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ABSTRACT

The surroundings of massive protostars constitute an accretion disc which has numerically
been shown to be subject to fragmentation and responsible for luminous accretion-driven
outbursts. Moreover, it is suspected to produce close binary companions which will later
strongly influence the star’s future evolution in the Hertzsprung—Russel diagram. We present
three-dimensional gravitation-radiation-hydrodynamic numerical simulations of 100 M, pre-
stellar cores. We find that accretion discs of young massive stars violently fragment without
preventing the (highly variable) accretion of gaseous clumps on to the protostars. While
acquiring the characteristics of a nascent low-mass companion, some disc fragments migrate
on to the central massive protostar with dynamical properties showing that its final Keplerian
orbit is close enough to constitute a close massive protobinary system, having a young high-
and a low-mass components. We conclude on the viability of the disc fragmentation channel
for the formation of such short-period binaries, and that both processes — close massive binary
formation and accretion bursts — may happen at the same time. FU-Orionis-type bursts, such
as observed in the young high-mass star S255IR—NIRS3, may not only indicate ongoing disc
fragmentation, but also be considered as a tracer for the formation of close massive binaries —
progenitors of the subsequent massive spectroscopic binaries — once the high-mass component
of the system will enter the main-sequence phase of its evolution. Finally, we investigate the
Atacama Large (sub-)Millimeter Array observability of the disc fragments.

Key words: accretion, accretion discs—methods: numerical—stars: massive— stars:
protostars.

1 INTRODUCTION

Massive star formation is a process happening in large, cold and
opaque molecular clouds (Zinnecker & Yorke 2007; Langer 2012)
but its repercussions upon the functioning of the interstellar medium
are huge (Vink 2006, 2012). Understanding the formation of these
high-mass stars in detail would allow us to predict — given a set
of initial properties of the parent molecular cloud in which these
stars form — their final fate, e.g. as core-collapse supernovae or
gamma-ray bursts (Woosley, Heger & Weaver 2002). It has been
shown that most of the massive stars experience (close) multiplicity
even during their early main-sequence phase (Vanbeveren 1991;
Chini et al. 2012; Mahy et al. 2013), which in turn strongly impacts
their future evolutionary path in the Hertzsprung—Russel diagram
(Dessart, Langer & Petrovic 2003; Petrovi¢ 2004; Sana et al. 2012).
Additionally, while rapidly leaving their pre-main-sequence tracks,
high accretion rates of circumstellar material ~107° M yr™' can
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already affect the evolution of massive protostars before entering
the main-sequence phase (Hosokawa & Omukai 2009; Haemmerlé
et al. 2016, 2017).

Close massive binaries are believed to have formed in the sur-
roundings of pre-main-sequence massive stars, by analogy with
low-mass star formation (Bonnell & Bate 1994). Consequently, the
detailed study of the protocircumstellar medium of young high-mass
stars is a preponderant step towards a complete stellar evolution of
massive stars. Amongst the several formation scenarios of massive
binaries that have been proposed, the direct formation of low-mass
companion(s) from the fragmentation of the accretion disc of a
still growing massive protostar is one of the most natural (Cesaroni
et al. 2006). It consists in assuming that high-mass star formation
is a scaled-up version of the formation of low-mass stellar systems
(Fuente et al. 2001; Testi 2003) and the formation of companions
to massive stars might be seen as a scaled up version of gas giant
planet formation via gravitational instability. This is strengthened
by more and more unambiguous observations of collapsing high-
mass pre-stellar cores (Beuther et al. 2015), jets (Purser et al. 2016)
and accretion flows at their centre (Keto & Wood 2006). Several
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circumstellar mechanisms associated with disc accretion have been
observed, such as ionized Hi regions channelled into cavities shaped
by bipolar outflows (Cesaroni et al. 2010).

Direct imaging of discs are only beginning to be resolvable by
modern facilities (Beuther, Linz & Henning 2012). Particularly, the
Atacama Large (sub-)Millimeter Array (ALMA) recently revealed
the existence of a Keplerian accretion disc around the forming O-
type star AFL 4176 (Johnston et al. 2015) and in the surround-
ings of the young early massive star G11.92—0.61 MM1 (Ilee
et al. 2016). More recently, observations of the high-mass proto-
binary IRAS17216—3801 in Kraus et al. (2017) revealed together
the circumstellar accretion discs of each massive components of a
system similar to the numerical model of Krumholz et al. (2009a),
themselves surrounded by a circumbinary disc.

The physics of collapsing gaseous clouds has been exten-
sively studied (Evans 1999; Bergin & Tafalla 2007; McKee &
Ostriker 2007, and references therein), and angular momentum
conservation may lead to the formation of an accretion disc. Many
mechanisms have been proposed to explain angular momentum
transport in accretion discs around low-mass stars such as baro-
clinic instabilities (Klahr & Bodenheimer 2003; Klahr 2004), con-
vective instabilities (Lin, Papaloizou & Kley 1993), magnetorota-
tional instabilities (Ruden & Pollack 1991; Hawley & Balbus 1992;
Flaig et al. 2012) and vertical shear instabilities (Nelson, Gressel &
Umurhan 2013; Stoll & Kley 2014). None the less, gravitational
torques arising from the innermost to the outer part of self-
gravitational discs is the most efficient momentum transport phe-
nomenon in discs around high-mass stars (Kuiper et al. 2011). After
the gravitational collapse of pre-stellar cores, spiral arms develop-
ing in accretion discs may become unstable and experience local
gravitational collapse leading to the formation of dense gaseous
clumps — progenitors of massive giant planets, brown dwarfs or stel-
lar companions (Stamatellos & Whitworth 2009a; Vorobyov 2013;
Boss 2017). The migration of disc substructures (clumps and spiral
arcs) on to their central protostar is responsible for violent accretion-
driven outbursts broadly studied in the low-mass (Vorobyov
2010), the high-mass (Meyer et al. 2017) and the primordial
(Vorobyov 2013; Hosokawa et al. 2016) regimes of star formation.

The surroundings of young stars has been investigated with so-
phisticated numerical models including appropriate physical pro-
cesses such as the presence of the cloud magnetic fields (Banerjee,
Pudritz & Holmes 2004; Banerjee & Pudritz 2006; Commergon
et al. 2010; Fendt 2011; Fendt & Sheikhnezami 2013; Machida
& Hosokawa 2013; Seifried et al. 2013; Stepanovs, Fendt &
Sheikhnezami 2014; Seifried et al. 2015) or (external) stellar radia-
tion feedback (Yorke & Welz 1996; Richling & Yorke 1997; Kessel,
Yorke & Richling 1998; Richling & Yorke 1998, 2000). However,
only a small number of studies tackled the problem of star formation
in its high-mass regime (Bonnell, Bate & Zinnecker 1998; Yorke
& Sonnhalter 2002; Banerjee & Pudritz 2007; Krumbholz, Klein &
McKee 2007b; Kuiper et al. 2010; Peters et al. 2010; Commercon,
Hennebelle & Henning 2011; Kuiper et al. 2011; Seifried et al.
2011, 2012; Kuiper, Yorke & Turner 2015; Harries 2015; Kuiper,
Turner & Yorke 2016; Klassen et al. 2016; Harries, Douglas & Ali
2017). The outcomes of those studies have been post-processed with
radiative transfer methods in order to obtain synthetic observations,
e.g. as seen from the ALMA telescope (Krumbholz, Klein & McKee
2007a; Seifried et al. 2017). In addition to different spatial resolu-
tion that limits the proper capture of local gravitational collapse in
a disc, those studies devoted to massive star formation differ by (i)
the level of realism taken into account in order to model the pro-
tostellar feedback, (ii) the spatial resolution allowed by the scheme

and (iii) the criteria applied to consider a dense region of the disc
as a fragment, e.g. introducing sink particles (see Federrath et al.
2010, for a description of such technique).

The characterization of the fragmentation of self-gravitating discs
is not a trivial task and several criteria necessary but not sufficient
have been derived so far. The coupling of N-body solvers to hy-
drodynamical codes via the introduction of sink particles allevi-
ate the computation of longer time-scales, because subgrid models
save computing time since they do not have to resolve the small-
est scales (Federrath et al. 2010). However, the required conditions
of their creation throughout a simulation is subject to debate and
may lead to artificial fragmentation which can, for instance, affects
their host spiral arm dynamics. The two main of those criteria are
the so-called Toomre and Gammie criteria and they compare the
local effects of gravitational instability (Toomre 1963) and cooling
(Gammie 1996) against the combined effects of the disc thermody-
namics with the gas rotation shear, respectively. A large literature
confronts these criteria with numerical simulations of protostellar
and low-mass self-gravitating discs and highlights their sensitivity
to initial conditions, viscosity, resolution and numerics (Stamatellos
& Whitworth 2009b; Forgan et al. 2011; Lodato & Clarke 2011;
Meru & Bate 2011; Forgan & Rice 2012; Rice, Forgan & Armitage
2012; Paardekooper 2012; Rice et al. 2014; Tsukamoto et al. 2015).
Interestingly, in Klassen et al. (2016), numerical simulations of mas-
sive protostellar discs that fulfill those criteria may not necessarily
form fragments, while this apparent stability is consistent with the
so-called Hill criterion (Rogers & Wadsley 2012).

The consistency of an FU-Orionis-like scenario producing strong
accretion outbursts by fast migration of disc debris has just been
shown for massive star formation (Meyer et al. 2017) and is in
accordance with the outflows observed in the young massive stel-
lar system S255IR—SMAI1 (Burns et al. 2016; Caratti o Garatti
et al. 2017) and NGC6334I-MM1 (Hunter et al. 2017). In this
study, we extend our numerical investigation of the stability of
self-gravitating accretion discs around massive protostars and its
connection to the accretion-driven flares as well as multiplicity.
While the scientific literature already covered the question of
the gravitational collapse of massive (>30Mg)) pre-stellar cores
generating a massive protostar surrounded by a growing accre-
tion disc, those studies generally assumed a simplified treatment
of the protostellar feedback, i.e. within the FLD approximation
(Krumholz et al. 2007b, 2009a) or suffer from a lack of reso-
lution (Kuiper et al. 2011), especially in the region close to the
star (Krumholz et al. 2007b, 2009a; Rosen et al. 2016; Klassen
et al. 2016). The studies above presented evidence for (i) multiplic-
ity in the high-mass regime by generating large-separation low-mass
companions in spiral arms of massive protostellar accretion discs
(Krumholz et al. 2007b; Rosen et al. 2016), (ii) massive binaries
made of two high-mass protostars (Krumholz et al. 2009a), (iii)
close massive binaries of two high-mass components (Bonnell &
Bate 1994), while (iv) Klassen et al. (2016) does not conclude on
the formation of stars around young massive protostellar objects.
Nevertheless, no satisfactory theoretical models have yet explained
the existence of small-separation/short-period low-mass compan-
ions to young high-mass stars. This is an important question because
such systems are believed to evolve towards so-called spectroscopic
(massive) binary systems, i.e. a particular class of close massive bi-
naries made of an O-type star surrounded by one or more closely
separated low-mass companions (see Mahy et al. 2013; Kobulnicky
et al. 2014).

The goal of this study consists in testing the disc fragmentation
scenario for the formation of those short-period massive binaries
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made of a proto-O star and (at least) a close low-mass compan-
ion, using high-resolution hydrodynamical simulations of the grav-
itational collapse of rotating pre-stellar cores. We perform three-
dimensional numerical simulations including self-gravity, radiative
transport and a mid-plane-symmetric spherical computational do-
main centred at a sink cell in which a protostar is assumed to form
and evolve. The young star acquires mass by disc accretion, as in
many current studies devoted to disc fragmentation around low-
mass and primordial protostars (Vorobyov & Basu 2007; Vorobyov
et al. 2013; Vorobyov & Basu 2015; Hosokawa et al. 2016). Our
highly resolved models neglect the internal turbulence and magne-
tization of the collapsing pre-stellar cores but allow a sub-au spatial
resolution close to the protostar which is higher than in any models
previously published so far. We find that all our modelled discs
show clear sign of instability, fragment and generate a series of sud-
den increase of the accretion rate caused by fragments migrating
towards the central protostar. Interestingly, some of those migrating
clumps have interior thermodynamic properties indicating that they
may be secondary pre-stellar embryos, and, therefore, we conclude
on the viability of disc fragmentation as a channel for the formation
of close low-mass companions to forming massive stars.

Our study is organized as follows. We begin in Section 2 with
introducing the reader to our numerical setup. In Section 3, we de-
scribe our particular initial conditions in terms of density and angu-
lar frequency distribution of the collapsing pre-stellar cores that we
consider. Their evolution, the formation of accretion discs and their
subsequent fragmentation are qualitatively described in Section 4.
In Section 5, we investigate the physical and numerical processes at
work in this study, i.e. the role of the central protostellar irradiation
and the effects of the spatial resolution in the simulations, while we
further test our outcomes for accretion disc against various criteria
for disc stability in Section 6. In Section 7, we detail the fate of
the disc debris and investigate their properties as forming low-mass
stars and further discuss our findings in the context of the formation
of close massive binary systems. In Section 8, we compare our re-
sults to previous theoretical and observational studies. Finally, we
give our conclusions in Section 9.

2 METHOD

In the following paragraphs, we introduce the reader to the method
used to perform our numerical simulations. Our simulations model
the collapse of a pre-stellar core forming around a self-gravitating
accretion disc that evolves as being irradiated by the time-dependent
luminosity of the central protostar. We detail the various assump-
tions and prescriptions used to model the microphysical processes
of the gas and the dust of the pre-stellar core, describe the manner
we treat the protostellar feedback on to the disc and we present the
computational grid and the numerical scheme utilized in this study.

2.1 Governing equations

As other studies devoted to star formation, we work at the inter-
play between gas dynamics, gravity and radiation transport. The
hydrodynamics is described by the equations of fluid dynamics for
compressible gas that consist of the relations for mass,

% LV . (o) =0 (1)
T . v)=0,

ot P

momentum,

dpv

%+V-(pv®v)+Vp=f, )
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and total energy conservation,

O
5 TV (E+pw=v-f &)

where p, v and p are the Eulerian variables, i.e. the mass density, the
vector velocity and the gas pressure, respectively. The gas assumes
an ideal equation of state p = (y — 1)Ej, where y = 5/3 is the
constant adiabatic index. The variable Ej, is the internal energy of
the medium such that,

1
E = Ein + Epvz, @)

represents the total energy of the plasma.
The radiation transport scheme is taken from Kuiper et al. (2010).
In equations (2) and (3) the quantity,

pKR(T*)

_ prr(T) F
.

f=—pVPy — F; , (@)

is the force density vector with @, total gravitational potential, kg
the Rossland opacity, ¢ the speed of light, F the radiation flux and
F, the stellar radiation flux. The equations of radiation transport
govern the time evolution of the radiation energy density Eg,

0ER

ot
where f. = 1/(c,p/4aT® + 1) with ¢, the specific heat capacity
and a the radiation constant. We solve equation (6) in the flux-
limited diffusion (FLD) approximation, where F = —DV Eg. The

diffusion constant is D = Ac/pkr where X is the flux limiter and kg
is the mean Rossland opacity. The relation,

2
RO (R 0

+ fV-(F+F,)=0, (6)

F.(R) \r

reports the decrease of the flux during the ray tracing of the stellar
incident radiation with the stellar radius R, and t(r) = «p(T,)p(r)
being the optical depth of the medium. The total opacity takes
into account both the gas and the dust attenuation of the radi-
ation, i.e. kp = k5 + k, where x5 and «g are the gas and dust
opacities, respectively. To this end, we use constant gas opacity of
5 = 0.01 cm? g~! and utilize the tabulated dust opacity of Laor &
Draine (1993). Gas and dust temperature are calculated assuming
the equilibrium between the dust temperature and the total radiation
field,

kp(T,) | Fyl
kp(T) ¢

We employed the time-dependent treatment of the dust for photo-
evaporation and sublimation described in Kuiper et al. (2011) and
used in subsequent works (Hosokawa et al. 2016). At every time-
step and in each cells of the mesh, the dust temperature that is
obtained solving equation (8) is compared with the local evapora-
tion temperature of the dust grains Teyqp. It is initially determined
in Pollack et al. (1994) and has been reformulated in Isella & Natta
(2005) as the power-law expression Ty, = gp? where g = 2000K
and B = 0.0195. It permits to adjust the local dust-to-gas mass ratio
by taken into account the evaporation (T > T¢y4,) and the sublima-
tion (T' < Teyqp) of the dust grains component of our mixture treated
as a single fluid. It particularly applies to the hot regions of the
computational domain such as in the innermost part of the disc, see
Kuiper et al. (2010).

The stellar luminosity represents the total irradiation, i.e. the sum
of the photospheric luminosity L, plus the accretion luminosity
Lace X M, M /R, of the central protostar. This quantity is mainly a

aT* = Egr +

®)
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function of the stellar radius R,, the effective temperature 7. and the
accretion rate M that are interpolated from the pre-main-sequence
stellar evolutionary models assuming high accretion of Hosokawa
& Omukai (2009). The tracks allow us to time-dependently adapt
the protostellar luminosity as a function of the accretion history on
to the forming massive star.

The gravity of the gas is taken into account calculating the total
gravitational potential felt by a volume element of the gas,

Dy = P, + (Dsg7 (9)

where ®, = —GM, /r, with M, the protostellar mass and G the uni-
versal gravity constant. The self-gravity of the gas ®, is described
by the Poisson equation,

Ad,, = 4nGp, (10)

that we solve separately. This allows the simulation to tend to-
wards a solution which reports both the accretion phenomena on
to the central protostar but also the gravitational interactions that
disc substructures share with each other. No additional artificial
shear viscosity is injected into the system, via e.g. an a-prescription
of Shakura & Sunyaev (1973), since three-dimensional models
produce self-consistently gravitational torques accounting for ef-
ficient angular momentum transport (Kuiper et al. 2011; Hosokawa
et al. 2016).

2.2 Grid, boundary conditions and numerical scheme

We perform our three-dimensional numerical simulations using
a static, non-uniform grid mapped on to a spherical coordi-
nate system (r, 6, ¢). Assuming mid-plane symmetry of the
computational domain with respect to 6 = 7t/2, the grid size is
[7ins Fmax] X [0, 7t/2] x [0, 27t] along the radial, polar and azimuthal
directions, respectively. The grid is made of 128 x 21 x 128 cells
so that we use squared cells in inner region of the mid-plane. The
mesh is logarithmically stretched in the radial direction, i.e. their
size radially increases as /(10 — 1) with f = log (#ynax/7in), and it
expands as cos (@) in the polar direction (Ormel, Shi & Kuiper 2015)
whereas it is uniform along the azimuthal direction. This grid choice
allows us to save computing time in reducing the total number of
cells while having both a high spatial resolution of up to Ar < lau
in the inner region of the mid-plane. Particularly, the grid resolution
is at below 10au in the &~ 500 au region of the domain. The in-
ner boundary in ry, = 10 au, whereas the outer one is R. = 0.1 pc.
Outflow conditions are assigned at both boundaries of the radial
directions so that we can on-the-fly estimate, e.g. M as the mass of
the material crossing r;y.

We solve the above described equations using the pLUTO code
(Mignone et al. 2007, 2012) that has been augmented with several
modules for self-gravity, radiation transport and stellar evolution
that are described in Kuiper et al. (2010, 2011) and Kuiper & Yorke
(2013b). The distinctive feature of this method consists in carefully
treating the stellar radiation, first ray tracing the photons from the
stellar atmosphere to the disc and then mimicking their propaga-
tion into the disc by FLD (see also Kuiper et al. 2012; Kuiper &
Klessen 2013). This algorithm has shown the existence of a dust-
free front in the massive stars’ surroundings (Kuiper et al. 2010) and
this has been strengthened by semi-analytical calculations (Vaidya
etal. 2011).

Our method uses a Godunov-type solver made of a shock-
capturing Riemann solver embedded in a conservative finite-volume
scheme. We use the HLLC solver for fluid dynamics that is ruled
by the Courant-Friedrich—Levy parameter set to C.y = 0.1 (Run 3,

see Section 3) and to higher initial values (C.; = 0.2—0.3) for the
other runs. Furthermore, we use the minmod flux limiter and the
WENO3 interpolation scheme with the third-order Runge—Kutta
(RK3) time integrator. Additionally, we use the FARGO (Fast Ad-
vection in Rotating Gaseous Objects) method (Masset 2000) which
permits larger time-steps than if exclusively controlled by a strict
application of the Courant—Friedrich-Levy rule. FARGO has been
designed to be utilized in the context of problems with a back-
ground orbital motion like our simulations and it is available in
pLuTO (Mignone et al. 2012). Therefore, our overall scheme is third
order in space and time. To reduce the huge computing time of such
calculations, the radiation transport is performed within the grey ap-
proximation. The self-gravity of the gas is calculated up to reaching
Ad, /Dy, < 1077 as in Kuiper et al. (2011). Finally, note that the
seed perturbations for the non-axisymmetric modes are numerical
(cf. Kuiper et al. 2011; Hosokawa et al. 2016).

3 INITIAL CONDITIONS

In this section, we present the initial internal structure of the pre-
stellar core of our numerical calculations. We first describe the
gas density and velocity distribution laws that we consider, before
presenting our models and their respective initial characteristics.

3.1 Gas density distribution

We consider a rotating pre-stellar core that has a radial mass density
distribution p(r) represented by the following standard power law,

o(r) = Kprﬁ", (11)

where K|, is a function of the core size and mass and where g,
is a negative exponent characterizing the steepness of the density
profile, respectively. The total mass of the pre-stellar core that is
included between the origin of the computational domain and its
outermost boundary rp,y is M. = M(r = rya.x) Where,

r Bp+3
M(r):MC(F) , (12)

and one can therefore determine the constant K,,. The density dis-
tribution of the pre-stellar core is,

_Botd M.
4t ghbets

o(r)

(13)

with r the distance to the central protostar.

3.2 Gas velocity distribution

Similarly, an angular momentum distribution is initially imposed in
the pre-stellar core via a particular choice in the initial velocity field
in the ¢ direction. The angular velocity profile is given by,

R Ba
Q(R) = Q (%) , (14

where R = rsin(0) is the cylindrical radius and where B¢ is an
exponent that describes the profile such that B = 0 corresponds
to a core in solid-body rotation. The parameter £2p normalizes the
distribution and depends on the ratio of kinetic energy with respect
to the gravitational energy B = Eyo/Egry that initially characterizes
the system. Considering both density and momentum profiles in
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Table 1. Initial conditions. Quantity B¢ is the slope of the angular velocity index of the pre-stellar core. Simulations are run until zopg (in kyr).

Models Angular frequency index Bq tena (kyr) Motivation

Run 1 0.0 50.0 Solid-body rotation (cf. run M100 in Klassen et al. 2016)

Run 1-nolrr 0.0 45.0 cf. Run 1, without protostellar irradiation

Run 1-LR 0.0 40.0 cf. Run 1, with a coarser spatial resolution

Run 1-HR 0.0 32.1 cf. Run 1, with a finer spatial resolution

Run 2 —0.35 40.0 Intermediate initial angular velocity radial distribution

Run 3 —-0.75 35.0 Steep initial angular velocity radial distribution (see Meyer et al. 2017)

equations (11) and (14), the gravitational energy of the pre-stellar
cloud is,
By +3GM;
grav. — 2 ﬂp + 5 Rc

s)

whereas its rotational kinetic energy is,

(/3;: +3) Q(Z)MCRE(/XHI)

Eo = ) 5 26
(/3,0 + /352 + ) 4r0

/ dosin(@)***f2,  (16)
0

which must be integrated numerically. Finally, one can, for a given
molecular cloud characterized by a choice of M., 8, and B and
fixing the desired ratio 8, find the corresponding €2,.

3.3 Models presentation

The momentum distribution is initially implemented into the code
via the ¢ component of the velocity v, (R) = RQ(R), while the other
components of the velocity field are v, = vy = 0. We assume that the
percentage of kinetic energy with respect to the gravitational energy
is B = 4 per cent for all three models. Additionally, we assume that
the dust is coupled to the gas with a gas-to-dust mass ratio of 100.
The thermal pressure is set to p = RpT./u with R the ideal gas
constant, i the mean molecular weight and 7. = 10K the tempera-
ture of the pre-stellar core. The dust temperature 74 is considered as
equal to the gas temperature 7, = T = T... We run three simulations
(our Table 1) initially setting the density distribution 8, = —3/2
that is a typical value for a collapsing pre-stellar core that generates
a present-day massive protostar (van der Tak et al. 2000; Mueller
et al. 2002). The difference between simulations concern the ini-
tial angular velocity distribution of the pre-stellar cloud, which is
Ba = 0 (Run 1, cf. Klassen et al. 2016), B = —0.35 (Run 2) and
Ba = —3/4 (Run 3). Run 3 is the same simulation as in Meyer
et al. (2017), but with a longer run-time. Our simulations explore
the parameter space in terms of initial angular frequency distribu-
tion Q(R) at fixed M, R, T, B and B,. Additionally, we perform
three other models with the same initial conditions as Run 1, but
without protostellar irradiation (Run 1-nolrr), with a lower spatial
resolution using a grid of 64 x 11 x 64 cells (Run 1-LR) and with a
higher spatial resolution using a grid of 256 x 41 x 256 cells (Run
1-HR) (see Section 5).

4 ACCRETION DISC FRAGMENTATION

In this section, we analyse the properties of the collapsing pre-stellar
cores. We follow the evolution of the density fields in the simulations
and discuss their differences before describing the fragmentation of
the accretion discs. For each model, we look at the accretion rate
on to the protostar and its feedback to the disc as accretion-driven
outbursts.

4.1 Accretion disc fragmentation and protostar evolution

In Figs 1-3, we plot the mid-plane density field (in g cm™3) from our
models Run 1, 2 and 3 at six different representative evolutionary
times (in kyr) elapsed since the beginning of the simulations. The
figures show the inner region of ~ few (k)au around the protostar,
while the computational domain is much more extended (R. =
0.1pc). Every figure corresponds to times after the formation of the
disc at times 11.5, 7.2 and 3.7 kyr for our models Run 1, 2 and 3,
respectively, once pre-stellar core material orbits the protostar with
approximately Keplerian velocity. Despite of the fact that the overall
evolution of the discs is globally similar, sensitive morphological
differences appear. The accretion discs develop spiral arms under
the effects of gravitational instability and the discs adopt the typical
filamentary structure of self-gravitating systems under the effects
of rotation (Lodato 2007).

The discs are rather compact if 8o = 0 (Run 1) and more ex-
tended if the initial angular velocity distribution is steeper, because
it favours the fast growth of large spiral arms, e.g. if 8o = —0.75
(Run 3). All discs strongly fragment by developing inhomogeneous
regions in their spiral arms, however, discrepancies arise with the
distribution of those circumstellar clumps, as seen in Figs 1-3.
While orbiting the protostar in their host spiral arm, the clumps
can migrate to larger radii or rapidly move inwards under the ef-
fects of gravitational torques, before disappearing into the sink cell.
Note that the overdensity at ~200 au from the sink cell in the spi-
ral arm of Fig. 3(d) is subject to a rapid migration on to protostar
that is described in detail in Meyer et al. (2017). This scenario of
falling clumps repeats itself throughout the integration time of all
models. Particularly, this mechanism is responsible for the variable
accretion on to the protostar and it governs its mass evolution (see
section 7.1).

Fig. 5 plots time evolution of the mass of the protostars (in M,
thick dotted red line). We measure the mass of the discs (in Mg,
thin dotted yellow line) and the disc-to-star mass ratio (thin solid
blue line) in our simulations Run 1 (a), Run 2 (b) and Run 3 (c)
by considering the material in a cylinder of radius 1500 au and
height 500 au centred at the origin and perpendicular to the disc,
as suggested by Klassen et al. (2016). Such a cylinder contains the
discs throughout their evolution (see Fig. 4). The vertical dotted
black line marks the time of the onset of the disc formation. The
mass of our protostars monotonically increases as a function of
time with a slope corresponding to accretion rate of circumstellar
material. The periods of smooth mass increase, e.g. at times be-
tween 11.5 and 26.5 kyr (Fig. 5a) is produced by the baseline (but
variable) accretion rate generated when non-fragmenting portions
of spiral arms wrap and vanish into the sink cell (Fig. 1a). This
dominates the mass accretion at the time of disc formation and
during the early disc fragmentation. At later times, the stellar mass
evolution experiences sudden increases of up to a few solar masses,
e.g. at times 27.6, 35.1 or 41.0kyr, which marks the accretion of
clumps.
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Figure 1. Mid-plane density (in g cm ™) of the accretion disc generated in Run 1, showed at different characteristic times of its evolution (in kyr). The density
is plotted on a logarithmic scale and the size of the panels is in au (top left and middle panel) or kau (elsewhere).
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Figure 2. Similar to Fig. 1 for Run 2.
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Figure 4. Vertical density structure (in gcm™3) of the accretion disc gen-
erated in Run 1 at a time 35.2kyr and shown with ¢ = 0. The density is
plotted on a logarithmic scale and the size of the figure is in (k)au.

As our model with solid-body rotation forms a disc that is smaller
in size, it produces more fragments, which in turn generate a larger
number of step-like jumps in the protostellar mass history (Fig. 5a)
than the other runs (Figs 5b and c). The computational cost of our
simulations increases as a function of the steepness in the initial
velocity distribution, which is the only parameter differentiating
Runs 1-3. Consequently, we can have long integration times for
the model with solid-body rotation and form a 35 M, protostar
while the other stars reach only 25 and 18 M, respectively. The
disc mass evolves accordingly, with sudden decreases when a clump
leaves the disc to fall on to the protostar (see Section 4.2). The disc-
to-star mass evolution reports the simultaneous increases of the
protostellar and disc mass. Importantly, the disc fragmentation does
not prevent accretion on to the protostar.
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4.2 Variable accretion on to the protostar

Fig. 6 displays the accretion properties of the systems. The figure
shows the accretion rate (in M yr~', from the envelope on to the
disc measured at r = 3000 au (cf. Meyer et al. 2017), thick dotted
red line) and the accretion rate on to the protostar (in M yr~!, thin
solid blue line) in our Run 1 (a), Run 2 (b) and Run 3 (c). As a result
of disc formation and its subsequent fragmentation, mass accretion
on to the protostar is highly variable. The variety of lengths and sizes
of the filaments and gaseous clumps accreted by the protostar gen-
erates the variability of M. This has already been found in several
previous numerical studies, e.g. devoted to low-mass star formation
(Vorobyov & Basu 2007; Machida, Inutsuka & Matsumoto 2011;
Vorobyov & Basu 2015), and in the context of primordial star for-
mation (Vorobyov et al. 2013). When a dense circumstellar clump
falls on to the protostar, violent accretion spikes happen thanks to
the mechanism depicted in Meyer et al. (2017). All models have
such remarkable accretion peaks, with increases of the accretion
rate up to about a few 10~! M yr~' over a time interval of ~20 yr.
The time interval separating the accretion spikes corresponds to a
temporary damping of the oscillations of the accretion rate induced
by the leftover of the clumps which are gravitationally swung away
(Meyer et al. 2017). The frequency of the occurrence of accretion
bursts is about Mcl/Md ~ 2 — 0.5kyr with Md.% 0.5 —fewMgp
the typical mass of a circumstellar clumps and M, being the mass
infall rate on to the disc.

4.3 Protostellar luminosity and accretion-driven outbursts

Fig. 7 shows the evolution of the photospheric luminosity L, (dot-
ted red line) and the total. luminosity Ly = L, + L (solid blue
line) where L,.. = GM,M /2R, is the accretion luminosity of the

MNRAS 473, 3615-3637 (2018)
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Figure 5. Protostellar mass, disc mass and disc-to-star mass ratio evolving
with time. Vertical lines mark the end of the free-fall collapse and the onset
of the disc formation.

protostar (in L) throughout our simulations Run 1 (a), Run 2 (b)
and Run 3 (c). To each strong increase of the accretion rate cor-
responds a rise of the bolometric luminosity of the protostar that
is clearly above the mean stellar luminosity. The intensity of those
accretion-driven outbursts is also influenced by the protostellar ra-
dius, i.e. a bloated protostar decreases the intensity of accretion-
driven outburst, since L, o 1/R, (Hosokawa & Omukai 2009).
This explains why the relative intensity of the flares (governed by
the accretion luminosity at times > 25-30kyr) does not correspond
to the relative strength of the associated accretion peaks, see e.g. the
forest of peaks in Figs 6(a) and 7(a) at times > 30 kyr, respectively.
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Figure 6. Accretion rates on to the protostar-disc systems.

The bloating of the young star has not finished, i.e. much longer
integration times of the system, ideally up to the zero-age main-
sequence time, is necessary in order to produce detailed statistics
of accretion-driven outbursts as a function of the initial conditions
of our models.

Interestingly, Run 3 does not have further accretion peaks af-
ter times > 28 kyr, at least for the integration times that we con-
sider. This model generates our more extended disc of radius
~4 kau, which develops structures resembling a second accretion
disc bridged by a gaseous filament. By second disc, we mean that
the circumstellar clump concerned, while rotating, migrates to radii
larger than ~2 kau and begins accreting from the primary disc but
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Figure 7. Bolometric protostellar luminosities (blue solid lines) and photo-
spheric emission of our protostars (dotted red lines). The light curves report
the changes in the accretion rates of Fig. 6.

also from the still collapsing pre-stellar core material, such that the
clump forms its own accretion disc (not properly resolved by our
logarithmic grid at this distance from the primary protostar), see
also simulations of Offner et al. (2010) and Kratter et al. (2010).
The mid-plane density field suggests that it may be due to the for-
mation of a massive binary star of separation ~2kau (Fig. 3f),
however, our logarithmically expanding grid in the radial direction
does not resolve the Jeans length at such large radii from the central
protostar and, consequently, it does not allow us to conclude on
this with more certitude. Our series of models show that the phe-
nomenon of accretion-driven outbursts is a general feature of the
parameter space in terms of initial angular velocity distribution. It
stresses the very close similarities existing between the variability
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of forming massive stars and the other regimes of star formation,
see the extended literature about the formation of low-mass stars
(Vorobyov & Basu 2010, 2015) and primordial stars (Stacy, Greif
& Bromm 2010; Greif et al. 2011, 2012; Hosokawa et al. 2016;
Sakurai et al. 2016). Further work will provide us with more statis-
tics on luminous accretion-driven outbursts to be compared with
the FU-Orionis-like outburst of S255IR (Burns et al. 2016; Caratti
o Garatti et al. 2017).

5 PHYSICAL AND NUMERICAL EFFECTS

The role of the incident protostellar radiation and effects of the
spatial resolution on the fragmentation of an accretion disc formed
around a young high-mass star are examinated in this section.

5.1 Effects of protostellar irradiation

Fig. 8 compares the accretion rate history (a) and the protostellar
mass evolution (b) of two models with g = 0. Run 1 consid-
ers the protostellar radiation feedback in addition to the radiation
transport in the accretion disc (thin blue solid line), while Run
1-nolrr ignores the protostellar irradiation (thick dotted red line).
The mean accretion rate on to the central growing star is similar
in both cases, with a mean value of about 1074-1073 Mg yr!
and lowest values of ~5x 107-5 x 107* Mg yr~'. The ab-
sence/presence of stellar feedback does not prevent regular accretion
spikes in the mass accretion rate from developing (Fig. 8a). In the
non-irradiated case, the accretion bursts are more numerous, appear
sooner and are of higher mean intensity than their irradiated coun-
terparts, although no remarkable spikes reaching intensities of more
than a few 10~' M yr~' happen, as in Run 1.

This indicates an earlier but more violent fragmentation of the
disc of Run 1-nolrr as compared to the irradiated disc of Run 1.
Once fragmentation is triggered (at times larger than 30 kyr), the
variable accretion rate reaches values slightly higher than in the
non-irradiated case. However, once the first accretion-driven out-
bursts take place, both stellar mass histories are very analogous for
times < 18 kyr (Fig. 8b), with differences arising later. Indeed, de-
spite of this similar qualitative stellar mass evolution ending with
the formation of a star of mass > 30 M, at times > 45kyr, Run
1-nolrr globally reports a higher number of step-like increases of
M.,. They correspond to the accretion of a larger number of dense
circumstellar clumps. One can notice that the migrating gaseous
clumps are of smaller individual mass in Run 1-nolrr, leading to
less intense accretion spikes compare to those of Run 1 (Fig. 8a).
This is consistent with the disc being of lower temperature, having
smaller Jeans length and thus lower mass clumps.

Fig. 9 shows two snapshots of the mid-plane density field of Run
1-nolrr, at times 24.1 and 27.3 kyr. The figures correspond to times
before (a) and after (b) the initial fragmentation of the disc in Run
1 (Figs 1a and b). This time interval brackets the formation of the
first fragment in the simulation of the accretion disc with irradiation
(Run 1). When stellar feedback is considered, the disc is still stable
at time a 24.1 kyr (Fig. 1a) while in the case without incident proto-
stellar radiation it has already multiple distinct spiral arms (Fig. 9a)
in which develop overdense regions (Fig. 9b) that are responsible
for the formation of (migrating) circumstellar clumps, producing
the accretion-driven bursts in Fig. 8(b). Earlier disc fragmentation
happens since the close surroundings of the non-irradiated disc are
colder and therefore fragment faster. Our comparison models illus-
trate the role of the direct protostellar heating in the stabilization of
self-gravitating accretion discs around young high-mass stars.

MNRAS 473, 3615-3637 (2018)
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Figure 8. Comparison between (a) the accretion rate and the (b) mass evolution of a model considered with (Run 1) and without irradiation (Run 1-nolrr).

Run 1-nolrr

le-17
200 400 600

Run 1-nolrr

le-17

-800 -600 -400 -200
(g/cm3)

0 200 400 600
X (AU)

Figure 9. Mid-plane density field of the model with initial solid-body ro-
tation (B = 0) modelled without protostellar irradiation (Run 1-nolrr).

5.2 Effect of resolution

Fig. 10 plots the mid-plane density field in Run 1-LR (left), Run 1
(middle) and Run 1-HR (right) at times 24.1 (top panels), 27.3 kyr
(cf. Run 1 in Figs 1a and b), and at times at times > 30kyr (bottom
panels), when the fragmentation process is already triggered. In all
three models, the disc at a time of 24.1 kyr has the shape of twisted
spiral of distance about 350—400 au from the protostar (Figs 10a—c).

The innermost part of the disc is more resolved in Run 1 than in
Run 1-LR and has numerous thin arms spiraling around the sink cell
(Fig. 10b), while Run 1-HR has just exhibited the first formation
signs of denser substructure in its outer arm (Fig. 10c). At time
27.3 kyr, one can see that extended spiral arms have already grown.
The lowest resolution model (Run 1-LR) does not show traces of
undergoing substructure formation (Fig. 10d), while Run 1 has por-
tions of spirals arms including the curved, denser sections (Fig. 10e).
Since the only difference between all models is the grid resolution,
one can directly estimate the effect the spatial resolution has on
disc fragmentation. The highest resolution model evolves similarly,
except that the first fragment forms and migrates sooner (Fig. 10f).
At times > 30kyr, the patterns show either spiral arms (Fig. 10g),
or fragments in the case of the most-resolved model (Fig. 10i). The
bottom line of panels illustrates the effects of spatial resolution on
the random development of the disc structures once the fragmen-
tation process begins. Using the finest grid resolution to date, we
point the prime importance for the treatment of the close stellar
environment for reliability of numerical disc fragmentation studies.
This was expected from comparison with disc fragmentation stud-
ies in the low-mass star formation regime where the irradiation is
negligible, see e.g. Lichtenberg & Schleicher (2015), but also from
models in the context of primordial star formation, in which stellar
feedback is efficiently at work, see Greif et al. (2011), Vorobyov,
DeSouza & Basu (2013), Machida & Nakamura (2015) and fig. 3
of Hosokawa et al. (2016) for a resolution study.

Fig. 11 is similar to Fig. 8 for models Run 1 and Run 1-HR,
which are our two most resolved models having an initial rigidly
rotating pre-stellar core (8o = 0). One can notice the good agree-
ment between their accretion rate histories (Fig. 11a). Especially,
the first remarkable accretion spike happens similarly at the times
of ~22 kyr showing that the solution has converged up to the for-
mation, fall and accretion of the first gaseous clumps. Further discs
evolution logically differs in the sense that a higher resolution re-
veals the typical stochastic and fractal behaviour of fragmenting
disc. The number of accretion-driven events slightly increases with
the disc resolution because more clumps are formed, i.e. Run 1-HR
has 3 separated spikes reaching >107> Mg, yr™', while Run 1 has
only a twin one of the same intensity (Fig. 11c). The accreted mass
per unit time is similar in both models and the mass evolution of
the central protostar converges up to ~ 22 kyr, the time of the first
clump migration. At times < 30kyr, the mean mass of a gaseous
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Figure 10. Density fields of models with initial solid-body rotation, considered with different spatial resolution (Run 1-LR, Run 1 and Run 1-HR).

clump is smaller in Run 1-HR because more numerous but lighter
fragments form in the disc, and large accretion events are replaced
by the successive accretion of lighter fragments for a roughly equal
total mass, see for example at times ~ 26-29 kyr (Fig. 11b).

We have performed a resolution study by increasing the resolu-
tion of our models up to the highest spatial resolution to date. The
above presented elements show that our solutions are sufficient to
extract the parameters required for our analyses and conclusions in
terms of accretion variability, inner disc fragmentation and migrat-
ing gaseous clumps.

5.3 Jeans length resolution

This paragraph investigates our discs with respect of the Truelove
criterion (Truelove et al. 1998), which stipulates that the local Jeans

length must be resolved by at least four grid cells. The so-called
Jeans number is defined by,

-2 (17
ny= AJ’
where,
P s . (18)
=\ Gp ,

is the Jeans length and A is the grid cell size. Therefore, the Truelove
criterion reads,

1 Ay

—=— >4, 19
ny A
and the clump-forming regions of the disc must satisfy this relation.
Figs 12(a)—(c) shows the minimal disc mid-plane inverse Jeans
number 1/n;, estimated from different simulation snapshots and
plotted as a function of the radial direction for the inner 1000 au
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Figure 11. Comparison between the (a) accretion rate, (b) the mass evolu-
tion and (c) the luminosity of a model with several grid resolutions.

which is the typical size of our discs. The hatched region in the
figures indicates values 1/n; < 4, where the Truelove criterion is
violated. Run 1 is fully resolved in the inner 1000 au of the disc
(red thick dotted line). The minimal inverse Jeans number exhibits
variations corresponding to the presence of the dense spiral arms
hosting circumstellar clumps (local minimum) and the underdense
regions between the spiral arms (local maximum). Note that the
mean value of the azimuthally averaged inverse Jeans number is
much larger (thick solid orange line). High-resolution simulation
Run 1-HR is our best Truelove-resolved model (green thick dashed
line). This criterion is a minimal requirement to consider simulations
of self-gravitating discs are numerically reliable. It does not consist
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Figure 12. Minimal inverse Jeans number in the disc mid-plane as a func-
tion of radius. It is plotted for the resolution study involving (a) our initially
solid-body rotating simulations, (b) our disc in Run 1 as considered with dif-
ferent grids and resolutions and (c) for our run 1-HR. Truelove-unresolved
regions are hatched.

of a strict convergence rule, as illustrated by the density pattern
differences of the Truelove-resolved models Run 1 and Run 1-HR.

Fig. 12(b) is similar to Fig. 12(a) but for Run 1, assuming differ-
ent grid types and resolutions. The thick dotted red line assumes the
logarithmic simulation grid, while the other lines considers mini-
mal inverse Jeans lengths calculated with our disc mid-plane density
field together with uniform grids of resolution A = 1040 au, corre-
sponding to the resolution typically reached by codes with Cartesian
grids for this kind of simulations. The logarithmic grid is better than
any considered uniform grid up to radii of about 150-200 au, which
is similar to the inner disc size after simulation times of ~23-30 kyr,
depending on the models. Particularly, the resolution A = 40 au is
not able to reach our disc resolution up to radii of =~ 600-800 au.
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This mean that substructures of the disc in Run 1 cannot be re-
produced with such a grid size, as the onset of clump formation
and migration happens in spiral arms at a typical distance of a few
hundreds au from the central protostar (see Meyer et al. 2017). This
resolution dependence of the numerical capture of accretion-driven
outbursts phenomenon explains why it could not be captured by
mesh-refinement codes with a Cartesian grid since their maximum
disc resolution of 10 au is so far coarser in the inner disc than in our
simulations (see e.g. Krumholz et al. 2007b; Klassen et al. 2016;
Rosen et al. 2016). Fig. 12(c) is similar to Fig. 12(b), but for Run
1-HR at different times of its evolution, corresponding to the snap-
shots in Figs 10(c), (f) and (j). Throughout the whole simulation
time, this model is well Truelove-resolved (1/n; > 10), even when
clumps start flourishing at the outskirt of the disc (1/n; > 4-6, see
Fig. 13). The necessary resolution of the Jeans number in the clump
cores is achieved partly because they evolve in the disc mid-plane,
see Figs 12(a)—(c). In all our simulations, we generally find values
of Aj/A ~ 6-8, see details relative to the first migrating clump of
Run 3 in Meyer et al. (2017).

The equatorial symmetry of our setup forces the clump to de-
velop and evolve within the mid-plane. While this prevents clumps
from potentially scattering to high disc latitudes. Indeed, clumps
are therefore resolved at all radii with the smallest grid cells per-
mitted by the used cosine-like grid along the polar direction. The
disc scaleheight in the clump-forming regions is H ~ 10au and
can increase with r up to H &~ 100au in the outer disc region.
The choice of an expanding grid resolution A(r) allows us to
resolve the disc scaleheight H(r) > A(r) and at the same time
to reduce the number of cells and the computing time of the simula-
tions. The Hill radii of the clumps, i.e. the surrounding regions that
is gravitationally influenced by their mass, is Ry ~ 64-96 au for a
clump mass of M ~ 1.0 M located atr ~ 200-300 au from a star
of M, ~ 10 M, whereas the grid resolution is of A >~ afew au at
that radius in our Runs 1-3 (and a factor of 2 smaller in Run
1-HR). The Hill radius goes as Ry ~ r(M/3M,)"/* and therefore
increases at larger radii, which compensates the linear loss of reso-
lution of the logarithmically expanding grid compared to the inner
part of the disc. As the protostar grows, M, increases and assum-
ing M, ~ 30Mg we find Ry ~ 45-67 au, which is still correctly
resolved. As the clump falls in, it loses mass but the grid resolution
increases; leading to similar conclusions as above. What is new in
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this study is not the included microphysical processes, but the high
spatial resolution allowed by the method in the innermost part of
the accretion disc. We resolve the stellar surroundings better than
any simulation before and explore the initial perturbations of the
disc together with their effects on its subsequent overall instability.

6 HOW TO CHARACTERIZE DISC
INSTABILITY?

Simulations with lower spatial resolution than used in our study
often made use of sink particles to generate nascent stars in the
accretion disc. Forming those sink particles underlines the assump-
tion of disc fragmentation at this location, however, different sim-
ulation codes also apply different criteria, from density thresholds
(Krumbholz et al. 2007b) to the onset of local isotropic gravitational
collapse (Federrath et al. 2010). Our different method, without sink
particles, allows us to pronounce on the reliability of analytic cri-
teria for disc fragmentation, by computing them for our resolved
discs models and directly compare if they result in disc fragmenta-
tion. Therefore, we test the protostellar discs with respect to several
criteria for the fragmentation of self-gravitating discs, i.e. the so-
called Toomre, Gammie and Hill criteria. Particularly, we discuss
whether those criteria are consistent with our results, and if they are
necessary and/or sufficient to determine the unstable character of
the discs, in the spirit of the analysis carried out in Klassen et al.
(2016).

6.1 Toomre criterion

The so-called Toomre parameter measures the unstable character
of a self-gravitating disc by comparing the effects of the gravity
(Toomre 1963) against the combined effects of the disc thermody-
namics, i.e. the gas thermal pressure, together with the rotational
shear induced by the Keplerian motion of the gas, providing a sta-
bilizing force to the system. A region of a gaseous disc is Toomre-
unstable (or Q-unstable) if the dimensionless quantity,

5 < Oun (20)
nGX

where ¢ is the sound speed of the gas, ¥ the column mass density
of the disc and « the local epicyclic frequency. The aforementioned
Toomre criterion was derived in the thin-disc limit for polytropic
and axisymmteric discs, for which case Q. = 1. In more realis-
tic situations, the exact value of the critical Toomre parameter Qi
depends somewhat on the disc thickness, rotation curve and thermo-
dynamics. Numerous numerical studies indicate that circumstellar
discs become unstable to the growth of a spiral structure if Q be-
comes less than Q. =1.5-2.0 (e.g. Durisen et al. 2007). When the
local Q-parameter becomes smaller than 1.0, spiral arms may frag-
ment to form compact gaseous clumps. This criterion is a necessary
condition with respect to gravitational fragmentation, however, re-
cent studies updated condition equation (20) to Q < 0.6, see the
study of protoplanetary discs of Takahashi, Tsukamoto & Inutsuka
(2016).

The middle column of panels of Fig. 14 plots the Q-analysis of
the disc in our Run 1 at several characteristic time-scales of its
evolution. The colour scale indicates whether the disc is prone to
fragment (Q < 1, red), marginally unstable to fragmentation (Q ~
1, white) or stable to fragmentation (Q > 1, blue). Figs 14(e)—(h)
show that the Toomre criterion is satisfied by the denser regions
of the spiral arms and by the circumstellar clumps in the accre-
tion disc. The surface of the disc mid-plane which is prone to

Q:
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Figure 14. Density fields of Run I-HR (left, as in Figs 1a—c) together with corresponding Toomre Q-maps (middle) and Gammie B-maps (right).

fragmentation increases as a function of time, as the circumstel-
lar medium of the protostar loses axisymmetry (Figs 14e and h).
As noted in Klassen et al. (2016), the disc’s growing tendency to
Q-instability comes along with an increase of the accretion variabil-
ity. The ejection of the leftover of the first accreted clump, produc-
ing the first accretion-driven outburst, provokes the formation of a
dense filament propagating outwards as described in figs 1(b)—(d)
of Meyer et al. (2017), which in its turn favours the generation of
thin but extended spiral arms, enhancing the disc’s instability and
susceptibility to experience further fragmentation events. The more
violent the disc fragmentation, the lower the value of the associated
local Q-parameter.

At time 24.1 kyr, the most Toomre-unstable clump located at a
radius ~100 au from the protostar has O ~ 0.25-0.4 (Fig. 14d).
This value is typical of the spiral arm in the discs which develop
throughout our simulations. Q-values of ~2.6-3.2 in the inner re-
gion of the disc (<100 au) indicate stability, except for some very
thin (but still marginally Toomre-stable with Q ~ 1.7) twisted

spiral located at radii of 55 au. Atatime of 27.3 kyr, unstable spiral
arms in the disc with Q = 0.8-0.86 are noticeable, see for example
the thin spiral arm at x = —200au and y = 300 au in Fig. 14(e).
The other regions of the disc which are fragmenting into blobs have
characteristics such that Q = 0.8-1.2. The snapshot in Fig. 14(f)
draws similar conclusions with multiple Q-unstable clumps of O <
0.4 linked to each other by spiral arms which central regions can
also be locally unstable (Q < 0.4-0.5), however, most part of those
arms are such that Q = 0.8-1.35. Therefore, our results are consis-
tent with the update of the Toomre criterion reported in Takahashi
et al. (2016), i.e. the only necessary condition for disc instability
is O < 0.6, as already confirmed in the context of the stable discs
shown in Klassen et al. (2016).

6.2 Gammie criterion

In the right-hand column of panels of Fig. 14, we show maps of
the so-called Gammie criterion. It locally compares the effects of
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the gas cooling with the hydrodynamics, i.e. the heating of the gas
pressure due to the shear due to the disc rotation (Gammie 1996),
and reads,

lcoolQ = ﬂ ~ 3_5’ (21)

where the local cooling time-scale #.,, depends on the disc thermo-
dynamics. We compute it as,

Eint
F

with Ei, the internal energy in a disc column (Klassen et al. 2016)
and F the radiation flux leaving the disc surface. Our protostars
are surrounded by discs that are not irradiated so that they adopt
the vertical isothermal structure described in Rafikov (2009), and
their mid-plane temperature still is governed by the pressure work
of the spiral arms and the radiation flux leaving the disc can be
estimated as F = o T*/f (t) measured at the disc surface, where o
is the Stefan—Boltzman constant and f () = v + 1/t is a func-
tion of the optical depth which interpolates between the optically
thin (v < 1, outer part) and the optically thick (v > 1, inner part)
regimes of the discs (Rafikov 2007, 2009). The figure’s colour
coding illustrates where the disc is B-stable (f.,0€2 > 3-5, red) or
B-unstable (7.,01$2 < 3-5, other colours). This criterion has been nu-
merically derived for self-gravitating discs around low-mass stars
and it is subject to numerous discussions regarding the critical value
of B, which has been shown to be resolution-dependent (Meru &
Bate 2011, 2012) and equation-of-state-dependent (Rice, Lodato &
Armitage 2005; Clarke, Harper-Clark & Lodato 2007). Therefore,
the existence of a universal B-value remains unclear (Lodato &
Clarke 2011; Rice et al. 2012, 2014). The Gammie criterion can
also be derived from the requirement that the local cooling time 7.
be shorter than the fastest growth time of gravitational instability
toray = 270/(Q2/ 1 — 0?) (Shu 1992), so that the local density en-
hancements can get rid of excess heat generated during gravitational
contraction. In this case,

27
Vi-0¥
This form of the Gammie criterion explains the recent results of
Boss (2017) arguing that disc fragmentation can take place at higher
values of § given lower Q-values.

Figs 14(g)—(i) show that our discs satisfy the Gammie criterion
for instability, including the hot regions of spiral arms and gaseous
clumps which are more S-stable than the interarm region, but nev-
ertheless largely B-unstable. At the beginning of our simulations,
the disc is mostly Gammie unstable, testifying a rapid and efficient
cooling of the gas, except in the very inner dense region of ra-
dius <20-80 au, close to the protostar, see Figs 14(g) and (h) and
Klassen et al. (2016). Throughout the simulations, the spiral arms
have a typical value of #.,,2 = 0.01-0.005 (Figs 14h and i) and
even lower values (7,02 < 0.005) in the interarm regions of the
disc mid-plane, which means that the cooling time-scale of the gas
is shorter than the orbital period. Considering the both Toomre- and
Gammie-unstable parts of the discs, we find that only the very in-
nermost part of the disc does not satisfy the two criteria (Q > 1 and
teo01€2 < 3-5). Our results therefore agree with the analysis of the
stable accretion discs around massive stars of Klassen et al. (2016)
who found a low S-value in their (clumpless) discs and concluded
on (i) their capacity of undergoing future fragmentation and (ii) the
non-sufficiency of the Gammie criterion to distinguish fragment-
ing from non-fragmenting regions of accretion discs around young
massive stars. Note that our simulations are also in accordance with

; (22)

Teool =

l‘coolg2 < (23)
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the predictions of fig. 1 of Rafikov (2009), which concludes on the
inevitable existence of a regime of disc fragmentation, located in
regions at large distances from the central object in accretion discs
with high accretion rates like ours, with M > 107-107> M yr~"
and  ~ 107"'-1071%s~!, Section 8.2 further discusses the useful-
ness of a Gammie criterion for discs around young massive stars.

6.3 Hill criterion

The so-called Hill criterion compares the effects of the self-gravity
of a spiral arm with respect to the shear produced by the stellar tidal
forces (Rogers & Wadsley 2012). It has been derived in the context
planet embryos in protostellar discs by examining its local sphere
of influence, i.e. the capacity of segment of spiral arm to further
accrete planetesimals and it has been applied with success in the
context of the circumstellar medium of massive protostars (Klassen
et al. 2016). A segment of a spiral arm of a given thickness / is
Hill-unstable if,

l
<1, 24)
2 Ryt
where,
3/GZI?
Ruin 307 (25)

is the Hill radius. The circumstellar gas that is not within twice the
Hill radius of the fragment has its evolution governed by the gravity
of the central protostar (Rogers & Wadsley 2012). Note that their
work considered an isolated disc that was not further accreting from
its pre-stellar core. This criterion turned to be more general than the
Toomre and Gammie criteria because it was consistent with the ap-
parent stability of Q- and S-unstable discs (Klassen et al. 2016). We
calculate the Hill number of a selected number of cross-sections
of spiral arms in our Run 1-HR. The blobby arm of Fig. 14(a)
gives ! =40au, = ~ 4.19 x 10gem ™2 and Q@ = 3.0 x 10710571,
respectively, which makes Ry &~ 48 auand //2Ry;; ~0.41 < 1. We
repeat this analysis with the northern arm of Fig. 14(b), the south-
ern arm of Fig. 14(b), the western arm of Fig. 14(c) and the eastern
arm of Fig. 14(c). With the values of [ = 29, 14,42,39au, ¥ =
3.47 x 10%,2.09 x 10%,1.57 x 10?,3.5 x 10°gcm™2 and Q=
23 x 1071927 x 10719,8.05 x 107", 5.01 x 10~ s~!, respec-
tively, and therefore Ry ~ 20.1, 9.43, 54.8,49.6 au and /2Ry,
~ 0.70, 0.74, 0.38 and 0.39 < 1, respectively. Those numbers are
in accordance with the unstable appearance of our discs and iden-
tical analysis at different times give similar results. We conclude
that the Hill criterion is a reliable tool to predict the stability of
self-gravitating discs around young massive stars.

7 SPECTROSCOPIC MASSIVE BINARIES
FORMATION BY DISC FRAGMENTATION

Massive binaries are fundamental in the understanding of high-
mass stellar evolution (Sana et al. 2012). The case of a massive
protobinary made of two young high-mass stars has been predicted
(Krumholz et al. 2009a) and observed (Kraus et al. 2017). However,
the formation scenario of massive binaries made of a high-mass
component and a close low-mass component is so-far unexplained,
although it is suspected to be closely correlated to the hierarchi-
cal multiple systems of protostars formed by disc fragmentation
(Krumbholz et al. 2007b; Rosen et al. 2016). This study explores such
hypothesis in the context of the observed spectroscopic massive bi-
naries (Mahy et al. 2013), a particular case of close massive binaries
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made of an O star with a short-period, low-mass companion which
we explain by showing that disc fragmentation is a viable road for
the formation of proto-O star with a short-period, low-mass compan-
ion. This section details that our simulations are consistent with the
disc fragmentation channel of close/spectroscopic massive proto-
binaries formation that evolve towards close/spectroscopic massive
binaries once the most massive component enters the main-sequence
phase of its evolution. Finally, we connect it with the phenomenon
of accretion-driven outbursts in the high-mass regime of star for-
mation.

7.1 Accretion-driven outbursts from young massive stars

Using the same numerical method as in this study, we demonstrated
in Meyer et al. (2017) that disc fragmentation around young high-
mass star is followed by the formation of circumstellar clumps
prone to migrate and fall on to the central protostar. We previ-
ously interpreted those observable as a tracer of disc fragmen-
tation and postulated that the recent burst from the young high-
mass star S255IR—SMA1 (Caratti o Garatti et al. 2017) could
be caused by the accretion of a circumstellar clump on to the
protostellar surface. However, the fate of the clumps once they
crossed the inner 10 au was not calculated within our method and
our conclusions are interpreted (i) by analogy with other studies
on FU-Orionis(-like) ourbursts from young stars and (ii) calculat-
ing the centrifugal radius of one of those circumstellar clumps.
We have drawn the conclusion that accretion-driven outbursts are
a general feature of massive star formation, already well known
in low-mass star formation as the FU-Orionis phenomenon (Smith
etal. 2012; Vorobyov & Basu 2015) and in primordial star formation
(Hosokawa et al. 2016).

This study extends the work of Meyer et al. (2017) to different
angular velocity distributions of initial collapsing pre-stellar cores.
Our set of simulations includes the case of a core in solid-body
rotation that has recently been associated, with the help of several
fragmentation criteria, as possessing all characteristics required for
disc fragmentation, despite the clear lack of fragments captured
in the hydrodynamical model (see Klassen et al. 2016, and discus-
sion on sink-particle algorithms in Section 8.3). Differences be-
tween simulations of Klassen et al. (2016) and our models mainly
lies in that we avoid using subgrid models (sink particles, see Sec-
tion 8.3) and a higher spatial resolution than previously allowed
by mesh-refinement codes in the close environment of the young
high-mass protostar. Our models show fragmenting accretion discs
whose evolution results in a pattern of clumps and filaments. This
allows us to stress similarities between our results and simulations
devoted to low-mass and primordial star formations. The remaining
open questions consist in knowing more in detail the number of
circumstellar clumps formed in massive discs and the exact subset
of them migrating down to the central protostar. Other explanations
of the formation of circumstellar clumps are plausible, such as the
gravitational attraction of gaseous clumps formed within the pre-
stellar core or by fragmentation of a neighbouring accretion disc,
e.g. during the formation of two massive binaries, and subsequently
ejected away by the gravitational sling effect (Vorobyov 2016). In
this paper, we continue the interpretation of the clumps’ fate. They
can lose their envelope and produce accretion-driven events once
the material reaches the stellar surface, however, if the clump con-
tinues to collapse and does not fall directly to the protostar, it will
end up as a close, low-mass companion. An example of a clump
having such properties is detailed below.
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Figure 15. Temperature—density evolution of the circumstellar clump re-
sponsible for the first outburst of our Run 1, showing the characteristics of
a gaseous blob on the path to low-mass star formation. The hatched region
fall under dissociation, not included in our simulations.

7.2 Forming close/spectroscopic massive binaries by clump
migration

Fig. 15 shows the evolution of the densest grid cell of the clump
responsible for the burst happening in Run 1 at 31.4 kyr. We follow
its evolution between the times 30.9 and 31.4kyr. At 31.32kyr,
the core of the clump reaches a density of p ~ 8.6 x 107! gcm™3
and T =~ 1724 K. About 24 yr later, those numbers are p ~ 4.13 x
107'°gcm™3 and a temperature T ~ 4638 > 2000 K because no
dissociation is included into our equation of state. This is sufficient
to consider this clump as to be on its path to star formation, indicat-
ing that our simulations are consistent with the formation scenario
of a massive binary by disc fragmentation. The central protostar is
therefore in an embryonic binary system of a current separation of
10 au and below when the hot disc fragment disappear into the sink
cell, which is much smaller than found in previous calculations (a
few 100-1000 au, see Krumholz et al. 2007b).

Furthermore, given the clump’s properties and assuming angu-
lar momentum conservation, we estimate at a time 31.36kyr its
centrifugal radius, i.e. the Keplerian orbit at which it falls (see
analysis in Meyer et al. 2017). The clump of M. ~ 1.2Mg,) is
located at a radius of » = 38au from the protostar, has an az-
imuthal velocity of v, & 1.8 x 10° cm s~! and the protostellar mass
is M, ~ 16.36 M with a disc mass in the region < 38 au of My ~
3.16 M. We find that, in the mid-plane, R, = (rvd,)z/(G(M* +
My)) ~ 27.01 au, and 20 yr later at a time 31.38kyr, we find
R. ~ 4.64au ~ 996 R > R, ~ 100-10R. Under our assump-
tions, it shows that this clump does not directly land on to the
protostar as in Meyer et al. (2017). The value of R. calculated
just before the clump enters the sink cell corresponds to a Keple-
rian period of P = 842 d which is of the order to the period range
observed in some massive binaries (Kobulnicky et al. 2014). As
discussed in Meyer et al. (2017), this value of R, is an upper limit
because of the clump’s angular momentum loss during its inward
migration. Therefore, the corresponding system will be tighter and
result in a so-called short-period binary (P ~ 10-100d). This natu-
rally evolves towards a massive spectroscopic binary (P ~ 1-10d)
(Kobulnicky et al. 2014), when the central protostar leaves the pre-
main-sequence phase and becomes an O-type star.
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7.3 Accretion-driven outbursts from high-mass star-forming
regions as tracer of close/spectroscopic massive binary
formation

Since envelope and core of the clumps may separate during the infall
due to tidal stripping, both phenomenon — accretion-driven outbursts
and close binary formation — may happen together, and the bursts
would be, in this case, a tracer of close/spectroscopic binary forma-
tion. A follow-up study will statistically investigate the properties
of the accretion spikes in our simulations, as in Vorobyov & Basu
(2015). Although, our study demonstrates its consistency within our
assumptions, we nevertheless cannot give the definitive proof that
close binaries can form by the disc fragmentation in the surround-
ings of the protostar, since the migration of circumstellar clumps
can only be followed up to ri, = 10au > R,. Discriminating the
fate of the clumps between close binaries and accretion-driven out-
bursts is difficult since it requires multiscale simulations resolving
at the same time the disc fragmentation at ~100 au and the fall of
clumps down to ~1000 R, for a close/spectroscopic binary, and/or
eventually to ~100 R, for an accretion burst. Such simulations are
far beyond the scope of this work.

8 DISCUSSION

This section is devoted to a general discussion of our results. We
review the limitation of our setup, especially in terms of microphysi-
cal processes that we may include into future studies in order to tend
towards a more realistic description of the surroundings of massive
protostars. We briefly compare our results with previous studies,
compare them with results obtained with sink-particle methods and
we discuss what could influence the fragmentation of our accretion
discs. Finally, we predict what our results would look like when
observed.

8.1 Limitation of the model

Despite of reaching sub-au resolution within the inner region of the
accretion discs, our simulations still suffer from a lack of spatial res-
olution. Increasing the grid resolution would allow us to calculate
in more detail, e.g. the internal physics of the migrating circum-
stellar clumps. This problem equally affects codes with static grids
or with mesh-refinement techniques such as rFLAsH (Banerjee &
Pudritz 2007), orion (Krumholz et al. 2007b) or RAMSES
(Commercon et al. 2010). Although chosen in accordance with
current numerical studies on disc fragmentation in star formation,
several other assumptions of our method could be subject to further
improvements. In addition to the treatment of the radiation itself, it
mainly concerns:

(i) The utilized prescription to estimate the accretion luminosity.
In Meyer et al. (2017), the accretion luminosity is assumed to be
a fraction f = 1 of the gravitational potential energy of the mate-
rial crossing the inner boundary. This fraction is finally converted
into stellar radiation instead of being absorbed and mixed to the
stellar interiors. Motivated by observations, Offner et al. (2009)
constrained this value to f = 3/4, that, in our case, will make
our accretion spikes less intense. This will change our estimate of
the increase in accretion luminosity during the bursts and make
our results even more consistent with the observations of Caratti
o Garatti et al. (2017), strengthening their interpretation as a man-
ifestation of the burst mode of massive star formation. Complex
star—disc interaction simulations calculating in detail the accretion
and penetration of disc material into the interior of the protostar
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in the vein of Kley & Lin (1996) are required to determine f more
accurately.

(ii) The initial shape of the pre-stellar core and/or the choice of
perturbation seeds for the gravitational instability. We initialize the
simulation with spherically symmetric pre-stellar cores, however,
observations have revealed their non-isotropic, filamentary shapes.
Particularly, the study on massive star formation of Banerjee, Pu-
dritz & Anderson (2006) uses initial conditions taken as a turbu-
lent core structure extracted from a previously calculated cluster-
forming clump. The considered symmetry breaking of the gravita-
tional collapse in our case is numerical (cf. Hosokawa et al. 2016),
while many studies initially sparse the density field of the pre-
stellar core with a particular seed mode (m = 2, see Banerjee &
Pudritz 2007) that is azimuthally imposed on the top of the density
profile.

(iii) The stellar motion. The gravitational influence of the disc
on to the star is neglected in our setup in which the star is static.
The effect of the disc inertia on to the protostar becomes important
when discs develop heavy and/or extended spiral arms displacing
the barycentre of the star/disc system at radii larger than the size
of the sink cell, which in its turn influences the stellar motion. This
is intrinsically taken into account in simulations utilizing moving
sink particles as representations of forming stars and it will be in-
cluded in future studies with the method described in Hosokawa
et al. (2016) and Regdly & Vorobyov (2017). This is a well-known
inconvenience of simulations of accretion discs with static central
object. Also note that numerical simulations with grid-refinement
methods do not strictly conserve angular momentum and suffer
from grid-alignment effects. However, since the models of Klassen
et al. (2016) do not fragment to the same degree as ours, we con-
clude that the preponderant issue for disc fragmentation is spatial
resolution. Including the stellar motion should make the discs have
net angular momentum that is lower than in the case without stellar
motion. The disc will be of smaller radius and them less prone to
fragmentation. However, this effect can easily be counterbalanced
by a mild increase of the initial rotation rate in the parental cloud,
as shown in Regdly & Vorobyov (2017).

(iv) Simulation time. The numerical cost of simulations of mas-
sive stars like ours is huge and currently obliges investigations to
be restricted to the early formation phase. However, since long-
term evolution simulation of low-mass star formation (Matsumoto,
Machida & Inutsuka 2017) highlighted that, under some circum-
stances, discs modify their shape and orientation, one can won-
der whether totally new disc morphologies will arise around more
evolved young high-mass stars.

(v) Missing physical mechanisms. Apart from covering the pa-
rameter space which is still far from being fully explored in terms
of initial pre-stellar core mass M., size R. and ratio of kinetic
per gravitational energy B, neglected microphysical processes may
also change our results. Particularly, the ionization feedback of
the protostar filling the bipolar outflows which develops perpen-
dicular to the discs and giving birth to bipolar Hu regions that
can be observed (Campbell 1984), may experience intermittency
(Tanaka et al. 2017) as in primordial star formation (see Hosokawa
et al. 2016). Thus, the inclusion of the magnetization of the pre-
stellar core is also necessary to tend towards a global picture of star
formation because it influences at the same time the jet morphology
(Pudritz et al. 2007; Frank et al. 2014) and the fragmentation of
accretion discs (Hennebelle et al. 2016; Fontani et al. 2016), see
Section 8.4.

(vi) The mid-plane-symmetric nature of our simulations. This
can be improved by considering the full three-dimensional
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evolution of the protostellar disc. We force the disc to develop
symmetrically with respect to the plane normal to the rotation axis,
see Fig. 4. Full ‘47> models would allow us to take into account
the vertical bending of the disc visible, for example in fig. 13 of
Krumbholz et al. (2007b). Note also, that, if our simulations with
static stars do not allow us to appreciate the effects of the disc wob-
bling, models with Cartesian grids cannot qualitatively pronounce
on the absence of stellar motion on the disc dynamics. For all those
reasons, the assumptions of mid-plane symmetry of our simulations
are reasonable and our method does not overestimate fragmenta-
tion from this point of view. What causes disc bending modes and
how that can affect disc fragmentation deserves a separate focused
study.

(vii) The size of the sink cell. Indeed, our method neglects the
fate of the clumps once they cross the innermost boundary of 10 au
(see also Meyer et al. 2017), which has so far not been modelled
up to the boundary layer of the disc. The presence in the close
environment of protostars of more (smaller) clumps in chaotic
and mutual interaction would change the geometry of the accre-
tion flow on to the protostar, that are influenced by complex ra-
diation processes, such as the line-ablation mechanisms acting in
the surroundings of O/Be stars (Kee, Owocki & Sundqvist 2016).
However, studies devoted to low-mass star formation demonstrated
that while about half of the clumps are gravitationally supported
and remain in the disc, the falling clumps may be ejected from
the disc or further fragment within the innermost disc regions
(Greif et al. 2012; Meru 2015; Vorobyov 2016). This may be en-
hanced by H, cooling and collisional emission, not treated in our
simulations.

However, such improvements would only be possible at the cost of
even more computationally intensive simulations requiring higher
spatial resolution and huge memory resources. Particularly, this will
give us access to the probable chaotic behaviour of the circumstellar
clumps in the inner region of the disc (see discussion in Meyer
et al. 2017).

8.2 General discussion

The study of low-mass star formation has led to a large literature
on its theory, but the three-dimensional modelling of the birth of
high-mass stars is still a relatively recent field of research. A few
works only tackled the problem and their differences principally
lie in the way to treat the stellar feedback and/or in the choice of
pre-stellar core initial configuration. Most simulations assume a
density distribution p(r) oc 7~¥/2, but models such as in Kuiper et al.
(2011) and Kuiper & Yorke (2013a) additionally consider p(r) o
r~2. The other fundamental parameter of the pre-stellar core is its
initial velocity field. While some studies considered non-rotating
pre-stellar environments in which turbulence was initially driven
(Krumbholz et al. 2007b), non-solid body rotating pre-stellar cores
have begun to be investigated in Meyer et al. (2017) with Q(R) «
R~%75 and our work continues this with Q(R) oc R~°3. The initial
mass of pre-stellar cores is typically taken to M. ~ 100 M and
the ratio of rotational-to-gravitational energy to 8 ~ few per cent as
in our study, but models have been calculated with M. = 1000 M
(Petersetal. 2010) and 8 > 10 per cent (Seifried etal. 2011; Klassen
et al. 2016). A more detailed review of the initial conditions of the
pre-stellar cores in terms of M, and B-ratio can be found in Meyer
etal. (2017).

The manner of treatment of radiation feedback differs greatly
from study to study. Pre-calculated cooling curves are less accurate,

but allow the coverage of large parameter spaces (Banerjee &
Pudritz 2007; Seifried et al. 2011), e.g. including the magnetiza-
tion of turbulent pre-stellar cores (Seifried et al. 2013), whereas
radiation transport algorithms taking into account the physics of
dust are able to self-consistently model the dust sublimation front
(Kuiper et al. 2010). Our method is a modification of the pLuTO code
(Mignone et al. 2007, 2012) described in Kuiper et al. (2010, 2011).
Recently, a similar scheme has been implemented into the FLASH
and orION codes, using a mesh-refinement grid (Klassen et al. 2014;
Rosen et al. 2017). In that sense, our study has the advantage to
have a highly resolved grid in the inner parts of the disc together
with a radiative transfer solver more accurate than a simple cooling
law, but it has the disadvantage not to properly resolve clumps po-
tentially forming at larger radii. Although the frequency-dependent
ray-tracing method has been successfully benchmarked with re-
spect to our utilized grey solver (Kuiper & Klessen 2013), its re-
quirement in terms of numerical resources was too high. However,
radiation transport methods making use of a frequency-dependent
ray-tracing solver have been developed and used in the context
of three-dimensional massive star formation simulations (Kuiper
etal. 2011; Rosen et al. 2016). Particularly, the effects of the inter-
play between such radiation transport methods and grid resolution
on the modelling of (Rayleigh—-Taylor unstable) bipolar outflows
from massive stars is largely discussed in Kuiper et al. (2012),
Rosen et al. (2016) and Harries et al. (2017).

Another similarity between our simulations and recent studies is
their consistency with respect to analytical criteria predicting disc
fragmentation. Numerical solutions of the surroundings of high-
mass protostars is typically compared to the Toomre, Gammie and
Hill criteria. As for other kind of self-gravitating discs, the Toomre
criterion characterize well fragmenting regions (Q < 0.6, see Taka-
hashi et al. 2016; Klassen et al. 2016), whereas the Gammie analysis
alone is in most regions fulfilled and therefore not sufficient to dis-
criminate between fragmenting and non-fragmenting scenario, e.g.
at the early stage of the disc formation. Additionally, accordance be-
tween numerical simulations and the Hill analytic prediction were
found. It applies to our unstable models as it did in the disc sim-
ulations of Klassen et al. (2016) that are stable to fragmentation,
but unstable to development of spiral modes. Consequently, this
criterion is the most reliable tool so far to characterize the stability
of spiral arms in discs from young stars.

Fragmentation as a response of accretion discs against gravi-
tational instability has been widely investigated analytically and
numerically in different astrophysical contexts. Particularly, the
study of Kratter & Matzner (2006) considers the antagonistic effects
of both angular momentum transport, leading discs to fragmenta-
tion and viscous heating tending to stabilize them. Under those
assumptions which ‘underestimate the prevalence of disc fragmen-
tation’, they found that discs around high-mass stars (>10Mg)
are prone to fragmentation and that this probability increases with
M,. Our Run 1 with solid-body rotation is consistent with such
prediction since the disc fragments at a time ~30kyr when the
protostar has reached ~17Mg), see Figs 1c and 5a). However,
our disc models initially deviating from rigid rotation fragment
before the protostar reaches such mass, e.g. at a time ~30kyr
when the central protostar is only ~7M¢ (Run 2, see Figs 2b
and 5b). Finally, we recall that the episodic feedback of secondary
objects have been shown to play a role in further enhancing disc
fragmentation shortly after accretion-driven outbursts (Mercer &
Stamatellos 2017). This process may apply to our discs around
massive protostars and further enhance their fragmentation (see
Section 8.3).

Downl oaded MM}%A§S47I33C%9ME.3%7c(x%QJn%)as/ article-abstract/473/3/ 3615/ 4315953

by Edward Boyl e Library user
on 15 August 2018



8.3 Self-consistent versus sink-particle simulations

The sink-particle approach consists in coupling a discrete N-body-
like method to a continuous resolution of the hydrodynamics equa-
tions in a grid-based code. Therefore, it is a violation of the self-
consistent treatment of the different physical processes at work in
the computational domain. Such approach is nevertheless unavoid-
able, since low-mass stars such as brown dwarfs or solar-type stars
appear as point-mass objects, once they undergo second collapse
from first hydrostatic cores down to stellar densities. All the subtlety
lies in (i) applying sufficiently strong sink-creation criteria in order
to avoid fictitious particle formation leading to overestimating the
number of stars and (ii) introducing them as late as possible during
the secondary gravitational collapse, ideally when the grid size is
of the order of the radius of the new-born star, not to artificially
influence the local protostellar disc dynamics. Indeed, introducing
sinks modifies the gas dynamics, itself a function of the resolution
of the simulation at the moment of the particle creation.

Criteria allowing codes to generate sinks greatly vary between
numerical schemes and simulations. A too sophisticated but very
realistic particle-creation algorithm will rarefy secondary star for-
mation, leading to the conclusion of disc stability, despite of a Q-
and B-unstable disc (Klassen et al. 2016), whereas a simplified one
will produce overnumerous and unphysical star formation. Indeed,
Rosen et al. (2016) notes that ‘multiplicity results are sensitive to
the physics included, radiative transfer treatment used, and sink
creation and merging criteria employed’. Moreover, choosing a (set
of) criteria(on) for sink-particle creation is equivalent to a prefer-
ence for particular star formation laws, still largely under debate.
Particularly, Machida, Inutsuka & Matsumoto (2014) showed with
non-turbulent, (non-)ideal magnetohydrodynamics simulations of
rotating Bonnor—Ebert spheres of initial mass ranging from 1.0 to
100M¢, how sensitive disc solutions around low-and high-mass
stars can be as a function of both the accretion radius of sink par-
ticles and the density threshold constituting their principal creation
condition (see also discussion in Padoan & Nordlund 2011). They
concluded on the necessity of sink accretion radius <1.0au and a
sink particle density threshold >10'3 ~ 10~!! gcm™3. The proper-
ties of the companion core in Fig. 15 is consistent with this assertion,
however, one can clearly see that our clump becomes a star when
its core is denser than 107'° gcm™3, revealing (at least in this case)
the insufficiency of the criterion of Machida et al. (2014) since our
gaseous clump is not yet hot enough to be considered as a secondary
star. Perhaps a more reliable criterion for sink-particle creation could
be the temperature of the clump’s core? Also pointed by Hennebelle
et al. (2011), the ‘use of sinks may alter significantly the evolution
of the calculations in particular in the presence of magnetic field’,
which is an additional drawback of numerical models like in Myers
et al. (2013, 2014).

Our method gets rid of those caveats since the local collapse
is self-consistently captured in the density and temperature fields.
We justify the use of a spherical coordinate system by our scien-
tific goal, which is to understand the formation of spectroscopic
companions to massive OB stars, by exploring star formation and
migration in the inner part of the disc. The main caveat of our disc
dynamics is therefore the lack of spatial resolution in their outer
region. However, as discussed in Section 5, this is acceptable since
the migrating clumps develop in the inner and intermediate regions
of the protostellar disc. Our alternative method to simulations with
Cartesian grids and sink particles self-consistently produce discs
fragmenting into clumps hot enough to verify the condition of sec-
ondary star formation, which is a confirmation of the discovery of
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multiplicity in the massive protostellar context in Krumholz et al.
(2007b). With both methods, the number of companions forming
in the disc decreases with the consideration of the pre-stellar core’s
magnetization (Machida et al. 2014; Commergon et al. 2011), see
also Section 8.4. No formation of twin massive binaries (Krumholz
et al. 2009a) is observed directly in our models, although Run 3
shows the formation of a massive disc-like clump (Fig. 3).

In case of models with ‘smart’ particles possessing their own
feedback, high numerical resolution is needed to resolve the accre-
tion discs around the formed secondary stars, in which the complex
flow induces accretion rate variability and makes the feedback of
the secondary stars episodic by the mechanisms largely described
in Vorobyov & Basu (2010) and Bae et al. (2014). This will subse-
quently affect the results by further favouring violent fragmentation
of the discs (see Mercer & Stamatellos 2017). Even more realistic
sink particles should take into account jet-launching mechanisms
perturbing the disc dynamics by creating disc cavities or outflows,
and/or, in the case of, e.g. intermediate-mass secondary star for-
mation (Reiter et al. 2017). Located beyond the dust sublimation
radius, their Hir region will intermittently release ionized gas into
the radiation-shielded part of the central protostar’s disc and enrich
it with momentum and energy, perturbing its internal thermody-
namics.

8.4 What can we expect on disc fragmentation by improving
on the limitations of the models?

With the help of a grid more resolved in the stellar close environ-
ment than ever before, Meyer et al. (2017) revealed the fragment-
ing character of circumstellar discs. Since our models showed the
clump-forming nature of discs around massive stars, one may ask,
whether additional physical effects, not resolved in our simulations
may arise and change the global picture of our solutions? As an
example, increasing the spatial resolution in low-mass star forma-
tion simulations enhanced the possibility of circumstellar clumps
to be ejected out of their host accretion disc (Vorobyov 2016).
High-resolution studies in the context of low-mass and primordial
star formation have also shown that further fragmentation may take
place in the very innermost disc regions modelled by our static sink
cell. Those phenomenons are provoked by migrating falling frag-
ments or by H, cooling and/or by collisionally induced emission,
see Stacy et al. (2010) and Greif et al. (2012) but also Meru (2015),
however, they did not suppress physical conclusions that were pre-
viously drawn in their respective context. Therefore, the same may
apply in the massive protostellar context.

Higher resolution simulations may highlight other detailed fea-
tures in the fragmentation dynamics such as very inner accretion
disc fragmentation occurs during massive star formation. This will
therefore result in a pattern of very small gaseous clumps that can
merge together, orbit on to the central protostar or be dynami-
cally ejected away by gravitational sling, revealing amongst other
clump—clump interactions as those discussed in detail in Zhu et al.
(2012). Although this would change the geometry of the accretion
and affect the detailed variability of the protostellar luminosity, the
trajectory heavy clumps such ours that migrate fast, hosting the
birth of a secondary star, will not be greatly perturbed. They will
either fall directly on to the stellar surface (accretion burst), or-
bit around it (close binary formation) or lose their envelope while
reaching a Keplerian orbit around the central protostar (close binary
formation accompanied by accretion-driven event). One should also
keep in mind that such criticisms are also valid regardless the used
coordinate system, the grid refinement criteria and/or the utilized
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sink-particle creation algorithms. Cartesian simulations of massive
star formation like in, e.g. Krumholz et al. (2007b) or Klassen et al.
(2016), but allowing more grid refinement levels and/or comparing
different sink-particle algorithms are therefore highly desirable.

The above discussion refers to the aggravation of fragmentation
once it has been triggered in the core, however, some physical pro-
cesses can directly influence the fragmentation by modifying the
disc temperature. Two other processes can indeed, under some cir-
cumstances, directly control whether fragmentation itself occurs,
namely the presence of magnetic fields and/or the initial turbulence
of the pre-stellar core. Often neglected for the sake of simplic-
ity, the magnetization of the gravitationally collapsing structures
can modify the disc dynamics. This has been reported at different
length-scales, spanning from giant molecular clouds to low-mass
star-producing cores (Commergon et al. 2010; Tomida et al. 2010).
The effects of the pre-stellar core magnetic properties on delay-
ing, promoting, or preventing disc fragmentation, together with a
description of the variety of the forming different low-mass bina-
ries systems are discussed in Tomida, Okuzumi & Machida (2015).
Particularly, the interplay between the magnetic breaking of the in-
falling gas and the radiative feedback of the protostar can inhibit the
initial fragmentation processes of collapsing pre-stellar cores. Note
that this applies to the regime of a strong magnetic field strength
(Commercon et al. 2011) under which our results do not fall as we
neglect magnetization.

These magnetized models in the study of Commercon et al.
(2011) propose a channel to generate isolated O stars. However, it
also underlines that two secondary fragments ‘associated with a rel-
atively high Jeans mass reservoir’ form, and consequently one could
expect ‘this early fragmented system [to] give rise to a close massive
binary system’. Such conclusions were beforehand only drawn by
Lagrangian particles simulations of Bonnell & Bate (2005) and by
the hydrodynamical disc fragmentation model of Krumholz et al.
(2009b). Although using two totally different methods, they both
demonstrate the possibility of producing twin massive binaries by
pre-stellar core gravitational collapse followed by disc fragmen-
tation, under the assumption of a neglected magnetization of the
gas. Finally, note that since star-forming regions are dense, the
non-ideal character of magneto-hydrodynamical processes such as
Ohmic dissipation, Hall effect and ambipolar diffusion can, as an
additional effect, influence the gas dynamics. Their significance on
the physics of interstellar filaments (Ntormousi et al. 2016) and on
low-mass star formation (Masson et al. 2012; Tomida et al. 2015;
Masson et al. 2016; Marchand et al. 2016) implies that they, no
doubt, should impact high-mass star formation as well.

Turbulence is another key ingredient in the theoretical determi-
nation of star formation rates (Hennebelle & Chabrier 2011). In
the case of the gravitational collapse of a single, isolated pre-stellar
cloud, turbulence modifies the gravitational collapse itself but also
directly affects its magnetization. Particularly, it has been suggested
that the so-called magnetic breaking catastrophe is a natural con-
sequence of the overidealized initial conditions of low-mass star
formation simulations, and that native pre-stellar turbulence natu-
rally leads to Keplerian disc formation (Seifried et al. 2012), al-
though the work of Wurster, Price & Bate (2016) brings a non-ideal
but non-turbulent solution to this problem. Additionally, turbulence
strongly influences the pre-stellar core magnetic field coherence
(Seifried et al. 2015). The study of Rosen et al. (2016) includes sim-
ulations with stellar radiation and turbulent initial conditions which
evolve towards complete disorganization of the disc-bubble sys-
tem in the protostellar surroundings. As Keplerian discs (Johnston
etal. 2015) and clear disc-outflow structures (Zinchenko et al. 2015)

have been observed around young high-mass stars, those models in-
dicate that other feedback processes stabilizing the pressure-driven
radiative bubble such as outflow launching mechanisms (Kuiper
et al. 2015, 2016) must be at work efficiently during the for-
mation of massive stars. Since sub-au-resolved, three-dimensional
gravitation-radiation-magnetohydrodynamic, turbulent simulations
of high-mass star formation have not been conducted yet, the ques-
tion is therefore to know by how much fragmentation in the context
of our pre-stellar cores would be affected if considered with both
(non-ideal) magnetization and turbulence. Those questions will be
addressed in a subsequent study.

8.5 Prediction of observed emission

Although observational evidences for bipolar Hu regions (Franco-
Herndndez & Rodriguez 2004) and accretion flows (Keto &
Wood 2006) around young high-mass stars became more numerous
over the past years, the direct imaging of their accretion discs was
until recently under debate (Beuther et al. 2012), mostly because of
the high opacity of the parent environment in which they form and
large distances to these objects (Zinnecker & Yorke 2007). Recent
observations from the ALMA interferometer suggested the pres-
ence of a Keplerian accretion disc in the surroundings of the early
O-type star AFGL 4176 (Johnston et al. 2015). Similar techniques
revealed the presence of a clumpy gaseous disc-like structure around
the young high-mass stellar object of the S255IR area (Zinchenko
et al. 2015) which is associated with an FU Orionis-like outburst
(Burns et al. 2016; Caratti o Garatti et al. 2017). An equivalent dis-
covery around the young early massive star G11.92—0.61 MM1 has
been reported using the velocity gradient of compact molecular line
emission oriented perpendicularly to a bipolar molecular outflow
in Ilee et al. (2016) and the number of young massive candidates
surrounded by a self-gravitating disc increases (Forgan et al. 2016).
Several ongoing observational campaigns currently aim at detecting
signs of disc fragmentation, e.g. with the ALMA facility (Cesaroni
et al. 2017).

To appreciate our results in the context of observations, we per-
form a dust continuum radiative transfer calculation with the code
rabMc-3D! (Dullemond 2012) using a Laor & Draine (1993) dust
mixture based of silicates crystals with density and temperature
distributions are directly imported from our simulations. Fig. 16
shows a synthetic 1.2 mm dust continuum emission of our Run 1
at a time ~40kyr, viewed under an inclination angle of 30°. The
protostellar mass is ~25 M which corresponds to AFGL 4176’s
constrained mass, however, the disc mass is ~30M¢ which is
larger than the 12 M, used to fit the properties of AFGL 4176. The
radius of the disc of ~2 kau is consistent with the observations. We
assumed the protostar to be a blackbody source of effective temper-
ature directly given by the stellar evolution routine of the simulation
Tt ~ 37 500 K and of bolometric luminosity L &~ 85500 L from
which photon packages are ray-traced through the accretion disc.
The calculations are further post-processed with the SIMOBSERVE
and cLEAN tasks of the Common Astronomy Software Applications®
(McMullin et al. 2007) to produce synthetic ALMA observations of
our disc as if located at the coordinates of AFGL 4176. Telescope
parameters are chosen to be the configuration 4.9 for Cycle 4 ALMA
observations, with a bandwidth of 1.8 GHz with ~3 h of integration
time. The central frequency of the combined continuum emission is

! http://www.ita.uni-heidelberg.de/dullemond/software/radmc-3d/
2 https://casa.nrao.edu/
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Figure 16. Dust continuum ALMA prediction of our Run 1 in the context of
the young high-mass stars AFGL 4176 (Johnston et al. 2015). We consider a
snapshot from the model at a time 40.0 kyr, when the protostar has reached
24.5M@. The overall disc and its brightest circumstellar clumps have a
radius 2 and ~0.6—1.0 kau from the protostar, respectively. Image intensity
is in mJy beam™!.

249.827 GHz (1.2 mm) and imaging was carried out using Briggs
weighting with a robust parameter of 0.5. Under those assumptions
and parameters, our ALMA rendering of Run 1 that is shown in
Fig. 16 has observable emission. It presents the typical structure of
an accretion disc around with spiral arms and clumpy substructures
in it. A more detailed analysis of the molecular surroundings of this
model, including line emission, is left for future work (Johnston
et al., in preparation).

9 CONCLUSION

We have run three-dimensional gravito-radiation-hydro simulations
of the collapse of 100 M, pre-stellar cores rotating with a kinetic-
to-gravitational energy ratio of B = 4 percent and with different
initial conditions in terms of initial angular momentum distribution,
in the context of a non-magnetized disc generated by an initially
non-turbulent pre-stellar core. We perform the simulations during at
least ~35kyr to generate protostars of ~18-35 M. Our state-of-
the-art treatment of the stellar radiation feedback, together with the
sub-au spatial resolution of the inner region of the accretion disc
allow us to realistically follow the evolution of the circumstellar
medium of the early high-mass stars. We have investigated the sta-
bilizing role of the direct stellar irradiation and performed a resolu-
tion study, ensuring that disc gravitational fragmentation accounts
for the central protostellar feedback and/or artificially triggered.
All our models have accretion discs whose spiral arms fragments
by gravitational instability into a pattern of gaseous clumps, while
continuously feeding the central protostars at highly variable accre-
tion rates of ~1074~107* M yr~!. As in the other regimes of star
formation (see Smith et al. 2012; Vorobyov et al. 2013; Vorobyov
& Basu 2015, and references therein), those circumstellar clumps
episodically generate luminous accretion-driven outbursts when mi-
grating down on to the protostar. Our study shows that the mecha-
nism introduced in Meyer et al. (2017) also happens for the different
rotation profiles investigated herein.
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Particularly, those flares are similar to the FU-Orionis-like
episodic accretion-driven outbursts observed in the young high-
mass stellar system S255IR—SMA1 (Burns et al. 2016; Caratti o
Garatti et al. 2017). Some gaseous clumps migrate to the close sur-
roundings (<10au) of the central protostar while simultaneously
experiencing an increase of their central density and temperature
that can reach up to 21078 gcm™ and >2000 K, respectively. The
clumps are sufficiently massive (~0.5-a few M) and their core
is hot and dense enough to be considered as being on the path
to the second gravitational collapse down to stellar densities. We
show that such nascent companions can fast migrate down to the
central protostar, constituting a massive binary system, made of a
massive component plus a low-mass companion in close Keplerian
orbit around it. We conclude on the viability of the disc fragmenta-
tion channel to explain the formation of close massive protobinaries
made of a young high-mass component and at least a low-mass com-
panion, which are the progenitors of the future post-main-sequence
spectroscopic massive binaries (see also Sana et al. 2012; Mahy
et al. 2013; Kobulnicky et al. 2014, for an observational study
of close-orbit, O-star-involving massive binary statistics). We un-
derline that disc fragmentation, high variations of the protostellar
accretion rate, episodic accretion-driven outbursts and close binary
formation are tightly correlated mechanisms, and we predict that
both phenomenons can happen together. Consequently, luminous
outbursts from young massive stars are the signature of the pres-
ence of its surrounding accretion disc, a tracer of the migration of
circumstellar disc fragments but may also be at the same time a
signature of the formation of close companions that will become
the spectroscopic companions of a future O-type star.

We test our accretion discs against several semi-analytical criteria
characterizing the fragmentation of self-gravitating discs. We find
that our discs are consistent with the so-called Toomre, Gammie
and Hill criteria, which is consistent with the analysis presented
in Klassen et al. (2016), which we can summarize as follows:
the Gammie criterion is fulfilled by our discs while the Toomre
criterion alone allows us to discriminate fragmenting from non-
fragmenting accretion discs (Q < 0.6, see Takahashi et al. 2016).
The Hill criterion, even applied to the early formation phase of our
discs, predicts their subsequent evolution with respect to fragmen-
tation. Radiative transfer calculations against dust opacity in the
context of the Keplerian disc surrounding the young high-mass star
AFGL-4176 (Johnston et al. 2015) indicate that clumps in our disc
models are detectable with ALMA. Such disc fragments should be
searched with modern facilities such as ALMA or the future Euro-
pean Extremely Large Telescope within high-mass star formation
regions from which strong maser emission or evidence of accretion
flows have been recorded, e.g. W51 (Keto & Klaassen 2008; Zapata
et al. 2009) and W75 (Carrasco-Gonzilez et al. 2015).

This work highlights the need for highly spatially resolved simu-
lations of massive star formation simulations as an additional issue
to numerical methods and physical processes. It further stresses
the challenging character of numerical studies devoted to the sur-
rounding of young hot stars, as well as the similarities between
massive star formation mechanisms (accretion variability and disc
fragmentation) with the other (low- and primordial-) mass regimes
of star formation. Our work, showing a possible pathway for the
formation of spectroscopic massive binaries, will be continued
and expanded to obtain a deeper understanding of the circum-
stellar medium of young massive stars and the implications for
massive stellar evolution. Follow-up studies will investigate the ef-
fects of several physical processes which we have so far neglected,
such as the inertia of the protostar, its ionizing feedback or the
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magnetization of the pre-stellar core. This should allow us to pro-
nounce more in detail the effects of disc fragmentation around early
protostars as a function of the initial properties of their pre-stellar
cores.
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