED) output to that provided in (Serman 2019).
The results, shown under Figure D.1, serve as a way to test
ProDiMo before adapting it to model the Saturnian CPD.

TTauriTest

VF,[ergem~2s71

10-* 10 107 1070 100 10! 10? 10°
107 wavelength [um]

(b) SED output.

wavelength [um]

(a) SED in Serman (2019)

Fig. D.1: Comparison of spectrum of a TTauri star as described
in Serman (2019) with our own ProDiMo results.

Our best models are consistent with the hypothesis that Sat-
urn did not open a gap in the CPD. This is also considered when
selecting the input background temperature and dust sizes for
the disks (see section 2.1 for a discussion). We verify this lack
of a gap analytically. Gap opening occurs since the torque ex-
erted by the planet on the surrounding disk overcomes the disc’s
viscous torque trying to fill the gap region. Besides this viscous
condition, a condition for a gap to open is the thermal criterion:
the planet’s Hill radius must be larger than the disk scale height
such that angular momentum is deposited in the proximity of the
planet (Hallam & Paardekooper 2017). More particularly, gap
opening occurs for a gap opening parameter £ < 1,

_3H, 50
_4VH

Soahg (aSalurn)2
M Saturn

_ hg(aSalurn)
M SaturnR M. ;ffum

with R the Reynolds number (Canup & Ward 2002; Crida &
Morbidelli 2007). With @ = 1072, hg(a) = 1.88 and Msyum =
2.858 - 107 My, we obtain P = 647.53. Therefore, the gap open-
ing criterion is not satisfied and we have verified that Saturn does
not open a gap.

P

., (D.D)

Appendix D.2: Interior models

The ice I shell thickness is determined such that it matches the
global heat flux expelled from the core. We verify the correct-
ness of our heat flux computations as a function of shell thick-
ness. We contrast our output to that of Grasset et al. (2000), for
Swt.% and 15wt.% NH;. The results are shown in Figure D.4.
The higher the ammonia abundance, the more sensitive the heat
flux is to the pressure and temperature rounding errors. This is
reflected in the larger error in the 15wt.% NHj case (bottom
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curve), which has up to a +3 km error in ice I layer thickness.
We assess how this upper bound error propagates, and find that
a thickness 40+3 km yields an ocean thickness of 399+4.2 km
and a Mol of 0.32+7-10~*. Having no impact on our findings, an
error in Mol of O(107#) is considered negligible.

We revise our hydrostatic pressure profile by reproducing Ti-
tan 'B’ in Fortes (2004). This is an ammonia-free model with
ice-to-rock-to-metal ratios of 48.16:40.95:10.89. The profiles
from literature are shown in Figure D.2a, and our own in Fig-
ure D.2b. In Fortes (2004), the inner FeS core extends 820 km,
the olivine outer core 826 km and the ice layer 928 km. We ob-
tain 819.76, 816.24 and 939.00 km, respectively. Owing to our
assumption of constant density throughout the core, the profiles
are not an exact match, but differ in the density line (top right
in Figure D.2). Our model yields the same ice phases, and while
the extensions of these are not provided in Fortes (2004), a visual
match supports their correctness. We further verify the ice phase
transition by contrasting the pressure and temperature conditions
to the H,O phase diagram, as shown in Figure D.5, and find an
exact match between phase and P-T conditions.

40 &0 B0 100 120 140

lce | layer thickness [km]

20

Fig. D.4: Verification of ice I shell thickness determination. Heat
flux is given relative to the highest heat flux from the core
(1.9 TW). Two cases are assessed: Swt.% NHj (top curve) and
15wt.% NHj; (bottom curve). The gray dashed line indicates the
heat flow condition (0.7 TW). In black, results from Grasset et al.
(2000).

We introduce 15wt.% ammonia in a model with the same
core characteristics as Titan 'B’. In Fortes (2004), this results in
an ocean extending 360 km and a Mol of 0.297. The profile is
shown in Figure D.3a. In our model, shown in Figure D.3b, the
ocean extends 358.60 km and the Mol is 0.297. While we expect
our constant core density assumption to increase the Mol, this is
not reflected in the three-decimal comparison.
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Fig. D.5: Verification of ice phase transitions for the given pres-
sure and temperature conditions in Figure D.2b.
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Conclusions and recommendations

This section includes the conclusions of this thesis, along with recommendations for the next steps to
be followed. In chapter 2, the different methods, results and implications have been presented, with
the aim of providing an overview of the research work and the derived findings.

In this thesis, Titan’s birth environment has been constrained based on observations of the satel-
lite. First, a combination of CPD characteristics has been selected, based on literature. Owing to the
uncertainty in said characteristics, a selection of parameters has been examined over a wider range.
The corresponding stedy-state CPDs have been modelled with ProDiMo, and the variety of chemical
compositions has been studied. Secondly, we have identified the ice and NH; ice availability required
upon Titan’s formation in order to match the satellite’s Mol, mean density and radius, based on a suite
of interior profiles. Thirdly, we have evaluated the CPDs on their capacity to reproduce said volatile
inventory. Lastly, we have assessed the implications of the obtained range of parameters and distance
from Saturn that allow to form Titan with its observed characteristics.

3.1. Conclusions

Following from the research questions presented in section 1.1, and the findings described in chapter 2,
a series of conclusions have been drawn and reported as answers to every question.

1. What were the characteristics of Titan’s birth environment?

(a) What constraints do the observations of Titan place on its birth environment condi-
tions?
We have considered a suite of interior profiles and determined how much ice and NH; ice
should be available upon Titan’s accretion, for the satellite to have a Mol of 0.33-0.34, Titan’s
radius and mean density. We have concluded that Titan must contain f,.. = 30 — 40wt.%
and up to 33wt.% NH; ice. The CPD in which it forms can, however, contain more ice,
as imperfect accretion, hydrodynamic escape, high-velocity impacts and tidal heating can
lead to a decrease of up to 9% in fi.. during or after Titan’s accretion. By consideration
of observations of Titan, we have constrained the birth environment conditions to locations
where fi.. = 30 — 49wt.% and up to 33wt.% NH; ice are available.

(b) What CPD characteristics are required to meet the observational constraints?
The Mol is more strongly dependent on the bulk ice fraction of the satellite than the NH;
content. The ice fraction in the CPD has been found to be most sensible to the dust-to-gas
ratio, out of the assessed parameters. For CPD to have f,.. = 30 —49wt.%, the dust-to-gas
ratio must be log(d/g) = —2.05 + 0.2. Therefore, we have succeeded in placing stringent
constraints on the dust-to-gas ratio that had to be present in the CPD upon Titan’s accretion.

(c) What implications do the CPD characteristics have on the environment in which Titan
formed?
As the dust-to-gas ratio in the solar nebula is in the order of 10~2 (Lodders 2003), our re-
sults indicate that no major dust filtering mechanism should be in place in Saturn’s CPD,
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3. Conclusions and recommendations

thus supporting the absence of a gap. This is relevant in that it can be at the origin of the
different architectures between the Jovian and Saturnian systems, as proposed by Sasaki
et al. (2010). If Saturn did not form a gap, it is not expected to have had an inner cavity in
the CPD (Sasaki et al. 2010), easing satellitesimal migration onto planet. Given the range
of CPD conditions that could reproduce a satellite with Titan’s characteristics in our models,
Titan’s origin is likely to be primordial, and, given the absence of a cavity, part of the final
surviving generation in the CPD, as suggested by Charnoz et al. (2009) and Sasaki et al.
(2010).

2. What implications does the chemical composition of the CPD, as a function of radial dis-
tance to Saturn, have on the formation of a Titan-like satellite?

(a)

(b)

(c)

What is the closest distance to Saturn at which Titan could form?

Lainey et al. (2020), proposed that Titan was in very close proximity to Saturn (~ 5Rsaturn)
upon gas dispersal, based on Titan’s observed fast orbital migration. We have determined
the closest distances to the planet at which Titan could have accreted the bulk of its mass in
our CPDs. For the conditions that are expected to have been experienced by the growing
satellite, the minimum radial distance for formation is ~ 7Rg,turn- If Titan formed in the last
generation of moons from the CPD, it could have experienced planetary luminosities as low
as Lsaturn = 1077 L, for which the minimum radial distance decreases to ~ 4Rg,purm. Our
CPDs are therefore consistent with the formation of Titan in close proximity to the planet,
although the ~ 5Rg,urm distance found by Lainey et al. (2020), requires Lsatum = 1077 Lg.

How does the chemical composition and abundance of the ices in the CPD relate to
Titan’s present composition?

Independently of where Titan formed, we find that a large NH; inventory was available in
its building blocks, 10-20wt.% of the total nebular volatile mass from 10 to 70 Rty for all
models except when Lg,turm = 107°Lg. The abundance of NH; in our CPDs indicates that
Titan is likely to have accreted a substantial amount of this species upon formation. This
supports the hypothesis the N, in Titan is not primordial, but proceeds from NH; outgassed
from Titan’s interior.

What are the predictions that can be made on Titan’s radial profile based on the ice
and NH; availability upon accretion?

The NH; in Titan’s interior works as an anti-freeze allowing for the presence of a subsurface
ocean. In our models, the presence of 10 to 20wt.% NH; between 10 to 70 Rgaturn results
in ~300-400 km thick oceans between 53 to 28 km from the surface, respectively. These
results are in agreement with the possible presence of a conductive layer at 45+15 km dis-
covered by the Huygens probe (Béghin et al. 2010). The NH; abundance in our CPDs is
largely insensitive to the assessed CPD conditions, +5wt.% for 10-70 Rsaturm, SUpporting the
existence of a liquid layer in Titan’s interior.

The presence of a ~300-400 km thick ocean replaces higher density ices resulting in a low
mass placement towards Titan’s surface. In order to match a Mol of 0.33-0.34 with these
H,O-NH; solutions, the ocean density must be increased. This is possible if solutes such
as magnesium sulfates or sodium sulfates are present in the liquid layer. As another option,
a Mol of 0.33-0.34 can be reached if more than ~13wt.% H,O ice is placed in the core. Our
CPD models therefore support the presence of more than 13wt.% H,O ice in Titan’s core or
an ocean enriched in antifreeze compounds denser than NH,;.

3.2. Recommendations

As discussed in chapter 2, this thesis has been carried out with the intention of submitting a scientific
paper on the research work in the future. Consequently, this work will be continued after the thesis
defence. In this section, recommendations for future steps in the work are provided.

1. Astrochemical and interior modelling have been connected. Considering the fact that the species
in the CPD do not purely translate into the chemical composition and abundances in Titan, we
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propose extending the discussion on the changes that occur from the CPD to the interior. Par-
ticularly, the ice loss mechanisms should be better constrained and the evolution of the ocean
thickness and composition within Titan, as found from our results, could be addressed.

2. In order to have sufficient ice in the CPD to form Titan, we found log(d/g) = —2.05 + 0.2. While
log(d/g) = [—1.85,—2.05] is consistent with dust-to-gas ratios in the ISM, the lower bound,
log(d/g) = —2.25, could reflect some degree of filtering. This is a generous minimum and is not
expected to reflect CPD conditions upon Titan’s formation. However, the extent of filtering caused
by the presence of a gap should be identified, so as to fully support (or discard) the absence of a
gap in the Saturnian CPD. Towards this goal, other dust parameters should be studied: the dust
minimum and maximum sizes, an,;, and an.x, and the powerlaw size index apqy -

3. The study of the CPD’s chemistry and species abundances has been focused on f..., NH; and
H,O+0OH abundances. In future work, other species should be assessed in more detail, as these
might have an effect on Titan’s Mol and consequently, on where the satellite can form in the
CPD. As described section 3 in the paper, CO, is of particular interest as it could be the source of
Titan’s CH, (Zolotov et al. 2005). Therefore, we recommend the inclusion of this species in the
discussion through consideration of a gas-liquid equilibrium model of the NH;-CO,-H, 0O system,
as suggested by Marounina et al. (2018).

4. The migration of Titan, and the effect on the bulk chemistry therefrom, has been marginally con-
sidered in Appendix C: Migration. In it, migration tracks from literature have been imposed, so
as to determine the effect of radial mixing in Titan’s acquired bulk chemistry. This could be im-
proved upon by both assessing a migration self-consistent with the moon’s mass growth through
the approach proposed in Paardekooper et al. (2010), investigating more migration tracks and
performing a more in-depth literature research. These findings would help in constraining Titan’s
bulk composition and the maximum distance from Saturn at which it could form.

5. Itis lastly recommended to indicate which future observations, experiments or studies would be
most relevant to the assessment of our findings, so as to pave the road for upcoming research.
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