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ABSTRACT

Context. In protoplanetary discs, micron-sized dust grows to form millimetre- to centimetre-sized pebbles but encounters several
barriers during its evolution. Collisional fragmentation and radial drift impede further dust growth to planetesimal size. Fluffy grains
have been hypothesised to solve these problems. While porosity leads to faster grain growth, the implied porosity values obtained
from previous simulations were larger than suggested by observations.

Aims. In this paper, we study the influence of porosity on dust evolution, taking into account growth, bouncing, fragmentation,
compaction, rotational disruption, and snow lines, in order to understand their impact on dust evolution.

Methods. We developed a module for porosity evolution for the 3D smoothed particle hydrodynamics code PHanTOoM that accounts
for dust growth and fragmentation. This mono-disperse model is integrated into both a 1D code and the 3D code to capture the overall
evolution of dust and gas.

Results. We show that porosity helps dust growth and leads to the formation of larger solids than when considering compact grains, as
predicted by previous work. Our simulations taking into account compaction during fragmentation show that large millimetre grains
are still formed but are ten to 100 times more compact. Thus, millimetre sizes with typical filling factors of ~ 0.1 match the values

measured on comets or via polarimetric observations of protoplanetary discs.

Key words. methods: numerical — planets and satellites: formation — protoplanetary discs

1. Introduction

The early stages of planet formation are not well understood.
Observations of protoplanetary and debris discs, along with the
discovery of numerous exoplanets, have shed light on the effi-
ciency of mechanisms that allow tiny dust particles to aggregate
into objects several thousand kilometres in size (Dominik & Tie-
lens| [1997; |Dullemond & Dominik!2005). The process of dust
particle growth involves several stages. Initially, monomers grow
thanks to Brownian motions, sticking together via Van der Waals
forces (Cuzzi et al.[1993}; |Stepinski & Valageas|1997)). However,
after growing by just one order of magnitude, this mechanism
becomes ineffective, giving way to turbulence within the gas,
which promotes collisions between aggregates (Weidenschilling
& Cuzzi|[1993). Thanks to this turbulence, grains can grow to
sizes ranging from millimetres to metres, depending on their
porosity (Okuzumi et al.|[2012} |Garcia & Gonzalez|[2020). At
this point, they face various barriers to further growth, including
radial drift and fragmentation.

Radial drift is caused by the friction between gas and dust
(Whipple|[1972; Weidenschilling||1977) resulting from the dif-
ference in orbital velocities due to gas pressure support. This
friction causes dust particles to lose angular momentum and
drift inward towards the star (Nakagawa et al.||[1986). This phe-
nomenon is especially rapid for intermediate-sized grains, pos-
ing a challenge to their growth (Weidenschilling||1977). In ad-
dition to radial drift, other barriers to dust growth are associ-
ated with the physics of grain interactions (Weidenschilling &
Cuzzi| 1993} |Stepinski & Valageas|1997). These interactions de-

pend on the relative velocities of grains during collisions, which
can lead to coagulation, bouncing (elastic or plastic deforma-
tion), or fragmentation (Blum & Wurm|[2000). The bouncing or
fragmentation thresholds refer to the relative velocity at which
grains begin to bounce or fragment, respectively. In any case,
these thresholds, ranging from a few metres per second to a few
tens of metres per second, are quickly reached when sizes are
on the order of millimetres to metres. These barriers are called
the bouncing barrier (Zsom et al.[2010; [Windmark et al.|2012)
and the fragmentation barrier (Weidenschilling & Cuzzi|{1993
Dominik & Tielens|[1997; Blum & Wurm|[2008). Blum & Wurm
(2000); Blum & Wurm| (2008) and |Giittler et al.| (2010) showed
in their experiments that adhesion and fragmentation are linked
to the composition of the grains and the volatile materials cov-
ering them. Recent studies (Yamamoto et al.|2014; Kimura et al.
2020; San Sebastian et al.|[2020) have shown that silicates are
more resistant than suspected.

More recently, additional barriers to dust growth have been
identified, including collisional erosion (Schripler & Blum
2011) and aeolian erosion (Paraskov et al.|2006; [Rozner et al.
2020; |Grishin et al.|[2020; Michoulier et al.|[2024). Collisional
erosion occurs when larger aggregates eject grains from their
surface through successive collisions with smaller grains. Ae-
olian erosion is caused by gas friction, leading to the detachment
of loosely bound grains from larger aggregates in the innermost
region of the disc. Another mechanism that can destroy grains
is rotation disruption (Tatsuuma & Kataoka)|2021)), where the
gas flow torques the grains, causing them to rotate. When the
centrifugal force exceeds the maximum tensile strength of the
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grains, they shatter into fragments. Tatsuuma & Kataoka| (2021)
and Michoulier & Gonzalez| (2022a)) studied this process for
porous aggregates in protoplanetary discs.

All of these barriers theoretically hinder dust growth. In or-
der to understand how the barriers are bypassed in nature to
form planetesimals from micron-sized grains, various solutions
have been proposed. Some of them involve creating dust traps
with local pressure maxima, such as vortices (Barge & Somme-
rial[1995; Meheut et al.|[2012); baroclinic instability (Klahr &
Bodenheimer| 2003} [Loren-Aguilar & Bate|[2015); planet gaps
(Paardekooper & Mellemal 2004; [Fouchet et al.| 2007, 2010;
Gonzalez et al.|2012; [Zhu et al.|2014)); or snow lines where dif-
ferent chemical species sublimate (Kretke & Lin/[2007} |[Brauer|
et al. 2008 [Drazkowska et al. 2014} Drazkowska & Alibert
2017; Hyodo et al|[2019; |Vericel & Gonzalez| [2020). Self-
induced dust traps, driven by dust feedback, have also been pro-
posed by |Gonzalez et al.| (2017). Other mechanisms enable di-
rect formation of planetesimals, such as the streaming instability
(Youdin & Goodman|[2005}; Johansen & Youdin|[2007} |Youdin
& Johansen|2007; Jacquet et al.| 2011} (Carrera et al.||2015}|Yang
et al.[2017;|Schifer et al.|2017; /Auffinger & Laibe|2018;|Li et al.
2019; Zhu & Yang|2021; |Schaffer et al.[2021)). The streaming in-
stability arises from the weak coupling of large dust grains and
gas in dust enriched regions, and it concentrates dust in filamen-
tary structures, which can ultimately collapse gravitationally.

One solution that has recently gained attention is grain poros-
ity (Ormel et al.[2007; |Suyama et al.[2008; |Okuzumi et al.[2009;
Suyama et al.|2012; |Okuzumi et al.|2012; |Kataoka et al.|2013a;
Garcia [2018; |Garcia & Gonzalez| 2020). Porosity, often over-
looked for simplicity in dust modelling (Weidenschilling|[1977}
Nakagawa et al.[|{1986} |Barriere-Fouchet et al.|2005} Laibe et al.
2008; Drazkowska et al.[2014;/Gonzalez et al.[ 20155 |Vericel et al.
2021), changes gas-dust coupling and grain evolution. Porous
grains, due to their larger collision cross-sections for a given
mass, grow faster and decouple from the gas at larger sizes, en-
hancing their survival in the disc. This has been observed in stud-
ies using local or 1D disc models to track the evolution of mass
and filling factor for single grains (Ormel et al.|[2007; |Suyama
et al.|2008; |(Okuzumi et al.[2009} |Suyama et al.|2012} [Okuzumi
et al.[[2012}; Kataoka et al.|[2013a) and more recently in a 3D
disc model evolving an entire population of porous grains (Gar-
ci1al[2018} (Garcia & Gonzalez|[2020). They are also less suscep-
tible to fragmentation, which contributes to planetesimal forma-
tion through coagulation (Garcial2018]). Laboratory experiments
studying the growth of highly porous aggregates are restricted to
low velocity (Blum & Schrapler [2004), thus making numerical
experiments necessary (Blum & Wurm/[2000; [Dominik & Tie-
lens| [1997; [Wada et al.|2007; [Suyama et al.|[2008; Wada et al.
2009; Suyama et al.|2012; |Seizinger et al.|2012).

By looking at dust in comets, [Giittler et al.| (2019) classified
aggregates into three classes: fractal, porous, and compact. They
also showed that porous grains are common, supporting the need
to account for porosity in models. Observations of discs have
shown that porosity must be considered in order to explain spec-
tral energy distributions (SEDs, |[Kataoka et al.[2016;/Zhang et al.
2023)), polarization (Kataoka et al|[2015] [2016| [2019; Tazaki
et al.[2019), and the amount of dust settling (Pinte et al.|[2019;
Verrios et al.|2022)). The monomer size is key to explaining po-
larized light (Tazaki & Dominik|2022), and [Tazaki et al.| (2023)
identify smaller grains on disc surfaces as fractal or porous ag-
gregates.

In this paper, we focus on the impact of porosity on dust evo-
lution by modelling mechanisms impairing the growth of grains
in the frame of the mono-disperse approximation. Sections[2]and
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present our model and numerical simulations, respectively. In
Sect. 4 we show the impact of porosity on dust evolution and
study the role of compaction during fragmentation using 1D and
3D simulations. We discuss our results and implications as well
as the limitations of our models in Sect.[3] and we conclude in
Sect.

2. Dust evolution model
2.1. Grain growth

Dust coagulation results from collisions between grains with
a certain relative velocity. Different velocities or mass ra-
tios can result in sticking, mass transfer or penetration (Giit-
tler et al.|[2010). To treat dust growth, |Stepinski & Valageas
(1997) assumed that locally, the mass distribution of grains is
peaked around a single value, or ‘mono-disperse’, where colli-
sions occur between grains of identical mass. In the following,
we adopted their formalism, following the implementations by
Laibe et al.|(2008)) or, for the Paantom code, |Vericel et al.|(2021)).
The reader is referred to these two papers for discussion of its
implications. In each collision, the mass m of a dust grain of size
s doubles over a characteristic time T¢o)

( dm ) m
dr grow  feoll '

The characteristic time can be expressed in terms of the dust
number density ngy, collision cross-sectional area (og = 4rs?),
and relative velocity v, during collision as 7 = (ngovee)) ™.
The mass change rate can then be computed as

ey

@

dm
(E) = 471045 Vyel,s
grow

where pq is the dust volume density, while the relative velocity
Vrel Can be expressed as

VSc -1
Vrel = \/Evt;.

3
S 3)
The turbulent velocity v, is given by

v = V212Ro @ cg, (4)

where Ro is the Rossby number, which is a constant equal to 3.0
(Stepinski & Valageas|1997), « the turbulent viscosity parameter
(Shakura & Sunyaev|1973) and ¢, the sound speed. The Schmidt
number Sc of a dust grain measures the grain’s coupling to the
vortex

A2
Se = (1450) 4|1+ 20,
Vi

where Av is the difference in velocity between grains due to fric-
tion with the gas. The Stokes number St measures the coupling
between gas and dust, and it is expressed as

&)

St = #,Qx, ©6)
where f; is the stopping time, that is, the time needed for a grain
to reach the gas velocity, and Qg the Keplerian frequency. More
details about the implementation and the growth model are pro-
vided in|Vericel et al.| (2021)).



Stéphane Michoulier et al.: Realistic porosities via dust compaction

2.2. Porosity evolution during growth

In this section, we describe the modelling of porosity evolution
during the growth of an aggregate. Suyama et al.|(2008),|Suyama
et al.| (2012), and (Okuzumi et al.[(2012) have developed a poros-
ity evolution model. |Suyama et al.| (2008) and |Okuzumi et al.
(2012)) used the Smoluchowski equation to evolve an aggregate,
which makes the porosity model discrete — the filling factor
computed at iteration n directly depends on the quantities from
iteration n — 1. While this allows for a detailed modelling of
porosity evolution in an N-body simulation of grain collisions,
the model cannot be used directly in global 3D simulations in-
volving dust growth that rely on other methods. The continuous
model developed by |Garcial (2018) enabled its implementation
in the LyoNSPH code (Barriere-Fouchet et al.|2005}; |[Laibe et al.
2008 |Garcia & Gonzalez/[2020)).

An aggregate is a collection of several monomers, which we
considered as compact spheres with mass my, size ag, and intrin-
sic density ps. Experiments (Blum & Wurm|2000; |Shimaki &
Arakawa[2012a), numerical simulations (Seizinger et al.|2012}
Ringl et al|2012; Wada et al.|2013; [Planes et al.|[2021), and
observations (Gittler et al.|2019) show that dust grains are not
perfect spheres but rather have ovoid or irregular shapes. For
simplicity, we considered grains to be spherical aggregates with
volume V. Not considering the grains as spherical would require
knowing the collision history of the grain, which would greatly
increase the complexity of the modelling.

We defined the filling factor ¢ related to the porosity p as the
ratio between the volume occupied by the monomers Vi, and
the volume of the aggregate V:

Vmﬂt
|4

= and p+¢=1. @)
The mass of an aggregate with mass m and size s can thus be
simply computed as

4 4
m=psp—s".

3 ®)

Two energies can be associated with an aggregate. The first
is the kinetic energy upon impact when two identical grains with
mass m collide with a relative velocity vy . In the referential of
the centre of mass, the kinetic energy is expressed as

En = 5 Vi ©
where the factor of 1/4 arises from the reduced mass for two
grains of identical mass.

The second energy is the rolling energy E.,, which corre-

sponds to the energy required to rotate a monomer by 90° around
a connection point. The ability of monomers to reorganize leads
to internal rearrangement of the aggregate (Dominik & Tielens
1997)
Eroll = 67°Ysaoéerit, (10)
where 7y, is the surface energy (energy per unit area) of a
monomer, & is the critical rolling displacement, and a is the
monomer size. The value of & is still poorly constrained. Ac-
cording to \Dominik & Tielens| (1997), the critical separation
between two monomers before they separate,

5 = 2772 yfao 3
c = 2 82 )

an

10°
\ Hit & Stick Self-gravity
Phes compression
\ Farov
10-1F
© 1072}
Gas drag
— Ry=5.0au compression
3 Ro=10.0 au Collisional «—>
107°F Ro=20.0 au compression Pgas
— Ro=50.0 au \ P /
—— Rop=100.0 au NG
—— Rp=200.0 au
Ro=300.0 au
10—4 L L ul vl L i
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s

Fig. 1. Filling factor ¢ as a function of size s for different distances from
the star R, for silicate grains composed of 0.2 gm monomers in the case
of pure growth in our standard disc model (see Sect. [3.3).

is of the same order of magnitude as &.;; (Chokshi et al.|[1993).
Thus, we can rewrite Eq. (I0) as

1 1
Sat\? Sat\?
Er011=(2916718y(5820) z302(7:82°) ; (12)

with & as Young’s modulus. Depending on the ratio between
these two energies, two different growth regimes can be distin-
guished with distinct porosity evolution depending on the grain
mass m (Suyama et al.[2012} |Okuzumi et al.[2012).

— In the ‘hit & stick’ regime, the grains are small and thus
coupled to the gas. Collisions occur at very low relative ve-
locities, with a condition on kinetic energy (Exin < 36 Eo1,
Suyama et al.|[2008)), where b is a numerical factor equal to
0.15 (Okuzuma et al.[2012).

— As the grains grow, the kinetic energy during impacts in-
creases, becoming much larger than the rolling energy. As
a result, energy is dissipated by internal restructuring of the
grain structure, leading to compaction. This is referred to as
the collisional compression regime.

We recall in Appendix [A]the equations describing the poros-
ity of dust grains in the different expansion and compression
regimes presented in |Garcia) (2018) and |Garcia & Gonzalez,
(2020). Figure [I] summarises the evolution of the filling factor
¢ of a grain, starting as a compact (¢ = 1) monomer (s = ap =
0.2 um) as its size s increases, for different distances to the star.

2.3. Bouncing

In addition to growth, grains can also bounce. We have improved
upon the model initially developed by |Garcia (2018]).[Wada et al.
(2011), Shimaki & Arakawal (2012al), and |[Arakawa et al.| (2023)
have numerically and experimentally shown that grains are no
longer capable of bouncing when the filling factor drops below
¢ = 0.3. This limit corresponds either to small grains composed
of a few monomers or to large aggregates spanning several kilo-
metres, when considering only growth — see Fig. [T} Once below
this filling factor, grains can only grow or fragment when collid-
ing.
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During bounce, some of the energy is used to bind the
grains together, and another part is dissipated in a deformation
wave (Thornton & Ning|[1998)). Several velocities can be distin-
guished. The first is the sticking velocity vck, corresponding to
the velocity at which grains no longer stick together systemat-
ically. Johnson et al| (1971) and [Thornton & Ning| (1998)) pro-
vided the sticking velocity vgcx for the collision of two identical
grains

5.4\ 1/6
Y3 ) (13)

Vstick = 4.23 (m382

Dominik & Tielens| (1997) provided another formula for vgck
based on the mass and size of monomers. Their formula differs
by a factor of 2. This factor arises from the medium in which the
wave propagates, which is the monomer in the case of Dominikl
& Tielens| (1997), and a collection of monomers for Eq. @I)
However, |Shimaki & Arakawal (2012b},[2021)) have shown from
experiments that the Young’s modulus & of water ice varies with
porosity by about an order of magnitude. Its value as a function
of ¢ is not known for silicates. Since vgiex o &'/3, by using
the value of & for monomers and retaining the factor of two, a
reasonable compromise is achieved. Therefore, we kept

¥ ¢t 1/6
— s*
Vstick = 846(m382) (14)
-1/2 5/6
=2.82mmsl( Ps 3) ( : 2)
1000 kg m™ 0.1 Jm~

& s e -1/2
><(1OGPa) (1mm) o

where we have used Eq. (8) to obtain a dependence on size and
filling factor. With the material properties we adopted for sili-
cate and water ice grains (see Sect. @ we obtained vgicx =
2.89 mms~! and 5.26 mms~!, respectively, for millimeter-sized
grains with ¢ = 0.3.Weidling et al.| (2012)) argued that instead
of s, one should use an effective surface energy, which accounts
for porosity and is smaller, together with a smaller value of the
Young’s modulus for porous aggregates. Both compensate in our
expression for vg;ck, leading to values that are within one order
of magnitude of their experimental data.

However, in their study of collisions of less massive silicate
aggregates, |[Kothe et al.| (2013)) found values of vk of several
to tens of cms~!. Additionally, other studies suggested that, in-
stead of the Young’s modulus of the monomers, the compressive
strength of the dust aggregates should be used, for which|Blum &
Schripler|(2004), Giittler et al.|(2009) and|Seizinger et al.[(2012)
found values of ~ 10° Pa for ¢ = 0.2 and > 10* Pa for ¢ > 0.3
(see Eq. 31 in |Seizinger et al.|[2012), which increases vgicx by
two orders of magnitude. We thus also considered values of vg;ck
10 to 100 times larger than that given by Eq. (T4) — see below.

Two regimes can be distinguished: elastic collision and plas-
tic collision. The separation between the two regimes is given by
the yield velocity vyielq. Thornton & Ning|(1998)) expressed vyielq
as a function of the contact radius ayiej¢ When yield occurs or of
the limiting contact pressure pyielq. However, as these material
properties are difficult to obtain, and are in particular unknown
for water ice, they suggested to turn to values from impact ex-
periments. In theirs, Weidling et al.| (2012) found a value for the
yield velocity of SiO, aggregates about 5 times larger than their
sticking velocity. According toMusiolik et al.|(2016), and |Yasui
et al.| (2017), water ice has more favourable sticking properties,
and we adopted vyiela = 10vg;ck. More recently, Kimura et al.
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Fig. 2. Coefficient of restitution e when vre; > Vy;ea, given by Eq. .

(2020) demonstrated that silicates are more prone to sticking to-
gether with a higher surface energy. We thus kept a factor of ten
between the two velocities for silicates as well and took

15
Consequently, the coefficient of restitution e can now be defined
as follows:

_ Vrelf

vt
Vyield = IOVStick =84.6 .

s (16)

Vrel
where vy ¢ is the relative velocity after bounce. After the col-
lision, a portion of the kinetic energy is used for plastic defor-
mation given by (1 — €?)Ej,, and the remaining part serves to
separate the grains with the remaining kinetic energy e?E,. De-
pending on the relative velocity, the coefficient of restitution can
then be expressed (Thornton & Ning||1998}; |Garcia/2018)) as fol-
lows:

Vrel < Vstick e=0 (17
Vstick < Vrel < Vyield e=1 (18)
1 [vyi 2
Vrel 2 Vyield e = 1.2\/3 1--— ( yeld) X
6\ Vel
-1/2 1/2
1% 2 Vstick 2
1+2 1.2(i) ~02 —(ﬂ) (19)
Vyield Vrel

When viel > vyield, the coeflicient of restitution tends towards
zero, as shown in Fig.[2] This indicates that almost all the energy
is used in plastic deformation, and the grain is strongly com-
pacted. Beyond a velocity threshold veyq, the resulting velocity
from the remaining kinetic energy e”Ey, becomes so low that
after a bounce, the grain is too slow to collide with another grain
and can no longer stick. To be consistent with experiments from
Shimaki & Arakawal (2012b), we set veng = 0.03vy. Solving

Eq. for e = 0.03 with vyjelq = 10vgex allowed us to express
Vend as a function of vk so that
1/6
2% 107w = 2% 108252 : 20
Vend ® 2 X Vstick & 2 X m382 ( )
Typical values of veyq are on the order of 10 — 100 kms™!, much

larger than fragmentation thresholds.
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Fig. 3. Model comparison for compression pressure. Tatsuuma et al.
(2023)) connect the regime with small ¢ given by |Kataoka et al.|(2013b)
to the large ¢ with the model of|Giittler et al.[(2010) and|Seizinger et al.
(2012).

Sticking probability and filling factor

Empirically, |Weidling et al.| (2012) determined the probability
that a grain sticks, or not. As previously mentioned, when vgckx <
Vrel < Vend, an aggregate can bounce instead of stick. Naturally,
the closer vy is t0 Vgick, the higher the chances of sticking, and
conversely for veng. Thus, (Garcial (2018)), inspired by Weidling
et al.| (2012)), defined the probability # of sticking for a grain
based on its velocity according to

1 B Vrel < Vsticks»

log (Vee) — log (Vena)
10g (Vstick) - 10g (Vend) ’

P= Vstick < Vrel < Vend» 21

0. Vrel 2 Vends

Depending on the sticking probability, the value of the growth
rate will be different. When the grain does not stick, there is no
contribution to the growth rate. Thus, it can be expressed as

(@)....=(&)
dr bounce dr grow'

However, when considering bouncing, a problem arises. It is im-
possible to write the filling factor of a grain in terms of its mass
when the deformation is plastic. |Garcial (2018) provided a for-
mula for the final filling factor during bounce based on the initial
filling factor and an arbitrary time step ¢

(22)

AV) ’ 23)

ounce ~ @i - —
o ¢ ( V.
where n = t/7.o and AV is the volume change during compres-
sion due to plastic deformation. Shimaki & Arakawal (2012al)
provided an expression to compute AV, which is proportional to
the kinetic energy,

_ (1 — €*)Exin

AV
274

(24)

where Ty = To¢" is the dynamic compression resistance, and
7o is the reference dynamic compression resistance. [Mellor

10° T T T T T T T T T T T
Hit & Stick Bouncing
Phss i Peolisbounce
i Bouncing
! i not effective
1071 ! i
/ i
I
I
/
/
/
< 1072 _
Collisional
compression
Pep—st<1
10-3F
Our model, Ro =10 au Our model, Vgtick X 10, Ro =10 au
—— Our model, Ro =100 au -===0ur model, Vgtick X 10, Ro =100 au
Garcia (2018), Ro =10 au Our model, Vgtick X 100, Ro =10 au
Garcia (2018), Ro =100 au —-— 0ur model, Vgick X 100, Ro =100 au
104 L L n L L L L L L L
0.1 pm 10 pm 1mm 10 cm 10 m 1 km

s

Fig. 4. Growth and bouncing of a water ice grain with ¢y = 0.2 um
in our standard disc model (see Sect. [3.3) for two different distances.
Our model (solid lines) uses Eq. (2Z3), while the model from [Garcial
(2018 dotted lines) uses the 7, given by |Shimaki & Arakawal (2012a).
The dashed and dot-dashed lines show the impact of multiplying vg;cx
from Eq. (T4) by 10 or 100. The light tan polygons trace the parameter
space probed in experiments by Weidling et al.[|(2012) and |[Kothe et al.
(2013). The grey shaded area marks the range of filling factors for which
bouncing is not effective (see text).

(1974) gave Ty = 9.8 MPa and N = 4 for water ice. How-
ever, 7', which depends on porosity, is rarely studied because it
is difficult to determine, especially for highly porous materials.
Therefore, this formula cannot be used directly as 7" remains un-
known for most materials that one might want to simulate, such
as silicates. However, for numerous bounces, the process can
be approximated as static compression. [Kataoka et al.| (2013b)
provided a formula for static compression pressure for highly
porous grains only, as given in Eq. (A.9), and|[Giittler et al.| (2009}
2010) and |Seizinger et al.|(2012) provided an expression for val-
ues of ¢ > 0.2. Very recently, [Tatsuuma et al.[(2023) have devel-
oped a formula for compression pressure that depends only on
E.on and ¢, which is valid for both small and large ¢, shown in
Fig.[3

p, :(Emu)(l ) L) '

ounce ag ¢ 074
The value ¢ = 0.74 corresponds to the maximum possible filling
factor, which is that of either a cubic or a hexagonal close packed
arrangement of equal spheres.

In order to illustrate what the porosity evolution of a grain
experiencing only growth and bouncing would be, we consider
for the time being all values of the filling factor before restricting
it again to values above ¢ = 0.3. Figure [ allows for the com-
parison of the bounce model from |Garcial (2018)) with the equa-
tion involving 7°, which is valid only for water ice (or a mixture
of ice and silicates), and our model where Ppounce replaces 7 in
Eq. (24). The difference between both models is observed when
the grain is highly compacted, with a filling factor ¢ > 0.5. With
the model from |Garcial (2018)), the grains continue to be effi-
ciently compacted until they reach the maximum possible filling
factor. In our model, as grains become highly compacted, it be-
comes increasingly difficult to compress them. This is due to the
fact that as ¢ approaches 1, the value of the compression pres-
sure changes only slightly. The dashed and dot-dashed curves

(25)

Article number, page 5 of 25



A&A proofs: manuscript no. Michoulier-Gonzalez

show that considering values of vg;cx 10 or 100 times larger only
delays the onset of bouncing but has very little influence on the
final value of the filling factor. The light tan polygons trace the
parameter space explored in the experiments from|Weidling et al.
(2012) and |Kothe et al.|(2013)), as estimated from the latter’s fig-
ure 7.

We now relax our working assumption and return to the sit-
uation where bouncing is only effective for ¢ > 0.3, which ex-
cludes the grey-shaded area in Fig. ] Grains experiencing only
growth quickly dive below the threshold and never bounce again.
A mechanism able to compact grains, such as the one presented
in Sect. [2.5] is thus needed for bouncing to reappear. The sizes
at which such compacted grains will cross above the threshold
depend mainly on the compacting mechanism. Their subsequent
evolution depends very little on the value of vk (see Sect. @

In conclusion, to compute the filling factor due to bouncing,
we used for values larger than 0.3 only

¢colla
¢collp + (1 - 7))¢bounce,

Vrel < Vyields

Geoll & bounce = Vyield < Vrel < Vends

¢bnunce 5 Vrel 2 Vend>

(26)

where ¢ is the filling factor resulting from collisions in one of
the regimes described in Appendix [@l, and Ppounce 18 computed
using Eq. (23). The final filling factor is the largest value between
Ggass Dgrav> and Peoll & bounce- Our model is an improvement over
the model from (Garcial (2018). It now takes into account the sat-
uration effect of compression for filling factors close to one and
can be used with different materials as long as the surface energy,
Young’s modulus, and monomer size are known.

2.4. Fragmentation

The other natural process that appears in the life of grains is frag-
mentation. When the relative velocity between grains exceeds
the fragmentation threshold vy, then the grain fragments in-
stead of growing (Tanaka et al.||1996). The kinetic energy upon
impact is such that the grain’s structure cannot absorb it, break-
ing the bonds between the monomers constituting the aggregate.

A model developed by Kobayashi & Tanaka (2010) and used
by |Vericel et al.| (2021) allows for a gradual fragmentation de-
pending on the value of vy with respect to Vg

dm >
(—) = —4ﬂ%pdé‘2. (27)
dt frag Vel + Vfrag

In this model, when the relative velocity is close to the thresh-
old, the mass loss is less significant. A fragmenting grain loses
half of its mass after a collision time T¢oy (Viel = Virag) OF MoTE
(Vrel > Virag)- In the case where vyl > virg, We recover the sce-
nario described by|Gonzalez et al.|(2015)), where the entire grain
fragments after a collision time, independently of vy;.

In reality, both experimental studies (Blum & Wurm| 2000
Shimaki & Arakawal2012a; |Weidling et al.|[2012)) and numeri-
cal experiments (Dominik & Tielens| 1997} Okuzumi et al.[2009]
2012; Kataoka et al.[2013b; [Krijt et al.|2015}; |Planes et al.|2021))
showed more complex behaviours that are challenging to model.
Fragmentation involves a cascade of sizes and depends on pa-
rameters such as composition, porosity, shape, impact parameter,
mass ratio, and impact velocity. The presented model follows the
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one introduced by |[Kobayashi & Tanakal (2010) using a fragmen-
tation definition that relies on several approximations to capture
the essential physics according to the relative collision velocity.
To determine vy, an estimate of the energy required to break
the bond between two monomers Ep, is given by [Dominik &
Tielens (1997),

Epreak = CoreakF O, (28)

where Cyreqak 1S a constant that they take equal to 1.8. The term
F is the critical pulling force between two monomers,

F. = 3mysap. (29)
We can then derive the expression for Epeak:
1
5 4\3
Yy |
Ebreak = Cbreak48 (8_20] (30)

To find the total energy, we just need to know the number of
monomers and the number of bonds between monomers,

Efrag = KNyt Evreak €1y

where N, is the total number of monomers, and « is a numerical
factor representing the number of bonds and depending on the
species and porosity. For erosion, xk = 1 — 2, and for fragmenta-
tion, k = 3 — 10 (Blum & Wurm/2000; /Wada et al.[2007). We can
then define v,g in terms of Ef,g as

_ Efrag _ 48k Niot Coreax 73“3 ¢
Vfrag =2 " =2 .

m &
These equations depend on 7y and ag. An error in estimating
these parameters can thus lead to changes in the values of Ef,e
and Vi,.

Research on the value of v, according to different types
of materials is an active topic, and the community does not yet
agree on the values. Different studies have yielded a range of
values for different materials like silicates and water, and there
is a complex interplay of factors. For example, Blum & Wurm
(2008) and (Giittler et al. (2010) deduced vgqg si ~ 1 ms™!
for silicates. [Wada et al.| (2009, 2013) found a similar value
for silicates, around Vfag si ~ 5 ms~!, as well as that for wa-
ter, Virag, ,0 ~ 60 — 70 ms~'. However, the method used by
Yamamoto et al.| (2014) yielded a different value for water,
Virag, 1,0 = 56 ms~!, based on the link between surface energy
(and hence fragmentation threshold) and material melting tem-
perature. The values for silicates differ widely: [Yamamoto et al.
(2014) found ys = 0.3 J /m?, while Kimura et al.|(2020) found
¥s = 0.15 J/m?. Silicates are stronger than previously thought
due to experimental issues with the original estimations of ;.
Silicates easily absorb water from the air, which reduces the sur-
face energy of the original aggregate, thereby reducing the ad-
hesion ability of the silicate grains. In the case of water ice, [Shi-
maki & Arakawa (2012a) measured Virag 1,0 ~ 15 m s~!, while
collision simulations gave higher values (Wada et al.[2009). The
same value was computed by |Gonzalez et al.| (2015)) using the
experimental measurements of the energy required to fragment
a unit mass of grains (~ 55 J/kg). For the purpose of comparison
with certain previous studies (Garcia & Gonzalez 2020; |Vericel
et al.||2021), we adopted the value of Vg 1,0 = 15 ms~! for
water.

However, pure water ice grains are unlikely. Most often,
grains are composed of solid materials like silicates, covered by

(32)
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Fig. 5. Filling factor ¢¢/¢; as a function of v,. Left: Experimental values for different initial filling factors ¢;. Those provided by|Ringl et al.|(2012)
are in orange, and those from|Gunkelmann et al.| 2016)) are in blue, red, and green. Right: Comparison between our model given by Eq. (35)) and
the fits of the curves given by Ringl et al.|(2012) and |Gunkelmann et al.|(2016) in our fragmentation module.

a layer of another more volatile element such as water or organic
matter. The fragmentation velocity is primarily determined by
the material forming the surface layer, and not the internal mate-
rial. Therefore, we chose different thresholds for the silicates, as
there are still uncertainties about their values, to mimic the effect
of a layer of volatiles: vf,g = 5, 10, or 20 m s~! for more fragile
materials like water or CO, and vg,g = 40 m s7! for modelling
pure silicate grains or those surrounded by organic materials.

Contrary to/Shimaki & Arakawal(2012a), who demonstrated
that a mixture of silicates and water is more fragile than pure
ice, we assumed the opposite here, based on measurements con-
ducted in recent years (Kimura et al.|2020; [San Sebastidn et al.
2020). Pure silicate grains are now considered more resistant
than water ice grains and we suppose a combination of the two
materials is more robust than water ice but less so than silicates.
However, this remains to be confirmed experimentally. Finally,
one should note that we assumed surface energies and fragmen-
tation thresholds to be independent of monomer size for the val-
ues we have chosen.

2.5. Compaction during fragmentation

The second improvement we made to the porosity model is to
consider grain compaction during fragmentation. The main mo-
tivation behind this enhancement is to attempt to explain the high
filling factor values for intermediate-sized grains (10 um-cm)
found on comets (Giittler et al.[2019) and inferred from observa-
tions through polarimetric measurements (Kataoka et al.|[2015]
2016; Tazaki et al.[2019; |Kataoka et al.[2019; [Tazaki & Dominik
2022). Since neither growth, static gas compaction, nor bounc-
ing can account for such high factors (¢ > 0.1) as grains grow
by increasing their porosity, we turned to fragmentation to obtain
more compact grains. [Sirono| (2004)) showed that the filling fac-
tor remains constant during fragmentation. For simplicity, this
assumption, which considers that the impact energy is used to
break bonds between monomers rather than for internal grain re-
structuring, was adopted by |Garcia| (2018).

However, Ringl et al.| (2012) and |Gunkelmann et al.| (2016
found that the filling factor after fragmentation is approximately
1.5 to 2 times larger than the initial filling factor. The remaining
energy for a grain to undergo compaction can be computed by

subtracting the energy Ef,, used to fragment the grain from the
kinetic energy Eyi, released upon impact. We can rewrite Ef,,
as the energy Epreak required to break bonds between monomers,
multiplied by the number of ejected monomers:

(2m; — ms)

Ecomp = Eyin — Efrag = Exin — KEbreak - (33)

mo

Here, (2m; — my)/myg corresponds to the number of monomers
that were ejected during fragmentation. In the case of fragmen-
tation, surface monomers are the first to be ejected since they
have fewer bonds (Ringl et al.|[2012; [Gunkelmann et al.[2016).
We therefore considered x = 3 defined by Eq. (31), which has
a lower value for fragmentation compared to those proposed by
Blum & Wurm|(2000) and |Wada et al.| (2007). In this sense, we
modeled the fact that ejected grains are closer to the surface,
and the remaining energy is used for rearranging the internal
monomers. A value of x = 10 means more energy is used to
break bonds, allowing aggregates to remain at larger sizes be-
fore starting to compact at a constant fragmentation threshold.
We can compute, similarly to bouncing (Eq. (24)), the volume
change after fragmentation AV, which is given by

-1
_ Eyin — 2mi — mp)KEpreacmy,

2 Eroll (l _ L)_3
a J\¢ 074

Furthermore, we fitted the data obtained by [Ringl et al.
(2012) and |(Gunkelmann et al.|(2016), see the left panel of Fig. E],
which shows the ratio ¢¢/¢; of the final filling factor to the ini-
tial one as a function of the relative velocity vy for three values
of ¢;. It should be noted that|Gunkelmann et al.| (2016) defined
Virag as the point when a grain starts to lose a monomer, which is

equal to 0.17 ms™', and differs from our definition as the point
where the grain loses half of its mass. We deduced that the ratio

(34)

2
¢¢/ @i varies as exp (1 - (vrel / vfmg) ) In the right panel of Fig.

we present a comparison between our model and the fits to data
from |Ring] et al.[(2012) and |Gunkelmann et al.| (2016)) for two
distances to the star, 10 and 100 au. Our model shows good
agreement with the fits. Divergence between the model and fits
occurs When vyl /virag €xceeds 1.15 to 1.2. However, grains never
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Fig. 6. Filling factor ¢ as a function of size s for different distances to the star r for silicate grains composed of 0.2 ym monomers in our standard
disc model with growth and fragmentation. Left: Without compaction. Right: With compaction. The inset is a zoom of the light grey box showing
only tracks for Ry = 10 and 100 au. The dash-dotted lines show the impact of multiplying vy from Eq. (I4) by 100.

reach these values as they fragment before reaching such veloci-
ties. One should note the axes are different. On the left panel, the
initial filling factors are constant for all values of Vyel/Vrag. On
the contrary, on the right panel, the fit extracted from Ringl et al.
(2012) and |Gunkelmann et al.| (2016)) has been implemented in
our growth and fragmentation model and compared to our com-
paction model. In this case, the value of ¢ varies after each col-
lision. The filling factor after fragmentation is computed in the
same way as bouncing, using Eq. (23).

2 -n
V AV
¢frag—comp o [1 —p [l - (vf:]g) ] 71] ,

where n represents the number of collisions during a time step.
The effect of compaction can be seen in Fig. [f] produced with
Pambeas with growth, bouncing, fragmentation and radial drift
(see Sect.[3.1)). In the left panel, where compaction is not taken
into account, grains reach a growth-fragmentation equilibrium
and stay in the same range of size and filling factor. ¢ remains
below 0.3, bouncing thus never occurs. In the right panel, with
compaction, the filling factor of fragmenting grains increases
while their size decreases. Because ¢ reaches values larger than
0.3, bouncing then appears and must be considered. It prevents
grains from growing significantly when compacted. The inset
shows that using a value of vgjcx 100 times larger than that given
by Eq. (I4) - see Sect. [2.3]- has a very limited impact and only
slightly lowers the final filling factor.

(35)

2.6. Rotational disruption

Rotational disruption was identified as a possible growth barrier
in protoplanetary discs by [Tatsuuma & Kataoka| (2021): highly
porous grains can be disrupted by the gas-flow torque when
the tensile stress from the centrifugal force exceeds their ten-
sile strength. Michoulier & Gonzalez (2022a)) studied the effects
of rotational disruption in 1D simulations, in this work we im-
plemented their equations in PHANTOM.

2.7. Summary

The algorithm to compute the final filling factor can be sum-
marised as follows:
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Compute ¢eol, ¢gas: ¢grav
Compute @in = max(@eolr, ¢gas’ ¢grav)
if Veel < Vfrag then
Compute @grow
if (Grains can bounce) then
Compute @eoll & bounce
Compllte ¢f = max(¢coll&bouncea ¢min)
else
Compute ¢ = max(Pgrows Pmin)
end if
else
if (Fragmentation with compaction) then
Compute Prag—comp
Compute ¢¢ = max(Pgag—comp> Pmin)
else
Compute ¢¢ = max(di, Pmin)
end if
end if
Gfinat = min(¢y, 0.74)

3. Numerical simulations
3.1. The 1D code Pampeas

Pampeas (Porous Aggregate Model and Dust Evolution in pro-
toplAnetary discS) is a one-dimensional code, presented in |Mi-
choulier & Gonzalez| (2022a)), to study the evolution of porous
grains within protoplanetary discs considering different physi-
cal processes, such as growth, fragmentation, radial drift or rota-
tional disruption. We added new physics such as aeolian erosion
(Rozner et al.|[2020; |Grishin et al.|[2020; Michoulier et al.|[2024),
bouncing and compaction during fragmentation. This code al-
lowed us to follow the evolution of a given number of particles
from a set of initial conditions in a static, vertically isothermal,
non self-gravitating gas disc. The gas surface density and tem-
perature profiles are given by power laws of indices p and ¢,
respectively,

Zo(r) = Zg 0(r/Ro)™" (36)
and
To(r) = Ty, o(r/Ro)™, 37
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where Ry is a reference radius. The disc extends from Rj, to Ry
and has a total mass Mgjs.. As the gas disc structure is held fixed,
the dust-to-gas ratio € is kept constant and the feedback of dust
on gas is neglected. Each grain evolves separately, starting from
an initial size equal to the monomer size, and the code tracks its
full evolution. Despite its limitations, simulations with PAMDEAS
are useful to understand the different stages experienced by a
single grain.

3.2. The 3D smoothed particle hydrodynamics code PHanToM

PuanTom (Price et al.[2018)) is a 3D smoothed particle hydrody-
namics (SPH;|Lucy|1977; Gingold & Monaghan|1977) code for
hydrodynamics and magnetohydrodynamics, designed to be ef-
ficient. It is public and widely used. In this paper, we introduce
a new module in which we implemented the algorithms to treat
dust porosity with all the physics presented in Sect.[2.2H2.6] both
in the ‘dust-as-mixture’ (also known as ‘one-fluid’) and ‘dust-
as-particles’ (or ‘two-fluid’) formalisms. This development is
tightly coupled to the dust growth module implemented and de-
scribed in detail by |Vericel et al.| (2021). PuanToM, which takes
into account collective effects and dust vertical settling, and sim-
ulates the coupled evolution of gas and dust due to aerodynamic
drag (including the back-reaction of dust on gas), produces more
realistic dust distributions that can be compared to observations
of discs.

We first setup a gas disc with an exponentially decreasing
surface density profile:

RT] (i)_p exp - (r/R)* ]

R (38)

(r) = 20[1 -

where R, is the cut-off radius. With the exponential tapering, the
outer density profile is smooth, rather than being sharply trun-
cated at Ry, allowing better control over how relaxation behaves
in the outer region. Furthermore, using a pseudo-relaxed disc as
the initial state makes the computation faster as particles do not
have to significantly move radially. Simulating the innermost re-
gion with sufficient resolution is computationally expensive be-
cause it leads to a large dynamic time ratio between the inner and
outer edges. As a result, we set the accretion radius, which rep-
resents the radius within which a particle is considered accreted,

to Rj,. We also remove any particle moving further than 1000 au
away to prevent completely isolated particles. The gas is locally
isothermal, with a temperature profile set by Eq. (37), and non
self-gravitating.

Similarly to |Price & Laibe| (2015)), and in contrast to |Vericel
et al.| (2021), we first performed a simulation solely with gas to
avoid any spurious behaviour of the dust grains during gas re-
laxation. We increased the number of particles and the disc mass
by about 20% with respect to the target values to compensate for
the mass loss due to particle accretion onto the star during relax-
ation. When the density profile of the outer gas region stabilizes,
typically after 7 to 8 orbits at the outer edge, the disc is fully
relaxed.

We then added the dust phase with the same spatial distri-
bution as the relaxed gas, with an initially uniform dust-to-gas
ratio gyg. Unlike in PampEAs, we did not take the monomer size
as the initial grain size. Indeed, if the simulation was initialised
with a single user-defined value of the initial size for all grains,
the filling factor computed from s with Eq. (CI) and the mass
computed from Eq. (8) would result in less porous, more massive
grains in the upper disc layers. This is unphysical. Furthermore
grains in the inner region are expected to have grown during the
early stages of star formation, as shown in Bate| (2022) and |Le-
breuilly et al.| (2023)). We thus used an initial state where each
SPH particle has a size depending on its location (r,z), follow-
ing fits to a PaMDEAs simulation of the evolution of grains from
monomers for 100 yr. Figure [7] shows the resulting radial and
vertical size profiles. The left panel shows that the midplane ra-
dial size distribution can be fitted by a power law

s(r) = so(r/Ro) %, (39)

and in the right panel, the vertical dependence of the final size
is oc exp (—z%/H?), where H is the disc scale height, is obtained,
here at 100 au. After the initialisation, the evolution variable is
the grain mass, and the mass growth rate and filling factor are
computed using the equations in Sect. 2}

In this paper, the gas and dust disc is evolved as a single set
of SPH particles, using the dust-as-mixture algorithms of [Price
& Laibe| (2015) and Ballabio et al.| (2018)), based on |Laibe &
Price| (2014).
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Table 1. Simulations carried out with both PAMDEAs and PHANTOM.

Name species  bouncing & compaction  disruption g (um) Ve (M )
GF-Si-comp-V£10 Si no no comp 10
GF-Si-comp-V{20 Si no no comp 20
GF-Si-comp-V{40 Si no no comp 40

GF-Si-a02-V£10 Si no no 0.2 10
GF-Si-a02-V{20 Si no no 0.2 20
GF-Si-a02-V{40 Si no no 0.2 40
GBFc-Si-a02-Vf10 Si yes no 0.2 10
GBFc-Si-a02-V{20 Si yes no 0.2 20
GBFc-Si-a02-Vf40 Si yes no 0.2 40
GBFcS-Si-a02-V{205™ Si yes no 0.2 20
GF-H20-comp-Vf£15 H20 no no comp 15
GF-H20-a02-Vfl15 H20 no no 0.2 15
GBFc-H20-a02-Vf15 H20 yes no 0.2 15
GBFcD-Si-a02-Vf10 Si yes yes 0.2 10
GBFcD-Si-a02-V{20 Si yes yes 0.2 20
GBFcD-H20-a02-Vf15  H20 yes yes 0.2 15

Notes. The‘G’ stands for growth, ‘F’ for fragmentation, ‘B’ for bounce, ‘c’ for compaction, and ‘D’ for rotational disruption. The term ‘comp’ in
the column for the monomer size a, denotes compact grains, with porosity evolution not taken into account. ‘D’ simulations were run only with
PuantoMm. ) This simulation includes a snow line, indicated by ‘S’, with an inner threshold of 20 m s~ and an outer threshold of 5 ms~' to model

the CO snow line (T = 20 K, approximately ~100 au).

3.3. Setup

We chose to use a disc model that represents an ‘average disc’
(Williams & Best|2014)). The mass of the star was fixed at M, =
1 Mg, and the mass of the disc was Myjsc = 0.01 Mg. The temper-
ature was set by the choice of the aspect ratio (H/R)y = 0.0895
at Ry = 100 au, with g = 0.5.

For Pampeas, we used Ry, = 1 au, Ry, = 300 au and p = 1.
All grains evolved from an initial size equal to the monomer size.
We ran the simulations up to # = 1 Myr.

For Puantom, we took R;, = 10 au, Ry, = 400 au and
p = 0.75. This value of p, combined with the exponential taper-
ing, led to a profile whose slope, after relaxation, is similar to that
of PampEas between 10 and 300 au. We set the number of parti-
cles to 1.2 million, the turbulent viscosity parameter (Shakura &
Sunyaev|1973) to @ = 5x 1073 (by setting aay = 0.1658) and the
initial dust-to-gas ratio & to a typical value of 1%. We evolved
the simulations for 300,000 yr.

For both codes, the size of monomers was set to ap = 0.2 um,
in agreement with recent observations. Indeed, Tazaki & Do-
minik| (2022) and [Tazaki et al. (2023) have shown that to ac-
curately reproduce the polarization degree with respect to the
scattering angle and the SED, the small grains present on the
surface of the IM Lupi disc are most likely fractal aggregates
with 0.2 ym monomers. |Verrios et al.| (2022) reached the same
conclusion with respect to the dust settling in IM Lupi, requir-
ing porosities of ¢ < 0.1 to match the observations. We chose
to use two different species commonly found in discs: water ice
and silicates.

For silicate grains, we chose an intrinsic density of p; =
2700 kg m~3 and a surface energy ys = 0.2 Jm~2, in agreement
with|Yamamoto et al.| (2014), who estimate y; = 0.3 J m~2. This
value is of the same order of magnitude as y; = 0.157] m~2, found
by [Kimura et al.| (2015 and Kimura et al.| (2020)), through ex-
perimental measurements with sicastar® aggregates (micromod
Partikeltechnologie GmbH). The Young’s modulus was & = 72
GPa (Yamamoto et al.|[2014)), which implies, assuming that the
critical separation between two monomers 6. before their sepa-
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ration is of the same order of magnitude as & (Chokshi et al.
1993), a value of £y ~ 6 A.

For pure water ice, the intrinsic density of monomers was
ps = 1000 kg m~3, with a surface energy of y, = 0.1 Jm~2. The
critical separation is still debated, as are many other properties
of dust in protoplanetary discs. We chose a Young’s modulus of
& = 9.4 GPa, following |Yamamoto et al.[(2014)), which results
in a value of & ~ 10 A, close to it ~ 8 A used by Wada et al.
(2011)) and [Tatsuuma & Kataokal (2021]).

The different values of the fragmentation thresholds for both
species are given in Sect.[2.4] In our simulations, silicates serve
as the reference material, and vg,e = 20 m s~! is the reference
threshold. We have conducted numerous simulations with differ-
ent parameters. For easier reading, each simulation is assigned a
name, as listed in Table [T}

4. Results
4.1. Effect of porosity on grain growth

In this section, we compare the evolution of compact (i.e. ¢ = 1)
and porous dust, including only growth and fragmentation for
now.

4.1.1. 1D simulations with PampEas

First, we will examine the effect of porosity using the 1D code
PampEas. Here the disc is static, and only the evolution of grains
is taken into account. Figure[§|makes it easy to observe the influ-
ence of porosity between the GF-Si-comp-V{20 simulations on
the left and GF-Si-a02-V{20 on the right. The upper left (right)
panel shows the size of compact (porous) silicate grains as a
function of the distance to the star r. The colour indicates the
coupling with the gas through the Stokes number. Each grain
grows from the monomer size without drifting because it is
coupled to the gas (vertical lines). The grains start drifting in-
wards when St ~ 5 x 1073, and they continue to grow until they
reach the fragmentation threshold (horizontal plateau), maintain-
ing an equilibrium between growth and fragmentation. While
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the Stokes numbers (computed as per Eq. 5 in [Vericel et al.
2021) are similar in both simulations, with St ~ 10~1 when the
grains reach the fragmentation threshold, the sizes are drastically
different. Compact grains reach about 100 um, whereas porous
grains reach about 3 cm. These porous grains have a filling fac-
tor ¢ ~ 2x 1073, making them ~50,000 times more massive than
compact grainﬂ Indeed, porous grains are capable of growing
to larger sizes due to their larger cross-sectional area (Garcia &
Gonzalez |2020). Moreover, porous grains remain well coupled
to the gas even at sizes of 100 ym.

The bottom panels of Fig. [§] display the size evolution.
Porous and compact grains reach their maximum size in simi-
lar timescales. A porous grain initially at 15 au grows to 3 cm
in 1000 years, while a compact grain starting at the same loca-
tion reaches 100 um. Since the fragmentation threshold Stokes
numbers are similar (St ~ 0.1), the aerodynamic evolution is the
same, and hence the grains drift at the same speed. While drift-
ing, the grains reach the inner regions where relative velocities
are higher. This explains why the size plateaus have decreased
to 8 mm for porous grains and 70 um for compact grains at a
distance of r = 10 au, even though the grains were able to grow
to larger sizes at a larger distance.

A similar behaviour can be seen for the comparison between
the GF-H20-comp-Vf15 and GF-H20-a02-Vf15 simulations on
Fig. Pl Porous water ice grains grow to a size of 20 cm, while
compact grains only grow to 200 um. These sizes are larger than
for silicate grains because of a lower intrinsic density, which in-
creases the growth-fragmentation equilibrium size. At the frag-
mentation threshold, porous water ice grains are 5 X 10° times
more massive than compact grains.

In all cases, compaction by gas or self-gravity is never
reached, as fragmentation maintains the grain sizes below a few
metres, a range where gas compaction appears. Porous grains
can therefore grow to much larger sizes (from centimetres to

! To estimate the mass ratio between porous and compact grains, we
. : - 3
can write the mass ratio as Mporous /Mcompact = P(Sporous/ Scompact)” -
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Fig. 9. Same as the top panels of Fig. [8| for PAmpEAs simulations GF-
H20-comp-Vf15 (left) and GF-H20-a02-V{£15 (right).

decimetres) and masses compared to their compact counterparts
(a few hundred micrometres), demonstrating that porosity must
be considered in dust evolution.

4.1.2. 3D global simulations with PHANTOM

We now explore the effects of porosity with Puantom. Figure [T0]
compares the GF-Si-comp-V{20 simulation (left) to GF-Si-a02-
V120 (right). The top panels display the dust-to-gas ratio in the
meridional plane (r, z) at different simulation times. Grey ar-
eas represent the initial dust-to-gas ratio, red regions are dust-
enriched, and blue regions are dust-depleted. It can be noticed
that in the early times, porous grains settle faster in the midplane
compared to compact grains, as they grow rapidly in the inner re-
gions. However, in the outer regions, porous grains, due to their
low density, remain more coupled to the gas. They drift and settle
more slowly, resulting in lower dust concentration and a thicker
dust disc. This effect is evident at times ¢ = 50 or 100 kyr. At
the end of the simulation, the compact dust disc is less radially
extended (= 100 au) and has a higher dust concentration, around
& ~ 3—4, with a thickness of ~ 10 au. In contrast, the porous dust
disc extends out to 150 au with a dust-to-gas ratio of € ~ 0.8 — 1.
Porous grains thus allow the dust in the outer regions to be re-
tained for a longer time while achieving large dust concentra-
tions. Similarly to simulations with growth and fragmentation in
Garcia (2018), the disc of porous grains after 300 kyr is thinner
than that of compact grains.

The bottom panels of Fig. [I0] display the radial size dis-
tribution of dust grains. Colour represents the Stokes number
St, where red to green grains are strongly coupled to the gas,
blue grains are marginally coupled, and purple grains are decou-
pled. To understand what happens in dust-concentrated regions,
particles with £ < 5 x 107> have been deliberately excluded,
representing regions highly depleted in dust where little activ-
ity occurs. Porous grains can grow to more substantial sizes,
on the order of millimetres or centimetres, with filling factors
¢ ~ 5% 1073 -~ 107? (see Fig. . 14] left panel on second row),
across a large portion of the disc, up to 200 au. In contrast, com-
pact grains struggle to reach millimetre sizes and the largest ones
remain in the 100-500 um range. This is inconsistent with ob-
servations that report the presence of millimetre-sized grains in
the midplane. Hence, porosity helps grain growth to more sig-
nificant sizes and masses, approximately 5 to 5000 times larger,
with dust concentrations and disc thicknesses similar to com-
pact grains, and sizes compatible with observations. However,
the resulting filling factors (Fig.[I4) are too small by a factor of
~ 10 — 20 compared to observations (see Sect. E]) In both cases,
grains do not cross St = 1 and do not decouple from the gas.
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Despite special attention to avoid numerical artefacts, some
remain, inherent to the evolution model itself. For porous grains
at time ¢t = 100 kyr, a region close to 500 au where grains have
grown slightly more than those closer in can be observed. This
can be explained rather simply. Initially, in the farthest regions
(>300 au), there are only monomers. Monomers at 600 au have
larger St values than those at 500 au. They drift and settle faster
than grains closer to the star can grow, resulting in a more dust-
enriched zone, also visible in the top right panel. All grains drift,
settle, and grow, and this artefact related to the model disappears
without consequence.

The same behaviour is seen for water ice grains, whose evo-
lution is shown in Fig. [TT] Compared to silicate grains, the top
panels demonstrate that water ice dust discs are thicker (~ 20 au)
and extend radially further (> 400 au). This is due to the lower
density of water ice grains, resulting in smaller Stokes numbers
for a given position and size. Water ice grains thus settle and
drift more slowly than silicate grains. However, dust-to-gas ra-
tios of around & =~ 2 — 3 for compact grains and € ~ 0.7 — 1 for
porous grains are still reached. Compact water ice grains strug-
gle to reach millimetre sizes in the midplane (lower panels), al-
though their growth is faster than that of compact silicate grains
due to their lower density and larger cross-sectional area for a
given mass. They remain relatively small, in the hundreds of mi-
crons range. In contrast, porous water ice grains can easily attain
centimetre scale sizes. Millimetre- to centimetre-sized grains are
found out to 400-500 au. The resulting filling factors (see also
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Fig. bottom left), around 1073 — 5 x 1073, are also too small
compared to observations by a factor 20 to 100. Grains are still
maintained at St values around 0.1; none manage to decouple in
the inner regions. This is not the case for some grains that reach
St = 1 in the outer disc region, where a lower gas density and
a higher growth rate enable these St values to be reached. Thus,
porosity allows grains to grow more easily, reaching millimetre
sizes, and forming dust discs as thin as those composed of com-
pact grains.

4.2. Effect of bouncing and compaction during fragmentation

In this section, we investigate the effects of compaction during
fragmentation and bouncing at different fragmentation thresh-
olds. Disc observations reveal that larger dust particles in the
midplane are not as porous as the values obtained in the ab-

sence of compaction (Sect. [4.1). [Kataoka et al| (2016), |Guidi
et al| (2022)), and [Zhang et al.| (2023) find that grains have fill-

ing factors on the order of 10% with a product s¢ larger than
100 ym, meaning grains with s > 1 mm.

4.2.1. 1D simulations with PampEas

Figure [12] compares grain sizes as a function of distance from
the star between simulations without bouncing and compaction
during fragmentation (GF) on the left, and those with (GBFc) on
the right. The top three rows correspond to simulations with sili-
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grains.

cates for three fragmentation thresholds: vey,g si = 10, 20, and 40
ms~!, from top to bottom, while the bottom row shows simula-
tions with water ice for Virae oo = 15 m s~L. For all GBFc simu-
lations, the grains grow to the same sizes and filling factors as the
GF simulations. However, when the fragmentation threshold is
reached, the grains in the left panels remain in an equilibrium be-
tween growth and fragmentation because, during fragmentation,
the grains retain their filling factor. In the right panels, aggregates
are compacted during fragmentation, the filling factor increases,
and sizes become smaller until a new equilibrium is reached.
The value of ¢ for compacted grains is not the maximum pos-
sible value ¢.x = 0.74. The maximum value that is reached is
instead around 0.5 — 0.6 as in equilibrium, grain growth tends
to decrease ¢, while compaction by fragmentation or bouncing
tends to increase ¢. According to Fig.[6]and Eq. (A.9), the closer
¢ gets to the maximum value, the harder it is to compact the
aggregate. The slow growth of grains thus compensates for com-
paction towards the maximum value.

For simulations with vf,e si = 10 ms~!, the grains reach
sizes of a few millimetres, with a maximum around 3 mm be-
tween 20 and 50 au. When compacted, the aggregate sizes then
drop to about 40 — 80 um at maximum compaction before being
accreted by the star. The filling factor reaches a minimum of 10~2
just before the fragmentation threshold, before being compacted
to ¢ = 0.5. The aggregates are compacted very efficiently, as a
grain initially growing at 300 au ends up fully compacted during
its drift beyond 100 au. Lastly, one can note that the compacted

grains drift as fast as those that do not undergo compaction, as
indicated by the black points and line. This is due to the fact
that the product s¢ during compaction remains roughly the same
as when there is no compaction. As St o« s¢, a similar Stokes
number results in a similar drift.

With viag si = 20 m s~ grains in the right panel reach sizes
of around 3 cm before being compacted. As the fragmentation
threshold is higher, the grains have larger Stokes numbers and
therefore drift more during compaction. The maximum com-
paction occurs between 10 and 20 au, resulting in sizes ranging
from 100 to 300 um and filling factors between 0.3 and 0.5.

For viag, si = 40m s7!, grains are able to grow almost without

encountering the fragmentation barrier. In both cases, the grains
start to fragment when reaching sizes between 20 and 50 cm,
with filling factors smaller than 3 x 1073, With such a high frag-
mentation threshold, grains undergo mostly pure growth in the
majority of the disc and compaction does not operate. Moreover,
due to this free growth, grains in the inner regions are accreted
more rapidly since the St values they reach are larger, around
0.5 -1 between 10 and 20 au, and over 0.1 in the rest of the disc.

Finally, in the case of water ice (bottom row of Fig. @),
the aggregates reach decimetre sizes in both cases. When com-
pacted, their size is reduced by a factor of 500. The size reached
at maximum compaction ranges from 300 to 500 um, with a fill-
ing factor ¢ ~ 0.4. Thus, a behaviour similar to simulations with
silicates and Vg si = 20 m s~! is observed, but with larger vari-
ations in size and filling factor.
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Fig. 12. Comparison between Pampeas simulations with growth and
fragmentation (GF-*-a02-*, left) and simulations with growth, bounc-
ing, and fragmentation with compaction (GBFc-*-a02-*, right), up to
t = 1 Myr. Grain sizes are given as a function of the distance from the
star, with colour indicating the filling factor. Simulation parameters are
indicated in each row. Black dots and dashed lines mark the time ¢ = 50
kyr, providing a ‘snapshot’ of the size distribution at that moment.

Figure[T3]shows the evolution of size and filling factor, with
colour representing the distance r. All grains start to grow in the
hit & stick regime from the size of a monomer ap = 0.2 um
and ¢ = 1. They then transition to a different growth regime
(dEp, si<1) resulting in a change in slope around the micrometre
size, depending on the species (see Fig. [)).

In left panels for simulations without compaction, once the
fragmentation threshold is reached, the grains remain confined
in the ‘tip’ at the bottom right. On the other hand, in the right
panels, grain compaction is observed, leading to a decrease
in size while the filling factor increases towards unity. With
Virag,si = 10 ms~!, grains are compacted up to ¢ = 0.5 and
a minimum size of 40 um, even at larger distances r. Bounc-
ing doesn’t occur in this case, as fragmentation is highly effec-
tive. For v,g i = 20 ms~!, grains fragment at larger sizes and
smaller ¢. However, once the fragmentation threshold is reached,
they are compacted up to ¢ = 0.6 and sizes of 100 ym. Bounc-
ing begins to appear but has no influence on grain evolution
and is not visible in the figure. For vi,e si = 40 ms!, aggre-
gates fragment after growing to sizes of around a decimetre and
¢ ~ 2 x 1073, They then fragment and are compacted to ¢ = 0.7
and sizes of 700 um.

Finally, in the case of water ice, the same behaviour is ob-
served. Aggregates are compacted until they reach ¢ = 0.4 and
s = 300 um. As mentioned in Sect. [2.3] bouncing is accompa-
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Fig. 13. Comparison between Pampeas simulations with growth and
fragmentation (GF-*-a02-*, left) and simulations with growth, bounc-
ing, and fragmentation with compaction (GBFc-*-a02-*, right) up to
t = 1 Myr. The filling factor ¢ is plotted against grain size, with colour
indicating the distance r. Simulation parameters are indicated in each
row.

nied by growth (but hardly visible in Fig.[T3). Similarly to Fig.[d]
the characteristic plateau is seen, where grains move from left to
right and bottom to top, as they are compacted by bouncing dur-
ing growth before continuing to drift and be accreted.

Thus, compaction during fragmentation has a significant im-
pact on grain evolution. Taking porosity into account allows
grains to overcome the bouncing barrier, which occurs at grain
sizes of a few to several tens of microns. Bouncing doesn’t in-
terfere with aggregate growth before reaching the fragmentation
threshold, as ¢ < 0.3. When ¢ becomes larger than 0.3 again,
grains grow and don’t bounce but fragment. It is necessary for
the grains to be compacted and at sufficiently small sizes for
bouncing to play a role again before fragmentation.

4.2.2. 3D global simulations with PHANTOM

Figure[T4]compares PHaNTOM simulations without (top) and with
(bottom) compaction during fragmentation and bouncing. We
show the radial grain size distribution, colour-coded with the fill-
ing factor, for simulations with silicates and Vg, si = 10, 20 and
40 ms~!, and with water ice, from top to bottom in each panel
(in the same order as in Fig.[12). In all cases, the maximum grain
sizes obtained with or without compaction are similar, unlike in
the 1D simulations, despite efficient compaction. It should be
noted that 1D and 3D simulations cannot be directly compared as
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Fig. 14. Comparison of the radial grain size distribution, with colour representing the filling factor, between PHanTOoM simulations with growth and
fragmentation (GF-*-a02-*, top panel) and with growth, bouncing, and fragmentation with compaction (GBFc-*-a02-*, bottom panel). Simulation
parameters are indicated in each row. We note that the colorbar range is different from that in Fig. [T2]

the former follow the evolution of single grains in the disc mid-
plane, while the latter deal with a population of grains at various
altitudes, whose size and porosity evolution depends on varying
disc conditions as they settle and drift. The effect of compaction
(bottom panel) can best be seen at ¢ = 100 kyr interior to 200 au
where the largest grains are still relatively porous, with ¢ rang-
ing from a few 1072 to a few 10~ depending on the simulation,
and mostly at large r, while the smallest grains have been com-
pacted to ¢ ~ 0.4 or larger. In simulations without compaction
(top panel), the larger grains are also more porous than smaller
ones, as expected from their evolution during growth (Sect. 2)),
but the porosity range is much smaller. At r = 300 Myr, the most
compacted grains, in the midplane, are substantially smaller than
in simulations without compaction.

Simulations with silicate grains and vgaesi = 10 and
20 ms~! (first two rows in both panels) are similar: without
or with compaction, grains reach sizes of a few millimetres at
t =100 kyr for vgye = 10 ms™, while they grow faster and
larger, up to a few centimetres, for vg,g si = 20 ms~!. How-
ever, after 300 kyr, compacted grains are at most 600-700 um
in size for Vi, = 10 m s~! and a few millimetres for Virag, Si =
20 ms~!. The former case is difficult to reconcile with obser-
vations of grains of mm size or larger in protoplanetary discs.
When viae si = 40 ms~! (third rows), the threshold is high
enough for grains to remain mostly in the pure growth regime,
similarly to what was seen with PampEAs (Sect. @, with al-
most no fragmentation or compaction, except in the very inner
disc. Here, grain sizes reach several tens of metres and their
Stokes number exceeds unity. This breaks the terminal velocity
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Fig. 15. Comparison between PranToM simulations with growth and fragmentation (GF-*-a02-*, top panel) and simulations with growth, bouncing,
and fragmentation with compaction (GBFc-*-a02-*, bottom panel). The grain size s is shown in the meridian plane (r, z), with the light grey

background indicating the gas disc thickness. Simulation parameters are

approximation used in the dust-as-mixture formalism
[& Goodman![2005}, [Laibe & Price|2014) and those simulations
should not be considered valid. Finally, for simulations GF-
H20-a02-Vf15 and GBFc-H20-a02-Vf15 (bottom rows), the
same pattern as for simulations GF-Si-a02-Vf20 and GBFc-Si-
a02-Vf20 is observed, with grains reaching slightly larger sizes.
The joint evolution of grain size and filling factor is described in
Appendix [D}

The thickness of the of the dust discs can be examined in
Fig. [I5] showing the size in the (r, z) plane. Like in other fig-
ures, only particles with & > 5 x 1073 are shown to eliminate
dust-depleted regions. The light grey background indicates the
gas disc’s thickness. An interesting result can be noted: whether
the grains are compacted or not, the thickness of the dust discs
is very similar between 10 and 200 au, where dust is most
abundant, and is only slightly larger for compacted dust. In all
cases, compared to the compact grain discs of simulations GF-
Si-comp-V£20 (Fig.[I0) and GF-H20-comp-Vf15 (Fig.[TT), the
porous grain discs are just as thin in the inner regions, or even
thinner in the early stages for » < 200 — 300 au. However, the
porous grain discs are thicker farther from the star and have
larger sizes than their compact grains counterparts.

Finally, the maximum size of compact grains is larger in
PuanTOM simulations compared with PAMDEAs by a factor of ~ 5
(comparing the left panels of Fig. [§]to the left panels of Fig.
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indicated in each row.

because dust settling in 3D increases dust density in the mid-
plane, which helps grains to grow to larger sizes. On the other
hand, the sizes, filling factors, and St values of porous grains are
similar with both codes. When grains are highly porous, their
growth is fast and the increase in growth rate due to settling pro-
vides little assistance — the limiting factor is the fragmentation
threshold. Porous grains that undergo compaction are in a inter-
mediate situation.

4.3. Effects of a snow line

Here, we examine the influence of the CO ice line on the GBFc-
Si-a02-Vf20 simulation. The sublimation temperature for CO is
20 K, which corresponds to a position of the snow line at » ~
100 au in our disc model. We set the fragmentation threshold
for the outer region, where grains are assumed to be surrounded
by CO ice, t0 Vg ext = 3 ms~!. In the inner region, instead
of taking a threshold of 15 ms~!, which would correspond to
grains made entirely of water ice, we set Viag it = 20 ms~! to
model silicate grains assumed to be surrounded by a layer of
water ice. The outer layer only affects adhesive properties, as
discussed in [Vericel & Gonzalez (2020). The result from this
simulation, GBFc-Si-a02-V{205, are shown in Fig. @

The top panel shows the grain size s in the (r, z) plane, with
a cut-off at £ > 5 x 1073, and the light grey gas disc in the back-
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Fig. 16. Puantom GBFcS-Si-a02-V{205 simulation. Top: Aggregate
sizes in the same plane (r, z). Middle: Radial grain size distribution,
with colour representing the Stokes number St. Bottom: Filling factor
¢ plotted against grain size s, with colour indicating the distance 7.

ground, while the central panel displays the radial grain size dis-
tribution coloured by the Stokes number. Both panels show two
distinct regions. Interior to 100 au, grains have settled into a very
thin disc and formed large aggregates with sizes of several mil-
limetres up to a centimetre. They have St ~ 5 x 1072 when they
are compacted, mainly between 50 and 100 au, down to a few
millimetres. Beyond 100 au, grains have not been able to grow
to large sizes due to the lower fragmentation threshold exterior to
the snow line, where the balance between growth and fragmen-
tation keeps them at smaller sizes ranging from ~ 100 um when
they are still porous, down to a few tens of ym once compacted.
Their smaller St slows down their settling and drift. The dust
disc has thus settled much less compared to simulation GBFc-
Si-a02-Vf20 shown in Fig[T3] with a thicker and more extended
outer disc.

et al.: Realistic porosities via dust compaction

Finally, the bottom panel shows the filling factor versus the
grain size s, with colour indicating the distance r. With the snow
line, the interpretation becomes more complex, as grains can
fragment and compact in two different regions, leading to com-
paction even for small sizes in the outer regions. Grains between
100 and 150 au are compacted, and once past the snow line, they
have the opportunity to grow again before reaching the inner
fragmentation threshold of 20 m s~!. Thus, we observe not one
but two vertical columns in the plot due to compaction during
fragmentation.

Snow lines in this configuration are an effective way to form
relatively compact dust grains with ¢ ~ 0.1 far from the star, as
long as the fragmentation threshold is not too high; otherwise,
the grains would drift inward faster and would not be compacted
efficiently.

4.4. Effects of rotational disruption

We present in Appendix [E| the results of 3D simulations of ro-
tational disruption, complementing the 1D PampEAs simulations
of [Michoulier & GonzaleZ] (20224d) and removing some of their
limitations. They show that rotational disruption has a negligible
effect on the dust evolution in discs.

5. Discussion

We have shown that simulations with porous grains allow for
the growth of grains to larger sizes and masses regardless of the
species or fragmentation threshold. Hence, as indicated by
cia & Gonzaleg] (2020)), porosity enables large dust grain forma-
tion. Our 1D simulations using PaMDEAS and our 3D simulations
with PraNTOM both result in centimetre-sized grains for porous
grains when including growth and fragmentation only. With
compact or compacted grains due to fragmentation, PAMDEAS
tends to underestimate the maximum grain size by a factor of
a few. Nevertheless, PampEas efficiently models the dust evolu-
tion, with or without considering porosity evolution.

We found that simulations involving compaction contradict
the earlier simulations without compaction, which indicated that
larger grains were more porous and located in the midplane
cial[2018}; [Garcia & Gonzalez|[2020). With compaction, we find
that large aggregates in the midplane are compact. In the upper
layers, grains are nearly as large but more porous and conse-
quently less massive, undergoing settling. Finally, small grains
are either monomers or fractal aggregates composed of a few
dozen monomers. This suggests that the size and porosity dis-
tribution of dust mainly depends on grain altitude. Our simula-
tions with porous and compacting grains provide better expla-
nations for observations that report both non-porous millimetre-
sized grains in the midplane and more porous millimetre-sized
grains above and below.

Filling factors of dust grains in discs are generally between

0.1 and 1 according to observations (Guidi et al|2022;
let al|2023} [Ohashi et al[2023). Figure [[7] summarizes the best

models able to match observations of HL Tau
and DG Tau (Ohashi et al.[2023)). In both studies, the authors as-
sumed either compact (¢ = 1) of porous (¢ = 0.1 for
and 0.2 for [Ohashi et al.|2023)) grains and fit for the

grain sizes for which SED and polarization data are best repro-
duced. In the inner disc (interior to 40 au), compact grains of
a few hundred ym are found to match both discs. However, for
porous grains, sizes of 1 mm or larger are preferred for HL Tau,
while values from 100 um closer in up to 1 mm further out work
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Fig. 17. Grains sizes compatible with all the data obtained from SED
and polarization observations of HL Tau (Zhang et al.|2023) and DG
Tau (Ohashi et al.[2023)) for different values of the assumed filling factor.

best for DG Tau. For HL Tau, [Zhang et al.| (2023) found that
compact grains of any size cannot reproduce the data between
20 and 60 au. At larger distances, the best fit is found for simi-
lar sizes to the inner disc for HL Tau, but for compact grains of
1 cm or porous grains larger than 3 cm for DG Tau. However,
the authors of both studies cautioned that the low signal-to-noise
ratio in the outer regions makes it difficult to distinguish between
different grain populations.

Our simulations provide an explanation for these grain dis-
tributions. Thanks to porosity, all grains are capable of rapid
growth to reach millimetre sizes that are compacted in the in-
ner regions with consistent filling factors (¢ ~ 0.1 — 1). In the
outer regions, smaller grains (10 — 100 um) are prevalent, with
varying porosities (¢ ~ 0.01 — 0.5), which is consistent with the
observations of HL Tau. The large grains (> 3 cm) seen in the
DG Tau disc, however, are challenging to reproduce in our sim-
ulations. Grains with these sizes are present, but they are more
porous with ¢ ~ 1073 — 1072,

Table[2]presents a summary of the classifications of cometary
dust and its morphology from the Rosetta and Stardust missions
(Giittler et al.|[2019). These observations found that the most
common grains are represented by the porous particle group,
with ¢ in the [0.05,0.9] range, similar to the compacted grains
in our simulations, although their size can be much larger. Frac-
tal aggregates are rarer, also in agreement with our simulations.
The solid particle group is similar to our monomers. Compaction
of grains during their evolution is thus necessary to explain both
disc and comet observations.

Some limitations of our work are inherent to the codes them-
selves (see Sect. E]), in particular for PAMDEAS with its one-
dimensional nature assuming a static gas disc, limitations that
are overcome with Puantom. However, the growth and frag-
mentation model remains the mono-disperse model (Stepinski &
Valageas|1997) in both cases. In particular, it cannot account for
collisions between particules of very different sizes or masses.
High-mass-ratio collisions have been found to produce stronger
compression (Tanaka et al.|2023). Taking them into account
would help aggregates to reach their compacted state sooner. The
mono-disperse model nonetheless results in global size distribu-
tions that are similar to those obtained with polydisperse models
(Gonzalez et al.|2017; [Vorobyov et al.|2018). The reader is re-
ferred to|Laibe et al.| (2008)); |Vericel & Gonzalez (2020); Vericel
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Table 2. Summary of the classifications of cometary grains from the
Rosetta and Stardust missions, adapted from |Gtittler et al.[(2019)).

Group s 1) Contribution
D tes thi
Porous  lhm=1m 0051009 g o gisribution
Fractal 1 um — 10 mm < 0.05 Low fraction
Solid 0.1 yum —0.5 mm > 0.9 Very common

et al.| (2021)); Michoulier et al.| (2024) for additional discussions
of this formalism.

The 3D simulations use the dust-as-mixture formalism in the
terminal velocity approximation, which is no longer valid when
dust decouples from the gas. Moreover, the dust-as-mixture
(one fluid) simulations do not depict the formation of self-
induced dust traps, whereas previous dust-as-particles simula-
tions showed this mechanism (Michoulier & Gonzalez [2022b)).
Future dust-as-particles simulations, albeit significantly more
time-consuming, should verify the presence of these traps, as
well as demonstrate whether dust can effectively decouple.

The fragmentation model is not entirely consistent. We set
the fragmentation threshold to a predefined, fixed value. In prac-
tice, the fragmentation threshold should depend on the size and
porosity of grains. |Garcia (2018) tested a model with a variable
threshold with limited success. However, there is no existing
model or study that establishes this relationship. A consistent
model is needed to better understand the fragmentation of ag-
gregates and the its influence on the evolution of dust grains.

In a similar vein, the difficulty to obtain material properties
for different compounds due to the complexity of experimental
studies and the large parameter space they would need to cover
makes assumptions unavoidable in order to develop a general
model. Some of them may be lifted in the future as more data
becomes available, for example measurements of the Young’s
modulus over a wide range of porosities for several species of
astrophysical interest.

6. Conclusions

A key missing piece in our understanding of the puzzle of planet
formation is how sub-micron-sized dust grains coagulate into
planetesimals while avoiding the fragmentation and radial drift
barriers. These obstacles must be overcome for dust to survive
long enough to form kilometre-sized rocky bodies. While so-
lutions have been proposed to explain planetesimal formation,
mechanisms such as the streaming instability (Youdin & Good-
man||2005) involve specific conditions, such as the presence of
large dust particles settled in the midplane. However, there is
no clear answer as to how to achieve these conditions. Growth
up to a few microns is relatively straightforward, but reaching
millimetre-sized or larger grains, as observed, is difficult because
of radial drift.

To address these issues, we explored the evolution of porous
grains, including various mechanisms that destroy them. We de-
veloped a new physical model and code module to account for
growth and porosity evolution, as well as bouncing and frag-
mentation with compaction, within the mono-disperse approxi-
mation. We investigated the influence of porosity on dust evolu-
tion using the 1D code Pampeas (Michoulier & Gonzalez|2022a))
and the 3D SPH code Puantom (Price et al.|[2018). We per-
formed simulations varying the porosity, compaction, the con-
stituent species of the grains, and the fragmentation threshold.
Our conclusions are as follows:
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Fig. 18. Diagram summarising the different physical processes related to dust seen and studied in this paper.

1. We confirm that porosity enables the formation of
millimetre- to centimetre-sized grains (Garcial [2018). The
main limiting factor is the fragmentation threshold.

2. With growth and fragmentation alone, we found large values
for the filling factor (¢ ~ 107*~1073) that are incompatible
with observations, which show compact grains in the inner
regions.

3. When including compaction during fragmentation and
bouncing, we formed grains of several hundred micrometres
to a few millimetres, but this time with filling factors com-
patible with observations (¢ € [0.1; 1]).

4. The 3D simulations with high turbulent viscosity showed
signs of rotational disruption in the intermediate layers of
the disc when aggregates are settling in the outer regions,
but we found the overall impact of rotational disruption on
dust evolution to be small.

Figure [T8] summarises the key mechanisms involved in the
evolution of grains. Overall, we found that considering poros-
ity, compaction effects, and snow lines can reconcile observa-
tions with theoretical models of planet formation. Future work
may involve developing a coherent model for the fragmentation
threshold, further investigating the impact of snow lines, and us-
ing simulations to generate synthetic images to refine our under-
standing of observations.

Acknowledgements. We thank the anonymous referee for their report, which al-
lowed us to improve the clarity of this paper. The authors acknowledge funding
from ANR (Agence Nationale de la Recherche) of France under contract num-
ber ANR-16-CE31-0013 (Planet-Forming-Disks) and thank the LABEX Lyon
Institute of Origins (ANR-10-LABX-0066) for its financial support within the
Plan France 2030 of the French government operated by the ANR. This re-
search was partially supported by the Programme National de Physique Stel-
laire and the Programme National de Planétologie of CNRS (Centre National de
la Recherche Scientifique)/INSU (Institut National des Sciences de 1’Univers),
France. We gratefully acknowledge support from the PSMN (Pole Scientifique
de Modélisation Numérique) of the ENS de Lyon for the computing resources.
This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Sktodowska-Curie grant
agreements No 210021 and No 823823 (DUSTBUSTERS). DJP is grateful for
Australian Research Council Discovery Project funding via DP220103767 and
DP240103290. We thank the Australian-French Association for Research and
Innovation (AFRAN) for financial support. Figures were made with the Python

library matplotlib (Hunter[2007).

References

Arakawa, S., Okuzumi, S., Tatsuuma, M., et al. 2023, AplJ, 951,
L16

Auflinger, J. & Laibe, G. 2018, MNRAS, 473, 796

Ballabio, G., Dipierro, G., Veronesi, B., et al. 2018, MNRAS,
4717, 2766

Barge, P. & Sommeria, J. 1995, A&A, 295, L1

Barriere-Fouchet, L., Gonzalez, J.-F., Murray, J. R., Humble,
R.J., & Maddison, S. T. 2005, A&A, 443, 185

Bate, M. R. 2022, MNRAS, 514, 2145

Blum, J. & Schripler, R. 2004, Phys. Rev. Lett., 93, 115503

Blum, J. & Wurm, G. 2000, Icarus, 143, 138

Blum, J. & Wurm, G. 2008, ARA&A, 46, 21

Brauer, F., Henning, T., & Dullemond, C. P. 2008, A&A, 487,
L1

Carrera, D., Johansen, A., & Davies, M. B. 2015, A&A, 579,
A43

Chokshi, A., Tielens, A. G. G. M., & Hollenbach, D. 1993, ApJ,
407, 806

Cuzzi, J. N., Dobrovolskis, A. R., & Champney, J. M. 1993,
Icarus, 106, 102

Dominik, C. & Tielens, A. G. G. M. 1997, AplJ, 480, 647

Drazkowska, J. & Alibert, Y. 2017, A&A, 608, A92

Drazkowska, J., Windmark, F., & Dullemond, C. P. 2014, A&A,
567, A38

Dullemond, C. P. & Dominik, C. 2005, A&A, 434, 971

Fouchet, L., Gonzalez, J. F., & Maddison, S. T. 2010, A&A, 518,
Al6

Fouchet, L., Maddison, S. T., Gonzalez, J. F., & Murray, J. R.
2007, A&A, 474, 1037

Garcia, A. 2018, Phd thesis, Université de Lyon, available at
https://theses.hal.science/tel-01977317/document, in French

Garcia, A. J. L. & Gonzalez, J.-F. 2020, MNRAS, 493, 1788

Gingold, R. A. & Monaghan, J. J. 1977, MNRAS, 181, 375

Gonzalez, J.-F., Laibe, G., & Maddison, S. T. 2017, MNRAS,
467, 1984

Gonzalez, J.-F., Laibe, G., Maddison, S. T., Pinte, C., & Ménard,
F. 2015, Planet. Space Sci., 116, 48

Gonzalez, J. F, Pinte, C., Maddison, S. T., Ménard, F., &
Fouchet, L. 2012, A&A, 547, A58

Article number, page 19 of 25



A&A proofs: manuscript no. Michoulier-Gonzalez

Grishin, E., Rozner, M., & Perets, H. B. 2020, ApJ, 898, L13

Guidi, G., Isella, A., Testi, L., et al. 2022, A&A, 664, A137

Gunkelmann, N., Ringl, C., & Urbassek, H. M. 2016, A&A, 589,
A30

Giittler, C., Blum, J., Zsom, A., Ormel, C. W., & Dullemond,
C.P. 2010, A&A, 513, A56

Giittler, C., Krause, M., Geretshauser, R. J., Speith, R., & Blum,
J. 2009, ApJ, 701, 130

Giittler, C., Mannel, T., Rotundi, A., et al. 2019, A&A, 630, A24

Hunter, J. D. 2007, Computing in Science & Engineering, 9, 90

Hyodo, R., Ida, S., & Charnoz, S. 2019, A&A, 629, A90

Jacquet, E., Balbus, S., & Latter, H. 2011, MNRAS, 415, 3591

Johansen, A. & Youdin, A. 2007, ApJ, 662, 627

Johnson, K. L., Kendall, K., & Roberts, A. D. 1971, Proceedings
of the Royal Society of London Series A, 324, 301

Kataoka, A., Muto, T., Momose, M., Tsukagoshi, T., & Dulle-
mond, C. P. 2016, ApJ, 820, 54

Kataoka, A., Muto, T., Momose, M., et al. 2015, ApJ, 809, 78

Kataoka, A., Okuzumi, S., & Tazaki, R. 2019, ApJ, 874, L6

Kataoka, A., Tanaka, H., Okuzumi, S., & Wada, K. 2013a, A&A,
557,14

Kataoka, A., Tanaka, H., Okuzumi, S., & Wada, K. 2013b, A&A,
554, A4

Kimura, H., Wada, K., Senshu, H., & Kobayashi, H. 2015, ApJ,
812, 67

Kimura, H., Wada, K., Yoshida, F., et al. 2020, MNRAS, 496,
1667

Klahr, H. H. & Bodenheimer, P. 2003, ApJ, 582, 869

Kobayashi, H. & Tanaka, H. 2010, Icarus, 206, 735

Kothe, S., Blum, J., Weidling, R., & Giittler, C. 2013, Icarus,
225,75

Kretke, K. A. & Lin, D. N. C. 2007, ApJ, 664, L55

Krijt, S., Ormel, C. W., Dominik, C., & Tielens, A. G. G. M.
2015, A&A, 574, A83

Laibe, G., Gonzalez, J. F., Fouchet, L., & Maddison, S. T. 2008,
A&A, 487, 265

Laibe, G. & Price, D. J. 2014, MNRAS, 440, 2136

Lebreuilly, U., Vallucci-Goy, V., Guillet, V., Lombart, M., &
Marchand, P. 2023, MNRAS, 518, 3326

Li, R., Youdin, A. N., & Simon, J. B. 2019, ApJ, 885, 69

Loren-Aguilar, P. & Bate, M. R. 2015, MNRAS, 453, L78

Lucy, L. B. 1977, AJ, 82, 1013

Meheut, H., Keppens, R., Casse, F., & Benz, W. 2012, A&A,
542, A9

Mellor, M. 1974, A Review of Basic Snow Mechanics (U.S.
Army Cold Regions Research and Engineering Laboratory)

Michoulier, S. & Gonzalez, J.-F. 2022a, MNRAS, 517, 3064

Michoulier, S. & Gonzalez, J. F. 2022b, in SF2A-2022: Pro-
ceedings of the Annual meeting of the French Society of As-
tronomy and Astrophysics. Eds.: J. Richard, ed. J. Richard,
A. Siebert, E. Lagadec, N. Lagarde, O. Venot, J. Malzac, J. B.
Marquette, M. N’Diaye, & B. Briot, 323-324

Michoulier, S., Gonzalez, J.-F., Grishin, E., & Petetin, C. 2024,
A&A, 686, A32

Musiolik, G., Teiser, J., Jankowski, T., & Wurm, G. 2016, ApJ,
827, 63

Nakagawa, Y., Sekiya, M., & Hayashi, C. 1986, Icarus, 67, 375

Ohashi, S., Momose, M., Kataoka, A., et al. 2023, ApJ, 954, 110

Okuzumi, S., Tanaka, H., Kobayashi, H., & Wada, K. 2012, ApJ,
752, 106

Okuzumi, S., Tanaka, H., & Sakagami, M.-a. 2009, ApJ, 707,
1247

Ormel, C. W., Spaans, M., & Tielens, A. G. G. M. 2007, A&A,
461, 215

Paardekooper, S. J. & Mellema, G. 2004, A&A, 425,19

Article number, page 20 of 25

Paraskov, G. B., Wurm, G., & Krauss, O. 2006, ApJ, 648, 1219

Pinte, C., van der Plas, G., Ménard, F., et al. 2019, Nature As-
tronomy, 3, 1109

Planes, M. B., Millan, E. N., Urbassek, H. M., & Bringa, E. M.
2021, MNRAS, 503, 1717

Price, D. J. & Laibe, G. 2015, MNRAS, 451, 813

Price, D. J., Wurster, J., Tricco, T. S., et al. 2018, Publications of
the Astronomical Society of Australia, 35, e031

Ringl, C., Bringa, E. M., Bertoldi, D. S., & Urbassek, H. M.
2012, ApJ, 752, 151

Ringl, C., Bringa, E. M., Bertoldi, D. S., & Urbassek, H. M.
2012, ApJ, 752, 151

Rozner, M., Grishin, E., & Perets, H. B. 2020, MNRAS, 496,
4827

San Sebastian, 1. L., Dolff, A., Blum, J., Parisi, M. G., & Kothe,
S. 2020, MNRAS, 497, 2418

Schifer, U., Yang, C.-C., & Johansen, A. 2017, A&A, 597, A69

Schaffer, N., Johansen, A., & Lambrechts, M. 2021, A&A, 653,
Al4

Schripler, R. & Blum, J. 2011, ApJ, 734, 108

Seizinger, A., Speith, R., & Kley, W. 2012, A&A, 541, A59

Shakura, N. I. & Sunyaev, R. A. 1973, A&A, 24, 337

Shimaki, Y. & Arakawa, M. 2012a, Icarus, 218, 737

Shimaki, Y. & Arakawa, M. 2012b, Icarus, 221, 310

Shimaki, Y. & Arakawa, M. 2021, Icarus, 369, 114646

Sirono, S.-i. 2004, Icarus, 167, 431

Stepinski, T. F. & Valageas, P. 1997, A&A, 319, 1007

Suyama, T., Wada, K., & Tanaka, H. 2008, ApJ, 684, 1310

Suyama, T., Wada, K., Tanaka, H., & Okuzumi, S. 2012, ApJ,
753, 115

Tanaka, H., Anayama, R., & Tazaki, R. 2023, ApJ, 945, 68

Tanaka, H., Inaba, S., & Nakazawa, K. 1996, Icarus, 123, 450

Tatsuuma, M. & Kataoka, A. 2021, ApJ, 913, 132

Tatsuuma, M., Kataoka, A., Okuzumi, S., & Tanaka, H. 2023,
ApJ, 953, 6

Tazaki, R. & Dominik, C. 2022, A&A, 663, A57

Tazaki, R., Ginski, C., & Dominik, C. 2023, ApJ, 944, 1L.43

Tazaki, R., Tanaka, H., Kataoka, A., Okuzumi, S., & Muto, T.
2019, AplJ, 885, 52

Thornton, C. & Ning, Z. 1998, Powder Technology, 99, 154

Vericel, A. & Gonzalez, J.-F. 2020, MNRAS, 492, 210

Vericel, A., Gonzalez, J.-F., Price, D. J., Laibe, G., & Pinte, C.
2021, MNRAS, 507, 2318

Verrios, H. J., Price, D. J., Pinte, C., Hilder, T., & Calcino, J.
2022, ApJ, 934, L11

Vorobyov, E. 1., Akimkin, V., Stoyanovskaya,
Pavlyuchenkov, Y., & Liu, H. B. 2018, A&A, 614, A98

Wada, K., Tanaka, H., Okuzumi, S., et al. 2013, A&A, 559, A62

Wada, K., Tanaka, H., Suyama, T., Kimura, H., & Yamamoto, T.
2007, ApJ, 661, 320

Wada, K., Tanaka, H., Suyama, T., Kimura, H., & Yamamoto, T.
2009, ApJ, 702, 1490

Wada, K., Tanaka, H., Suyama, T., Kimura, H., & Yamamoto, T.
2011, ApJ, 737, 36

Weidenschilling, S. J. 1977, MNRAS, 180, 57

Weidenschilling, S. J. & Cuzzi, J. N. 1993, in Protostars and
Planets I11, ed. E. H. Levy & J. I. Lunine, 1031

Weidling, R., Giittler, C., & Blum, J. 2012, Icarus, 218, 688

Whipple, F. L. 1972, in From Plasma to Planet, ed. A. Elvius,
211

Williams, J. P. & Best, W. M. J. 2014, ApJ, 788, 59

Windmark, F., Birnstiel, T., Giittler, C., et al. 2012, A&A, 540,
A73

Yamamoto, T., Kadono, T., & Wada, K. 2014, ApJ, 783, L36

Yang, C.-C., Johansen, A., & Carrera, D. 2017, A&A, 606, A80

0.,



Stéphane Michoulier et al.: Realistic porosities via dust compaction

Yasui, M., Schulson, E. M., & Renshaw, C. E. 2017, Journal of
Geophysical Research (Solid Earth), 122, 6014

Youdin, A. & Johansen, A. 2007, ApJ, 662, 613

Youdin, A. N. & Goodman, J. 2005, ApJ, 620, 459

Zhang, S., Zhu, Z., Ueda, T., et al. 2023, ApJ, 953, 96

Zhu, Z., Stone, J. M., Rafikov, R. R., & Bai, X.-n. 2014, ApJ,
785,122

Zhu, Z. & Yang, C.-C. 2021, MNRAS, 501, 467

Zsom, A., Ormel, C. W., Giittler, C., Blum, J., & Dullemond,
C.P. 2010, A&A, 513, A57

Article number, page 21 of 25



A&A proofs: manuscript no. Michoulier-Gonzalez

Appendix A: Equations for porosity evolution
during growth

Appendix A.1: Hit & stick regime

In the hit & stick regime, the mass of the grain doubles during
a collision, and a volume of void V4 is formed. According to
Okuzumi et al.[ (2009), this captured volume Vg corresponds
to 99% of the initial volume V;, thus adding to the initial vol-
umes of the two grains before the collision. The filling factor
¢ o« m/V is therefore multiplied by a factor of 2/2.99. For an
arbitrary number of collisions 7, there is a geometric relation-
ship between the initial filling factor ¢y and the final ¢, given
by ¢¢ = (2/2.99)"¢¢ (Garcia & Gonzalez |2020). Moreover, the
mass of a grain after the same number of collisions has grown
by ms = 2"mg, my being the monomer mass. By isolating n and
combining the two expressions, we obtained the filling factor in
the hit & stick regime (assuming Eyi, < E\oy, |Garcia & Gonza-
lez|2020):

m v
Pn&s = ( ) s
myo

with ¥ = In(2/2.99)/In2 ~ —0.58, where for the monomer
¢o = 1.

(A.1)

Appendix A.2: Collisional compression regime

As both the grain mass and the relative velocity vy increase, the
kinetic energy increases. Since vy depends on the Stokes num-
ber (Sect.[2.T), which in turn depends on the drag regime, there is
an expression for each case (Garcia & Gonzalez2020). |Suyama
et al.| (2012) provide the volume of a grain after collision V; in
terms of the volume of a grain before collision V;. This relation
can be transformed to incorporate filling factors using the fact
that ¢¢ = m¢/Vips = 2m;/ Vips (Garcia & Gonzalez|2020):

_ 3/10
2m; ((3/5) (Exin — 3bEon) Vi
¢r = — - e . (A2)
Ps N} b EqnV, 2

tot

Here, Ny is the total number of monomers, which is 2m;/my,
and V; is the volume of a monomer. This model is recursive,
meaning that the evolution of porosity is tracked after each colli-
sion. However, in the case of global simulations, the integration
time step rarely aligns with the time interval between collisions
Teoll- Therefore, (Garcia & Gonzalez| (2020) transformed this dis-
crete model into a continuous one to depend solely on the grain
mass and quantities related to r, enabling its implementation in
codes for global simulations. To achieve this, they assumed the
approximation Eyj, > E.
In the Epstein and Stokes regimes for St < 1, one obtains

A 38 1y \ 718
¢Ep,Sl<1 = (m) (m_()) ) (A3)
a Acqag 173 (Ad)
Psisi<1 = S @51 .
5 T Mol Cg
ot = SV Ml (A5)
64 pgOmol

is the gas molecular kinematic viscosity, where miyo and oo
are the mass and molecular cross section of the H, molecule,
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and A is a factor used to simplify the expressions and is given by

_243 V2r Ro e ag pie,Qx
15625 P b Eroll

(A.6)

where p = p, + pq is the total density. It is observed that in the
Stokes regime with St < 1, the filling factor depends only on the
local disc conditions. For regimes with St > 1, collisional com-
pression is less efficient due to the decrease in v,j. By neglecting
Ey;,, it can be derived from |Okuzumi et al.| (2012) and |Garcial
& Gonzalez| (2020) that ¢¢ o m;l/ > for St > 1. Therefore, the
filling factors for St > 1 can be expressed as

-5
m
PEp.se>1 = PEp,si<1(Ma) (_M ) , (A7)
4

~1/5
m
dsist>1 = Psesi<1 (Ms) (ﬁ) , (A.8)
5

where M, and M5 are the transition masses between the Epstein
and Stokes regimes for St < 1 and St > 1. The transition masses
are given in Appendix [B| The equations giving ¢ in the various
regimes can also be rewritten as a function of the size s instead of
the mass m, they are listed in Appendix [C}] However, the natural
variable to describe dust evolution is m.

The filling factor resulting from the hit & stick and colli-
sional compression regimes is noted ¢,

Appendix A.3: Static compression regime

In addition to undergoing compression due to collisions, aggre-
gates can also be statically compacted either by the surrounding
gas or by their own gravity. Kataoka et al.|(2013b) and |Garcia &
Gonzalez (2020) provided the relationship between static com-
pression pressure and the filling factor:

1/3
¢ = (agpcomp) /
Eroll ’

(A9)

which is only valid for small filling factors ¢ < 0.1. In the case
of compression by gas, the pressure is given by
Fp  mAvQg

- , A.10
s2St ( )

Pcomp = 72

which allows one to obtain the expression for the filling factor
¢gas (Garcia & Gonzalez|2020):

boe = mg ag Av Qg I\ (A1)
5 \mEan St my) '
For self-gravity, the exerted pressure is given by
Gm?
Peomp = —— (A.12)
s

and the expression for the filling factor ¢gr,y is (Garcia & Gon-
zalez|2020)

Gm% 3/5 m 2/5
Perav = nagEron mg ’

where G is the universal gravitational constant. To obtain the fi-
nal filling factor of a grain with mass m at a distance r from the

(A.13)
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Fig. B.1. Transition masses for our standard disc model and for silicate
grains.

star, we take the value of ¢ given by the phenomenon that com-
pacts the grain the most, which is the largest value among static
compression by gas, static compression by gravity, and compres-
sion by collision: ¢min = Max(Peoll, Peas> Perav)- All these regimes
are presented in Fig. [T]in the (s,¢) plane for different distances
to the star.

Appendix A.4: Growth from above the compression limit

The minimum filling factor must be ¢y,;,. However, there are
cases where the evolution of a grain (e.g. via bouncing) can pro-
duce a filling factor larger than ¢, placing it in the space above
the curves showed in Fig. [I] To take into account the increase of
porosity of grains during growth above the limit, we can com-
pute the filling factor as a function of the initial filling factor
®;, and the final and initial masses ms and m; in the case where
Vrel < Vfrag-
me (A.14)
m

i

4
Dorow = ¢1( ) if Exin < 3bEon,

-1/5
: ) otherwise. (A.15)

1

mg
¢grow =i (_
m
The resulting filling factor is then the maximum of ¢y and

¢min .

Appendix B: Transition masses

The transition masses are the masses at which the behaviour of
a grain changes. The different expressions of ¢ found for each
regime in Sect. 2.2] are independent, the transition masses al-
lowed us to relate them. For the transition masses M; and M,
that connect the hit & stick regime to the Epstein and Stokes
regimes with St < 1, we find

M, A \#E

Pl by ey 1)) , (B.1)
M, Acgap 1/3¢ (B2
my  \9vma (215 = 1) ’ 2

The transition mass M3 corresponds to the transition between the
Epstein and Stokes regimes

M A } Ac, 813
e Ceo , (B.3)
my 2(2340 — 1)) \9vpme (215 = 1)
8y+1 —8y
() e
my my

Finally, the expressions for M4 and Ms are obtained by equating
the expression of ¢ for the Epstein or Stokes regimes with St < 1
to the expression of ¢ obtained by setting St = 1.

My pCqg A -l

Ms _ , B.5
my (PSCIOQK) (2(23/40 - 1) )
Ms [ 9Vmap ¥ ( Acgag )1/6 (B.6)
mo ZpsaSQK Vol (215 = 1) ' '

Here, we have not considered the other Stokes regimes that
are reached for even larger sizes than the linear regime as
static grain compression is always dominant compared to these
regimes. The various transition masses as well as the different
expansion and compression regimes are shown in Fig. [B.1] in-
spired by Fig. Al of |Garcia & Gonzalez| (2020). We note that
the transition mass M, is always larger than mass M. The Stokes
regimes are reached in the inner regions of a disc, at a distance
less than 10 au.

Appendix C: Filling factor as a function of size

The equations giving the filling factor ¢ as a function of mass m
in Appendix [A]can be rewritten as a function of the size s as

3

<

s\
Phas = (a_o) , (C.D
A 131 \-13
PEp-si<1 = (—2(23/40 — 1)) (%) , (C.2)
Acgag 173
Pst-st<1 = —9V(21/5 - , (C.3)
1/4 -1/2
pc A s
PEp-St>1 = (—g;/T) (—) ) (C4)
ps Qx ag 29140 — 1 aop
[ P A A -2 C.5)
¢St—St>1 = 2;03 QK Clé 25— @ . .

Appendix D: Co-evolution of grain size and filling
factor in Puantom simulations with and without
compaction

Figure[D.T|shows the joint evolution of grain size and filling fac-
tor in PHANTOM simulations without (top) and with (bottom) com-
paction during fragmentation and bouncing, with the same order
of simulations as in Fig. [I4] Without compaction (top panel),
the trajectories for all simulations are very similar to the 1D
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Fig. D.1. Same as Fig.but showing the filling factor ¢ plotted against grain size, with colour indicating the distance r.

case (Fig. [12), with a spread corresponding to the disc’s verti-
cal extent. When compaction is considered (bottom panels), the
compaction trajectory is more vertical compared to that obtained
with PampEas, and the bouncing plateau at ¢ ~ 0.4, primarily
populated with grains very close to the disc inner edge, is more
clearly visible. The overall evolution appears more complex and
the s — ¢ plane is more densely populated. A large spread of fill-
ing factors can be reached for a given grain size and at a given
distance, grains of various s and ¢ can be found, indicating the
coexistence of porous and compacted dust.

Simulations with silicate grains and Virag, si 10 and
20 ms~' (first two rows) are again quite similar, with grains
reaching larger sizes and porosities before being fragmented and
compacted for the latter value. The main difference is that at
t = 300 kyr almost all grains are compacted or undergoing com-
paction for vi,e si = 20 m s71, with very few left on the growth
branch, while for 10 ms™' a large fraction of grains are still
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growing, mainly in the outer disc. Despite the fact that simu-
lations GF-Si-a02-V{40 and GBFc-Si-a02-V{40 (third rows) are
not valid, it is still interesting to note that, due to larger sizes
being reached, the gas and self-gravity compaction regimes are
visible for solids larger than a few m (see Fig.[I). Again, the wa-
ter ice simulations (bottom rows) are similar to that with silicate
grains and Vg si = 20 m s~!, with larger s and smaller ¢, except
for a fraction of still growing grains at large r.

Appendix E: Influence of rotational disruption

[Michoulier & Gonzalez| (2022a)) studied the effect of rotational
disruption on the evolution of porous grains using 1D simula-
tions with PaMpEas. 3D disc simulations taking into account the
evolution of gas and dust are necessary to understand in more
detail when and where rotational disruption influences dust evo-
lution. To that effect, we performed simulations modelling this
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Fig. E.1. Comparison between PHaNTOM simulations with growth, bouncing, fragmentation with compaction, and without (GBFc-*-a02-*, top
panel) and with (GBFcD-*-a02-*, bottom panel) rotational disruption showing the radial grain distribution, with colour representing the dust

filling factor. Simulation parameters are indicated in each row.

phenomenon for silicates with vg,g s = 10 and 20 m s~ and for
water ice With vi,e 5 = 15 m s7L, listed in the last three rows of
Table[T] The grain properties were somewhat different compared
to[Michoulier & Gonzalez| (2022a)): the monomer size was set to
0.2 instead of 0.1 ym, and y, = 0.2] m~2 for silicates. In fact,
with these new parameters, the tensile strength S .« should be
larger by a factor of two.

Simulations with Pampeas showed signs of rotational dis-
ruption only for very small values of the viscosity parameter
a < 5x 107, lower than that used with Paantom. The conditions
necessary for its appearance in the midplane (which PamMDEAs
simulates) are therefore challenging to achieve.

Figure [EI] compares 3D simulations including growth,
bouncing and fragmentation with compaction, without (top) and
with (bottom) rotational disruption. It shows the radial grain dis-
tribution, with colour representing the dust filling factor ¢. For
simulations GBFc-Si-a02-Vf10 and GBFcD-Si-a02-Vf10 (top
rows in both panels), very few differences are observed, which
is expected since the fragmentation threshold is low enough
for grains to fragment before they can be rotationally disrupted
(which only happens at higher relative velocities and therefore
larger sizes). For simulations GBFc-Si-a02-Vf20 and GBFcD-
Si-a02-V{20 (middle rows), rotational disruption is able to de-
stroy grains during their fall towards the midplane, which slows
down their settling and limits dust enrichment in the midplane.

Since the dust density is slightly lower, grains do not grow as
much as in the case without disruption. This is mostly visible for
grains outside of 50 au at + = 100 kyr. After 300 kyr, the dif-
ferences have been largely erased by the subsequent dust evolu-
tion. Finally, for simulations GBFc-H20-a02-Vf15 and GBFcD-
H20-a02-V£15 (bottom rows), disruption has a minimal effect
on the size and porosity of dust grains, only visible outside of
150 au. Indeed, the growth of water ice grains is very rapid and
largely counteracts rotational disruption. It is at t = 300 kyr
that the effect becomes more visible since, unlike the simulation
without disruption, many small grains are observed between 200
and 500 au.

In general, disruption has little effect on the size and porosity
of grains and their evolution in the disc, with fragmentation and
compaction largely dominating grain growth and destruction.
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