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ABSTRACT

Context. Massive star formation remains one of the most challenging problems in astrophysics, as illustrated by the fundamental
issues of the radiative pressure barrier and the initial fragmentation. The wide variety of physical processes involved, in particular the
protostellar radiative feedback, increase the complexity of massive star formation in comparison with its low-mass counterpart.
Aims. We aim to study the details of mass accretion and ejection in the vicinity of massive star forming cores using high-resolution
(5 au) three-dimensional numerical simulations. We investigated the mechanisms at the origin of outflows (radiative force versus mag-
netic acceleration). We characterised the properties of the disc forming around massive protostars depending on the physics included:
hydrodynamics, magnetic fields, and ambipolar diffusion.
Methods. We used state-of-the-art three-dimensional adaptive-mesh-refinement models of massive dense core collapse, which inte-
grate the equations of (resistive) grey radiation magnetohydrodynamics, and include sink particle evolution. For the first time, we
include both protostellar radiative feedback via pre-main-sequence evolutionary tracks and magnetic ambipolar diffusion. To deter-
mine the role of magnetic fields and ambipolar diffusion play in the formation of outflows and discs, we studied three different cases: a
purely hydrodynamical run, a magnetised simulation under the ideal approximation (perfect coupling), and a calculation with ambipo-
lar diffusion (resistive case). In the most micro-physically complex model (resistive MHD), we also investigated the effect the initial
amplitude of both magnetic field and solid body rotation have on the final properties of the massive protostellar system. We used
simple criteria to identify the outflow and disc material and follow their evolution as the central star accretes mass up to 20 M� in
most of our models. The radiative, magnetic, and hydrodynamical properties of the outflows and discs are quantitatively measured and
cross-compared between models.
Results. Massive stars form in all our models, together with outflows and discs. The outflow is completely different when magnetic
fields are introduced, so magneto-centrifugal processes are the main driver of the outflow up to stellar masses of 20 M�. Then, the
disc properties heavily depend on the physics included. In particular, the disc formed in the ideal and resistive runs show opposite
properties in terms of plasma beta; that is, the ratio of thermal-to-magnetic pressures and of magnetic field topology. While the disc in
the ideal case is dominated by the magnetic pressure and the toroidal magnetic fields, the one formed in the resistive runs is dominated
by the thermal pressure and essentially has a vertical magnetic field in the inner regions (R < 100−200 au).
Conclusions. We find that magnetic processes dominate the early evolution of massive protostellar systems (M? < 20 M�) and shapes
the accretion and ejection as well as the disc formation. Ambipolar diffusion is mainly at work at disc scales and regulates its properties.
We predict magnetic field’s topology within the disc and outflows, as well as disc masses and radii to be compared with observations.
Lastly, our finding for the outflow and disc properties are reminiscent of the low-mass star formation framework, suggesting that
accretion and ejection in young massive and low-mass protostars are regulated by the same physical processes in the early stages.

Key words. hydrodynamics – magnetohydrodynamics (MHD) – radiative transfer – stars: formation – methods: numerical –
stars: massive

1. Introduction

Massive stars dominate the energy input in the interstellar
medium from birth to death. As such, their formation mecha-
nism needs to be better understood in order to put constraints on
their impact on star formation and galaxy evolution as a whole.
It is currently accepted that massive stars form in giant molecu-
lar clouds, which exhibit turbulent motions and magnetic fields
(e.g. Tan et al. 2014; Motte et al. 2018). However, the mecha-
nisms by which massive stars achieve their mass in these giant,
turbulent, and magnetised complexes remain poorly constrained.
In particular, two major issues make it difficult to assemble a

large reservoir of mass within a single massive star: the radia-
tive pressure barrier and the initial fragmentation. Thanks to
the formidable increase of observational capabilities, it is now
possible to probe massive star forming regions with an unprece-
dented angular resolution corresponding to sub-50 au scales (e.g.
Beuther et al. 2019; Maud et al. 2019). In parallel, heavy numer-
ical developments are undertaken in order to accurately describe
the physics of star formation in numerical models (see Teyssier
& Commerçon 2019, for a recent review).

A number of observational studies focus on the fragmenta-
tion of massive cores, which are thought to be the progenitors
of massive stars (e.g. Bontemps et al. 2010; Palau et al. 2013;
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Zhang et al. 2015; Fontani et al. 2016; Csengeri et al. 2017;
Figueira et al. 2018; Sanhueza et al. 2019; Sanna et al. 2019a).
There is no clear consensus on which physical process regulates
the fragmentation level. There is, however, a trend in which mas-
sive dense cores are not as fragmented as expected (Wang et al.
2014; Csengeri et al. 2017; Nony et al. 2018) and magnetic fields
have an important role in fragmentation (Li et al. 2015; Dall’Olio
et al. 2019). Using state-of-the-art multi-dimensional and multi-
physics numerical models, it has also been demonstrated that
magnetic fields, radiative transfer, and turbulence all play role in
setting the fragmentation level of massive star forming regions
(Hennebelle et al. 2011; Commerçon et al. 2011b; Myers et al.
2013; Fontani et al. 2018). It is worth noting that both radiative
feedback and magnetic fields can be very efficient in prevent-
ing massive dense cores from fragmenting heavily (Commerçon
et al. 2011b; Myers et al. 2013).

At core scales, important efforts have been made to investi-
gate the mechanisms which regulate mass accretion and ejection
in the vicinity of massive star forming regions. There is growing
evidence that massive stars form in a similar way to low-mass
stars (e.g. Zhang et al. 2019a; Beltrán et al. 2014; Tan et al.
2016) and that discs and outflows are formed in the early stages
(Duarte-Cabral et al. 2013; Tan et al. 2016; Yang et al. 2018;
Zhang et al. 2019a). In addition, an increasing number of stud-
ies report the detection of an hourglass magnetic field at massive
core scales (Girart et al. 2009; Qiu et al. 2014; Ching et al. 2016;
Beltrán et al. 2019). In particular, Qiu et al. (2014) estimated
a magnetic field strength of ∼1.1 mG, resulting in a mass-to-
magnetic flux ratio of 1.4 times the critical value. A milliGauss
magnetic field amplitude is consistent with estimates in other
massive star forming regions (e.g. Girart et al. 2013; Dall’Olio
et al. 2019; Beltrán et al. 2019). Last but not least, Girart et al.
(2009) and Qiu et al. (2014) concluded that their observations
are consistent with magnetic braking; that is, a magnetically
regulated collapse.

The first direct observation of a disc around a young massive
protostar was reported in Kraus et al. (2010), where they find
evidence in IRAS 13481-6124 of a very compact disc (<20 au)
at the late stages; that is, after the main accretion phase. How-
ever, direct evidence of discs in young, deeply embedded sources
is expected to be weak because of confusion with the sur-
rounding envelope (Cesaroni et al. 2017). Girart et al. (2017,
2018) presented sub-arcsecond angular resolution observations
with the Sub-millimetre Array (SMA) and the Atacama Large
Millimetre Array (ALMA) interferometers of the B0-type pro-
tostar GGD27 MM1, which is powering the HH80-81 radio jet.
Their observations clearly resolve a disc oriented perpendicu-
larly to the radio jet, with a radius of about 300 au. Beuther
et al. (2019) presented a sub-50 au scales observation of the
hot core region G351.77-0.54 with ALMA. They did not report
the presence of a large (R > 1000 au) disc. Additional, spa-
tially resolved compact discs have also been reported in recent
literature (Fernández-López et al. 2016; Motogi et al. 2019).
Multi-dimensional numerical simulations have also investigated
disc formation and evolution in massive dense core collapse,
either in the hydrodynamical case (e.g. Yorke & Sonnhalter
2002; Klassen et al. 2016; Kuiper & Hosokawa 2018) or in the
ideal magneto-hydrodynamics (MHD) case (e.g. Banerjee et al.
2006; Seifried et al. 2013; Myers et al. 2013; Gray et al. 2018).
Pure hydrodynamical and ideal MHD models represent the two
extreme limits of the coupling between the gas and magnetic
fields. It is true that non-ideal coupling effects such as the Ohmic
diffusion, the Hall effect, and the ambipolar diffusion are at play
in the physical conditions typical of protostellar collapse (e.g.

Marchand et al. 2016). Contrary to low-mass star formation (e.g
Masson et al. 2016; Hennebelle et al. 2020b), the effect of non-
ideal MHD has not been investigated extensively in the massive
star formation framework (however, see Matsushita et al. 2017;
Kölligan & Kuiper 2018).

In low-mass protostars, it is now accepted that the observed
bipolar outflows and jets are launched via magneto-centrifugal
processes (Frank et al. 2014; Li et al. 2014). Recently, Ching et al.
(2016) reported SMA observations towards NGC 1333 IRAS 4A
of CO polarisation and find evidence of helical magnetic fields
in the outflow. Outflows and jets are also observed in high-mass
star forming regions (Shepherd & Churchwell 1996; Zhang et al.
2001; Beuther et al. 2002; Duarte-Cabral et al. 2013; Maud et al.
2015; McLeod et al. 2018). There is observational evidence that
these outflows and jets are linked with magnetic fields. First,
synchrotron emission has been associated with jets in observa-
tions of massive protostellar sources (Carrasco-González et al.
2010; Beltrán et al. 2016; Sanna et al. 2019b; Zhang et al. 2019b).
Second, observations of an alignment between outflows and the
magnetic field direction inferred from spectral-line linear polari-
sation have also been reported in massive star forming regions
(Cortes et al. 2006; Beuther et al. 2010; Girart et al. 2013).
Importantly, in the high-mass regime, the protostellar luminosity
becomes high enough to balance the gravity and prevent fur-
ther accretion: the radiative pressure barrier. Multi-dimensional
numerical models have shown that the radiative force may indeed
accelerate the gas and also generate bipolar outflows that channel
radiation to escape and allow accretion through the disc (Yorke
& Sonnhalter 2002; Kuiper et al. 2012; Klassen et al. 2016) or
via radiative Rayleigh-Taylor instabilities (Krumholz et al. 2007;
Rosen et al. 2016). Using sub-grid models, Kuiper et al. (2015)
included both the radiative feedback and protostellar outflow
from massive stars and showed that protostellar outflows help to
form more massive stars. Seifried et al. (2012) used ideal MHD
and Matsushita et al. (2017) used resistive MHD to perform
3D collapse simulations of magnetised massive dense cores and
reported outflow formation self-consistently driven by magneto
centrifugal processes, but they neglected protostellar radiative
feedback. There is no study to date that explores the combined
effect of magnetic fields and protostellar radiative feedback on
the launching of outflows in massive protostellar systems.

The aim of this paper is to lay the foundations of the com-
bined effects of protostellar radiative feedback and of magnetic
fields in the formation of the star-disc-outflow system in mas-
sive collapsing dense cores. This work is part of a more general
framework of numerical experiments, in which we increase,
step-by-step, the complexity of the physics included. As is now
widely done in the low-mass regime, we introduced resistive
effects through ambipolar diffusion in order to take into account
the non-perfect coupling of gas with magnetic fields. We also
integrated the effect of protostellar radiative feedback using sub-
grid pre-main-sequence (PMS) evolutionary tracks to compute
the protostellar luminosity. We used 3D dynamical models of
massive dense core protostellar collapse, gradually introducing
more realistic physical processes (magnetic fields and ambipo-
lar diffusion). In this study, we used a grey approximation for
the protostellar irradiation, which is known to underestimate
the radiative acceleration (e.g. Kuiper et al. 2010; Mignon-
Risse et al. 2020). In Mignon-Risse et al. (2020), we presented
a hybrid method built over the grey irradiation scheme that
demonstrates good performance when estimating the radiative
acceleration. First results, focusing on the interplay between tur-
bulence, ambipolar diffusion, and accurate stellar irradiation are
presented in a related study (Mignon-Risse et al. 2021b,a).
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The paper is organised as follows. In Sect. 2, we detail our
numerical method, setup, and initial conditions. We present our
results in Sect. 3, giving particular focus to the outflows and
disc properties. Section 4 is devoted to highlighting the role of
ambipolar diffusion in the disc formation process and comparing
with observational and other numerical works. We also discuss
the limits of our work and propose possible future directions for
study in Sect. 4. Section 5 concludes our work.

2. Methods and initial conditions

2.1. Radiation magneto-hydrodynamics model

Our numerical model integrates the equation of radiation-
magneto-hydrodynamics (RMHD) and includes radiative pro-
tostellar feedback. In the following, we detail our numeri-
cal tool. We used the adaptive-mesh-refinement (AMR) code
RAMSES (Teyssier 2002), which is based on a finite-volume,
second-order Godunov scheme and a constrained transport algo-
rithm for ideal magnetohydrodynamics (Fromang et al. 2006;
Teyssier et al. 2006). The non-ideal MHD solver, including the
effect of ambipolar diffusion and Ohmic diffusion as corrections
of the electromagnetic force (EMF) at the cell edges is presented
in Masson et al. (2012). In this study, we accounted only for the
ambipolar diffusion in the non-ideal MHD runs. In addition, we
used the radiation-hydrodynamics (RHD) solver presented in a
series of papers (Commerçon et al. 2011a, 2014; González et al.
2015), which integrates the equation of RHD in the flux-limited
diffusion approximation (FLD, e.g. Minerbo 1978; Levermore &
Pomraning 1981). The full RMHD equations with all the radia-
tive quantities estimated in the co-moving frame and under the
grey approximation (radiative quantities are integrated over the
entire frequency spectrum) read as follows:

∂tρ + ∇ · [ρu
]

= 0,
∂tρu + ∇ · [ρu ⊗ u + PI

]
= − λ∇Er + FL − ρ∇φ,

∂tET + ∇ ·
[
u
(
ET + P + B2

2

)
− (u · B) B − EAD ×B] = − Pr∇ : u − λu∇Er

+∇ ·
(

cλ
ρκR
∇Er

)
+ L?

−ρu · ∇φ,
∂tEr + ∇ · [uEr] = − Pr∇ : u + ∇ ·

(
cλ
ρκR
∇Er

)
+κPρc(aRT 4 − Er)
+L?,

∂tB − ∇× [u×B + EAD] = 0,
∇ · B = 0,
∆φ = 4πGρ,

(1)

where ρ is the material density, u is the velocity, P is the thermal
pressure, λ is the radiative flux limiter, Er is the radiative energy,
FL = (∇×B)×B is the Lorentz force, φ is the gravitational
potential, ET the total energy ET = ρε + 1/2ρu2 + 1/2B2 + Er
(ε is the gas internal specific energy), B is the magnetic field,
EAD is the ambipolar EMF, κP is the Planck mean opacity, κR
is the Rosseland mean opacity, Pr is the radiation pressure, L?
the luminosity source (i.e. protostar luminosity), and T is the gas
temperature. The system is closed using the perfect gas relation,
P = ρkBT/(µgasmH), with µgas the gas mean molecular weight.

The ambipolar EMF is given by

EAD =
ηAD

B2 [(∇×B) ×B] ×B, (2)

where ηAD is the ambipolar diffusion resistivity, calculated
as a function of the density, temperature, and magnetic field
amplitude. We used the abundances from the equilibrium chem-
istry code described in Marchand et al. (2016), which depends
on the density and temperature. As noted by Shu (1992) and
Masson et al. (2012), the ambipolar diffusion, that is, the neutral-
ion friction, results in a heat source term in the gas internal
energy equation:

∂tρε = ΓAD = − EAD · (∇×B) =
ηAD

B2 ‖(∇×B) ×B‖2 . (3)

For the radiative transfer, we used the grey Rosseland and Planck
opacities tabulated in Vaytet et al. (2013), who compiled the dust
opacity from Semenov et al. (2003), the molecular gas opacity
form Ferguson et al. (2005), and the atomic gas opacity from
Badnell et al. (2005).

2.2. Initial conditions

Our initial conditions are similar to the ones found in previ-
ous works focusing on isolated massive star formation (e.g.
Krumholz et al. 2009; Kuiper et al. 2010; Klassen et al. 2016).
We considered 100 M� spherical dense cores with a uniform
temperature of 20 K. The initial density profile is centrally con-
densed and follows ρ(r) = ρc/(1 + (r/rc)2), where the central
density is ρc ∼ 7.7× 10−18 g cm−3 (corresponding to a freefall
time of 24 kyr) and the density contrast between the centre and
the border of the core equals 100. The extent of the central
plateau is rc = 0.02 pc and the initial core radius is r0 = 0.2 pc.
We used an ideal gas equation of state, with the mean molecular
weight µgas = 2.31 and the specific heat ratio γ= 5/3. This cor-
responds to a ratio of thermal to gravitational energies of 6%.
We imposed an initial solid-body rotation along the x-axis with
angular frequency (respective ratio of rotational-to-gravitational
energies β) Ωs ≈ 9.5× 10−15 Hz (β ≈ 0.01, slow rotation), and
Ωf ≈ 2.1× 10−14 Hz (β ≈ 0.05, fast rotation). We deliberately
chose a low angular velocity to foster on the star-disc-outflow
system formation without undergoing heavy fragmentation in the
process. We did not apply any initial perturbation in the different
RMHD variables.

The magnetic field is initially aligned with the rotation
axis and is uniform through the cloud. Its strength is given
by the mass-to-flux parameter µ, which represents the ratio
between the mass-to-flux calculated at the border of the
core (M/φ)0 = M0/(πB0r2

0) and the critical mass-to-flux ratio
(M/φ)crit = 0.53/(3π)(5/G)1/2 (Mouschovias & Spitzer 1976).
This choice of initial magnetic configuration makes the mass-to-
flux ratio µ not uniform with radius, scaling as µ ∼ 1/R, up to a
value µc of 10 times the initial one in the central plateau region,
which represents a relatively weak magnetisation (e.g. µc = 50
for µ= 5).

2.3. Numerical resolution and sink particles

The simulation box is four times larger than the initial core radius
(∼0.8 pc). The coarser grid resolution is 643, and we allowed
for nine additional levels of refinement, which gives a minimum
resolution of ∆xmin = 5 au. The grid was refined using a Jeans
length criterion with at least ten points per Jeans length. We used
periodic boundary conditions1.
1 We ran comparison simulations using isolated boundary conditions
for the HYDRO case, and our qualitative results remain unaffected. The
accretion rate increases, but by a maximum of 15% for the sink mass,
and it decreases with time (2.5% when the sink mass is 10 M�).
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We used sink particles to describe the dynamics of the col-
lapse below the maximum resolution. We employed the publicly
available implementation of sink particles in the RAMSES code
(Bleuler & Teyssier 2014), with some modifications in the checks
performed for their creation. We used the clump finder algo-
rithm of Bleuler & Teyssier (2014) for the sink creation site
identification, but we did not apply their virial check. Instead,
we performed two alternative checks that are used in other pop-
ular implementations of sink particles (e.g. Bate et al. 1995;
Federrath et al. 2010): the bound state check, that is, the total
energy in the clump is negative (Epot + Ekin + Etherm + Emag +
Erad < 0); and the Jeans instability check, that is, the mass inside
the clump should exceed the local Jeans mass (Epot + 2Etherm <

0). We exploited a threshold density of 1010 cm−3 for the clump
identification.

The accretion radius racc was set to 4∆xmin ∼ 20 au, and
we imposed that the sink accretion volume sit at the maximum
level of refinement. We did not allow sink particle creation if
the density peak of the clump finder algorithm fell within the
sink accretion radius of another sink. The sink particles with
mass <1 M� were evolved using the particle-mesh Cloud-in-
Cell method of RAMSES (Teyssier 2002), while the trajectory of
sink particles more massive than 1 M� were computed using
direct force summation (both for the gas-sink and the sink-sink
interactions Bleuler & Teyssier 2014).

For the sink accretion, we used the threshold accretion
scheme (Federrath et al. 2010; Bleuler & Teyssier 2014). We
scanned the cells whose centre lies within racc and checked for
Jeans unstable gas by computing the Jeans density in each cell
ρsink. The mass accreted by the sink particles from the cell was
set to

∆m = max(0.25(ρ − ρsink)(∆xmin)3, 0). (4)

It is not clear at this stage whether sink particles should accrete
angular momentum or not. The subsequent evolution of the
angular momentum transport inside the sink accretion radius
cannot be followed in our models. We thus assume another
sub-grid prescription for angular momentum. We define facc,mom
as the fraction of angular momentum accreted by the sink. If
facc,mom = 1, all the angular momentum is accreted by the sink
particle. On the contrary, all the angular momentum stays on the
grid cell for facc,mom = 0. We chose facc,mom = 1 as the fiducial
value in this study, and we present a comparison between these
two extreme cases in Appendix B. Last but not least, magnetic
fields are not accreted with the gas by the sink particle.

Last, we forced sink merging when two sinks sit in a common
accretion volume, without any additional check other than the
proximity criterion. This aggressive merging procedure favours
the formation of more massive stars.

2.4. Sub-grid model for radiative feedback

The protostellar luminosity sources L? are associated with the
evolution of the sink particles. We used the PMS evolution
models of Kuiper & Yorke (2013) to compute the protostellar
properties (luminosity, radius). The PMS tracks were obtained
with the STELLAR evolution code (Bodenheimer et al. 2007;
Yorke & Bodenheimer 2008) and tabulated as a function of the
stellar mass and the mass accretion rate.

We assume that each sink particle represents a single proto-
star, and that all the mass accreted by the sink particle goes into
the stellar content (most favourable case for the radiative feed-
back), i.e. Msink = M?. In this work, we only include the effect of

the protostellar internal luminosity and we neglect the accretion
luminosity. This choice is matter of debate of course, but since
we are interested in the regime where the stellar mass becomes
larger than 8 M�, it is fair to include only the internal luminos-
ity that dominates in this mass range (e.g. Hosokawa & Omukai
2009). We discuss this limitation in Sect. 4.5 and postpone the
exploration of the accretion luminosity influence to future stud-
ies. In order to obtain the internal luminosity from the PMS track
tables, we did not account for the instantaneous accretion rate,
but we used the mean accretion rate defined as Ṁmean = M?/t?,
where M? and t? are the mass and the age of the protostar.
Kuiper & Yorke (2013) showed that using the mean accretion rate
instead of the instantaneous one provides a reasonable estimate
of the protostar’s influence on their environment. The energy
input L?∆t is then spread uniformly over the sink accretion vol-
ume at each finer level timestep. We tested the use of weighting
functions for the energy input as in Krumholz et al. (2007), and
we found no significant differences in the results compared with
the uniform input.

2.5. Disc and outflow identification

In this paper, we focus on the results after the first sink par-
ticle creation. We identify the disc and outflow regions given
the global flow properties and the mass and position of the sink
particles. We observe in the simulations that sink particles can
move back and forth around the centre of mass of the star-disc-
outflow system (∼10 au). These little oscillations cause problems
when estimating the velocity in the frame of the sink particles.
We therefore neglected the sink velocity in our analysis. For the
disc identification, we computed the angular momentum vector
direction within a sphere of 100 au around the sink particle posi-
tion. Then, we estimated the velocity of the gas in the cylindrical
coordinate system where the z-axis is aligned along the angu-
lar momentum vector. We applied the criteria derived in Joos
et al. (2012) to select the cells that constitute the rotationally
supported disc. We briefly recall the criteria: the density verifies
n > 109 cm−3; the gas is rotationally supported, vφ > fthresvr; the
gas is close to hydrostatic equilibrium, vφ > fthresvz; the rotation
support is larger than the thermal support, 1

2ρv
2
φ > fthresP.

We used fthres = 2. We note that we did not use the connectiv-
ity criterion of Joos et al. (2012), since we find from experience
that it does not affect the mass of disc (and thus the radius
in which most of the mass is contained). The disc radius is
computed as the radius at which 90% of the disc mass is con-
tained. We then identified the outflow region as follows: we
computed the radial velocity relative to the sink particle posi-
tion and accounted for the cells with positive radial velocity vr
larger than the escape velocity vesc = (2GMsink/r)1/2, where r is
the distance between the cell and the sink particle position.

2.6. Simulation parameters

The five models we present in the main part of this paper are
summarised in Table 1. Our fiducial run (MU5AD) includes
magnetic fields with a moderate intensity (µ= 5) and ambipolar
diffusion, as well as a slow initial rotation. We then compare this
fiducial case with the results obtained with a hydrodynamical
model (HYDRO), a magnetised model with ideal MHD (MU5I),
a strongly magnetised (µ= 2) model with ambipolar diffusion
(MU2AD), and a magnetised model with ambipolar diffusion
and a fast initial rotation (MU5ADf). The HYDRO model (with-
out magnetic fields) is very similar to what has been done in
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Table 1. Summary of the simulation parameters (the star labels of our
fiducial model).

Model µ AD Ω0 (Hz) t0 (kyr)

HYDRO ∞ No 9.5× 10−15 28.0
MU5I 5 No 9.5× 10−15 27.9

MU2AD 2 Yes 9.5× 10−15 28.2
MU5AD 5 Yes 9.5× 10−15 27.9
MU5ADf 5 Yes 2.1× 10−14 28.4

Notes. µ is the magnetisation parameter, AD means ambipolar dif-
fusion, Ω0 is the initial rotation frequency, and t0 is the time of the
formation of the first sink particle.

previous studies (e.g. Krumholz et al. 2009; Klassen et al. 2016)
and served as a reference model to compare with the literature.

In Appendix A, we also present a numerical convergence
study based on our fiducial model. In Appendix B we give
a comparison of our fiducial model with a sub-grid accretion
scheme in which all the angular momentum of the gas accreted
is transferred to the sink particle facc,mom = 1.

3. Results

3.1. Overview

Table 1 reports the time of formation of the first sink particle, t0,
at which we renormalised the time evolution afterwards. Given
our strongly peaked initial density profile and low initial rotation
level, all times t0 are very close together and close to the initial
central density free-fall time. Figure 1 shows edge-on and face-
up density maps of the five runs listed in Table 1 at two different
times, when the mass of the central sink particle is 5 M� and
10 M�.

At the beginning of the simulations, the gas collapses toward
the centre, until the creation of a sink particle. Around the sink,
a rotating disc builds up in the plane perpendicular to the ini-
tial solid-body rotation x-axis in all models. The largest discs
are formed in the HYDRO and MU5ADf runs. The density in
the disc mid-plane is also largest in the MU5I and MU5ADf
runs at late times. Outflows are generated in all the magne-
tised models and propagate along the rotation axis. The largest
outflow velocities are found in the runs with ambipolar diffu-
sion where we report maximum velocities of 25–30 km s−1 on
5000 au scales (for a sink mass of Msink = 10 M�). We observe
that none of our models exhibit strong fragmentation, and only
the HYDRO model shows secondary sink formation, but these
secondary sinks are rapidly merged with the central one.

Figure 2 displays histograms of density-temperature and
density-magnetic field for the five runs when the central sink
mass is 10 M�. All the temperature-density plots look similar,
with a central temperature >1000 K. One can notice that in the
ideal-MHD run, the magnetic field amplitude increases up to
value larger than 1 G at high densities as the gas is collapsing
as a consequence of the flux-frozen approximation. On the con-
trary, in all the runs with non-ideal MHD, the magnetic fields
stop amplifying at high density. This is due to the strong ambipo-
lar diffusion in the central regions of the collapsing cores. It
then reaches a maximum value <1 G with a plateau visible in
the B-ρ histograms. This result is essentially similar to the one
observed in the low-mass star formation regime (Masson et al.
2016; Hennebelle et al. 2020b) as well as in similar experiments

with initial turbulence (Mignon-Risse et al. 2021b). Importantly,
the efficient ambipolar diffusion makes it possible to redistribute
magnetic fields in the low-density medium. The region with
densities of less than 10−15 g cm−3, that is, the inner envelop,
exhibits larger magnetisation in the models with ambipolar dif-
fusion than in the ideal MHD case. In addition, we observe high
temperature ('1000 K) and low density ('10−18 g cm−3) regions
in the runs with ambipolar diffusion. This corresponds to mate-
rial within the outflow, close to the protostars (<1000 au), where
the current is strong. As a consequence, the heating by ambipolar
diffusion (see Eq. (3)) is strong in these regions.

3.2. Mass evolution

Table 2 reports the mass of the sink, disc and outflow in the
five runs at two different times, when the sink mass equals 5
and 10 M�. First, the sink mass-accretion rate is lowest for the
MU5ADf run, but all sink accretion rates are similar within a
factor less than 4. For the outflow, the mass ejection rate is the
highest in the resistive runs and negligible in the HYDRO case.
Interestingly, the outflow in the ideal MHD case MU5I stalls at
about 1 M�. In the resistive runs, the mass ejection rate also cor-
relates well with the sink accretion rate, within less than a factor
3. A significant fraction of the mass (>25% in comparison with
the accreted mass onto the sink particle) is thus expelled in the
resistive runs. On the contrary, the disc grows faster in mass in
the HYDRO case.

Figure 3 shows the mass evolution as a function of time of the
different components (sink, disc, and outflow) for the HYDRO,
MU5I, MU2I, MU5AD, and MU5ADf models. At first glance,
we clearly observe a difference between the HYDRO case and
the magnetised ones. The HYDRO run shows the largest sink
and disc mass growth and forms an outflow with a negligible
mass (we do not report it in Table 2). In addition, the late evo-
lution of the HYDRO central sink mass shows accretion burst
events, which are due to mergers with secondary sink particles.
The least accreting sink is formed in the MU5ADf . Interestingly,
this corresponds to the magnetised model with the largest mass
growth of the disc and of the outflow. Then, the resistive runs
have outflows of mass larger than 1 M�, with the largest outflow
rate measured in the models with a weak initial magnetic field
(µ= 5). The outflow in the ideal MHD case MU5I stops being
fed and vanishes after about 30 kyr (Msink ' 10 M�), before it
starts again when the sink particle has a mass >15 M�.

From the runs with ambipolar diffusion, we see on one hand
that the time evolution of the sink and disc mass is more depen-
dent on the initial rotation level than on the initial magnetisation.
On the other hand, the outflow mass is more dependent on the
initial magnetisation. We also do not report any strong universal
correlation between the outflow mass and the total mass of the
sink and the disc.

Overall, while the sink mass in all models and outflow mass
in the resistive ones only steadily increase as a function of time,
the disc mass is not increasing as fast. On the contrary, it shows
accretion and ejection phases with time, indicating that the mate-
rial accreted by the disc is transiting through it to be either
ejected or accreted by the sink particle.

Figure 4 shows the evolution of the internal luminosity given
by the PMS evolution sub-grid model. First, the luminosity for
a given protostellar mass is very similar in all models. This is
due to the fact that we do not keep track of the temporal history
in the protostellar evolution, so that all models fall on a simi-
lar track. Nevertheless, since the accretion rate onto the protostar
varies between the models, the time evolution shows variations
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Fig. 1. Density maps in the plane of the disc and perpendicular to it for the models HYDRO (top), MU5I (second line), MU2AD (third line),
MU5AD (fourth line), and MU5ADf (bottom). Two different times are represented: M? = 5 M� (left) and M? = 10 M� (right). The mass M? gives
the total mass converted into sink particles at each snapshot. The arrows represent the velocity vectors in the plane.

of about one order of magnitude at an age of 50 kyr, where
the HYDRO (respectively MU5ADf) run exhibits the fastest
(respectively slowest) increase. We thus expect the effect of the
protostellar radiation to be delayed in the magnetised models.

We should at this point clarify that the mass evolution of
the star-disc-outflow system is barely affected by the formation
of secondary sink particles. Only the HYDRO run forms sec-
ondary sink particles. The first secondary sink is formed in the
rotation plane (i.e. in the disc) at a distance of 100 au from the
first sink, which mass is about 16.5 M�. It reaches a mass of
about 0.7 M� before being merged with the central one in less

than 1 kyr, when their accretion radii overlap. In total, ten sec-
ondary sinks were also formed in the disc plane at distances
of <500 au. Nine sink particles quickly merged with the most
massive one, migrating inward through the disc in <10 kyr. The
maximum mass of the secondary sink particles before merging is
2.5 M�. We note that a small sink particle, of mass '0.01 M� is
ejected from the disc. However, given the tiny mass of the latter,
we did not consider it for further analysis. Only one secondary
sink survives, and forms binary system with the primary one,
with separation '460 au and masses of 26.8 and 6.8 M� at the
end of the simulation t = t0 + 69 kyr.
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Fig. 2. Density-temperature (top panels) and density-magnetic field amplitude (bottom panels) histograms for the models HYDRO, MU5I,
MU2AD, MU5AD, and MU5ADf (from left to right) when the central sink mass is 10 M�. The colour-coding indicates the mass.

Table 2. Summary of the different component masses.

Component Sink Disc Outflow

t1 t2 M(t1) M(t2) Ṁ M(t1) M(t2) Ṁ M(t1) M(t2) Ṁ

HYDRO 43.4 53.8 5.5 10.6 4.9× 10−4 4.6 7.2 2.5× 10−4 – – –
MU5I 44.1 61.1 5.0 10.3 3.1× 10−4 1.9 3.5 9.4× 10−5 1.2 1.1 −6.0× 10−6

MU2AD 41.9 61.1 5.0 10.0 2.6× 10−4 1.8 2.4 7.3× 10−5 4.6× 10−1 2.3 9.6× 10−5

MU5AD 42.1 56.6 5.0 10.0 3.4× 10−4 1.9 3.3 9.7× 10−5 1 3.1 1.4× 10−4

MU5ADf 48.9 87 5.0 10.0 1.3× 10−4 3.1 4.4 3.4× 10−5 2.1 9.2 1.9× 10−4

Notes. Masses are given in M�, mass accretion rates Ṁ in M� yr−1, and times in kyr. Time t1 corresponds to the output time closest to M∗ = 5 M� and
t2 to M∗ = 10 M�.

Fig. 3. Mass evolution of the sink (top left), disc (top right), and outflow
(bottom left) as a function of time after sink creation, and of the outflow
as a function of the total disc+sink mass (bottom right).

3.3. Outflows

In this section, we examine the properties of the outflows, as
well as the physical mechanisms responsible of the launching.

Fig. 4. Evolution of protostellar internal luminosity as a function of the
protostellar mass (left) and of the time after sink formation (right).

First, we look at the global morphology of the outflows. Then,
we study their physical properties.

3.3.1. Morphology

All models have outflows. The weakest outflow is found in the
HYDRO model as shown in Fig. 3. The left panel of Fig. 5 shows
a volume rendering of the outflowing gas in this case when the
sink mass is 20 M� and the outflow mass is '0.01 M�. The
outflow is made of radiative bubbles, as observed in previous
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Fig. 5. Volume rendering of the outflow in the HYDRO run at the end of the simulation (left) and in the MU5AD run when the sink mass is
15 M� (right). The colour-coding represents the radial velocity and is given in km s−1. In the left panel (HYDRO), the region represents a box of
'40003 au, while the vertical extent is of about 75 000 au in the right panel (MU5AD run).

works by different authors (e.g. Krumholz et al. 2009; Klassen
et al. 2016). Indeed, in the HYDRO case, there is no other force
than the one provided by the protostellar luminosity that can
accelerate the gas against gravitational pull. We note that these
bubbles are fragmented by episodic ejections that result from
the development of non-axisymmetric features in the rotating
region. Since we do not account for the accretion luminosity
in our sub-grid radiative feedback module, the episodic events
are essentially due to the infalling gas dynamic. Interestingly,
the outflow extends more in the radial direction (about 2000 au)
than in the vertical one (about 1000 au maximum). By measur-
ing the different components of the gravitational acceleration,
it turns out that it is highest in the vertical direction since the
disc mass contributes significantly to the gravitational potential.
As a consequence, the radiative acceleration, which is essentially
isotropic close to the protostar, is the most efficient in the regions
of low gravitational acceleration (the radial direction). In addi-
tion, the radiation escapes most favourably in the low optical
depth envelope, that is, just above the disc plane. The anisotropic
expansion of the radiative bubbles is thus a consequence of the
anisotropic accretion flow on the star-disc system.

The right panel of Fig. 5 shows the outflow in the fiducial
MU5AD case when the sink mass is 15 M� and the outflow mass
is about 6 M�. The morphology is completely different than in
the HYDRO case with an outflow extending up to 80 000 au in
the vertical direction with a maximum velocity more than three
times higher. The introduction of the magnetic field drastically
changes the outflow morphology.

3.3.2. Outflow origin

The morphology of the outflows we report above suggests that
different mechanisms are at play. In the HYDRO case, as pre-
viously mentioned, there is no doubt that the outflow material
is accelerated by the radiative force. We note that the outflow
appears about 40 kyr after the sink formation, when the sink
mass is almost 20 M�. The outflow hardly develops and remains
with a limited extent of about 1000 au in the vertical direction.

Figure 6 shows maps of the density and of the force ratio in
the outflows for the MU5AD run when the sink mass is 5 M�
(top) and 15 M� (bottom). The outflow remains similar in shape,
although it gets broader with time. In the entire outflow region,
the Lorentz force dominates the gravitational one by more than
one order of magnitude. Closer to the sink particle up to a dis-
tance of 2000 au, the radiative force also dominates over the
gravitational one, the extent of this region increasing with the
stellar mass. The radiative and Lorentz forces thus both con-
tribute to the outflow launching. When comparing the Lorentz
and radiative forces (right column), the Lorentz force clearly
dominates the force balance everywhere and is thus the main
contributor to the acceleration of the outflowing gas. The outflow
in the MU5AD case is thus of magnetic origin. We nevertheless
note that caution should be taken since the grey approximation
underestimates the magnitude of the radiative force, the latter
being larger if one accounts for frequency-dependent irradiation
(e.g. Kuiper et al. 2010; Mignon-Risse et al. 2020). We discuss
this limitation in Sect. 4.5.

At a stellar mass of 15 M�, the radiative acceleration is
greater than the gravitational one to a larger extent in the
MU5AD case than in the HYDRO case. This is due to the low-
density cavity created by the magnetic outflow in the vertical
direction, which facilitates the radiation escape in a low opti-
cal depth region. In the HYDRO case, the density is too high
because of the collapsing envelope, and the radiation cannot
accelerate the gas sufficiently to escape.

Figure 7 illustrates the magnetically driven origin of the out-
flow in the MU5AD run when the sink mass is 15 M�. The
Alfvén velocity and magnetic field topology are shown in the
left panels, and plasma β= P/Pmag and velocity in the right
panels. The toroidal component of the magnetic field clearly
dominates in the outflow region, which is characteristic of self-
collimated magnetically driven outflow. Correspondingly, the
outflow region is dominated by the magnetic pressure with
β < 1. We observe the same features in the other runs with
ambipolar diffusion (MU2AD, and MU5ADf) throughout their
evolution after the launching of the outflow. A detailed analysis
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Fig. 6. Density and force balance in the outflows for the MU5AD run when the sink mass is 5 M� (top) and 15 M� (bottom). Left panels: density
cuts in the xz-plane within the outflow. Three other panels: maps of the ratios between the gravitational, the Lorentz, and the radiative forces. The
colour maps are in logarithmic scale and the force ratio colour map is limited to the range [−1, 1] for plot readability, but its value can exceed these
values. The bottom row is zoomed in the inner 10 000 au region.

Fig. 7. Magnetic field topology and plasma β= P/Pmag in the xz-plane in the MU5AD run, when the sink mass is 15 M�. Left panels: amplitude
of the Alfvén velocity (blue colours) and the segments show the magnetic fields direction in the xz-plane. The colour-coding represents the ratio
between the toroidal component of the magnetic fields over the total magnetic fields. Yellow-to-white segments exhibit strong toroidal fields with
Bφ/B > 0.3. Right panels: maps of the plasma β= P/Pmag with velocity vectors overplotted. The red regions are dominated by the thermal pressure,
while the blue ones are dominated by the magnetic pressure.

on the different MHD mechanisms at play in outflow launch-
ing (magnetic pressure versus magneto-centrifugal acceleration)
goes beyond the scope of the present study. We invite the reader
to refer to Mignon-Risse et al. (2021a) for a dedicated study on
the outflow acceleration in similar models including ambipolar
diffusion and turbulence.

In the ideal MHD MU5I run, we already noted in Sect. 3.2
that the outflow almost disappears when the sink mass is 10 M�.
The outflow mass starts decreasing at mass '4 M�. Before this,
the outflow is very similar to the one in the ambipolar diffu-
sion case, except that the magnetic field amplitude is larger in
the central region because of the magnetic field amplification

resulting from the ideal MHD approximation. We also note that
in this case, the outflow is launched at the same time that the
sink particle forms, and as a consequence the outflow is broader
and has a larger extent compared to the ambipolar diffusion
runs. At a mass >4 M�, the PMS luminosity strongly increases
(L > 103L�), as can be noted from Fig. 4, which causes a signifi-
cant increase of the thermal pressure in the sink particle vicinity.
This large thermal pressure variation, combined with the large
magnetic pressure resulting form the ideal MHD approximation,
results in a destabilisation of the central region and in a kick of
the central sink particle as observed, for instance, in numerical
works reporting interchange instability (e.g. Zhao et al. 2011).
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Fig. 8. Density maps perpendicular to the disc plane (top) and in the disc plane (bottom) when the sink mass is ≈10 M� for the runs HYDRO,
MU5I, MU2AD, MU5AD, and MU5ADf, from left to right. The vectors indicate the gas velocity. Only the material of the disc is plotted.

As a consequence, the magnetic structure of the outflow base
is disrupted and the MHD driving of the outflow stops. This
behaviour is not observed in the runs with ambipolar diffusion,
since the magnetic field amplification is prevented in the central
regions (see Fig. 2). In addition, the material at the outflow base
is preheated by the friction provided by the strong ambipolar dif-
fusion heating. We note that the outflow restarts in the MU5I run
when the central sink mass exceeds 15 M�. As can be seen from
Fig. 3, the outflow mass loading is very efficient at this stage in
the MU5I model. Indeed, both the radiative and the Lorentz force
accelerations are much larger than at earlier times and participate
in the launching of the outflow.

To summarise, the outflow formation and evolution com-
pletely change when magnetic fields are introduced in the
models. We note that ambipolar diffusion stabilises the outflow
driving at early stages when the sink mass is less than 20 M�. A
more detailed analysis of the outflow launching and structure is
provided in the follow-up study, Mignon-Risse et al. (2021a).

3.4. Properties of the disc

3.4.1. Disc size

Figure 8 shows density maps of the disc material in the equa-
torial plane and in the perpendicular direction in the HYDRO,
MU5I, MU2AD, MU5AD, and MU5ADf runs when the sink
mass is 10 M�. The disc formed in the HYDRO run has a radius
of about 170 au and a mass of 7.2 M�. The disc develops spiral
arms which are a sign of instability, but the disc does not frag-
ment. In the MU5I run, the disc is more extended with a radius
of about 220 au and a mass of 3.5 M�. The disc is also puffier,
with a vertical height of about 100 au. The disc does not develop
strong spiral arms in this case, and it does not experience frag-
mentation. The discs formed in the MU5AD and MU2AD runs
are very similar. First, they are much smaller, with a radius below
100 au (98 and 73 au, respectively), and less massive (3.3 and
2.4 M�, respectively). Interestingly, the disc radius is smaller
in the MU5AD run than in the MU5I one, whereas we would
expect the ideal MHD framework to provide a more efficient
magnetic braking as it is widely observed in low-mass star for-
mation (see below). Last, the disc in the MU5ADf case is the

Fig. 9. Time evolution of disc radius for the HYDRO, MU5I, MU2AD,
MU5AD, and MU5ADf runs. The symbols on the curves show the time
at which the sink mass is 10 M�.

largest one, but its material remains at a low density compared
to the HYDRO case. It exhibits a spiral arm at large radii, but it
does not fragment.

Figure 9 shows the time evolution of the disc radius for the
same models as in Fig. 8. The MU5AD and MU2AD runs show
a very similar time evolution for the disc size, increasing slowly
with time. The disc radius in the HYDRO case increases the
most, to reach about 800 au at the end of the simulation. The disc
exhibits periods of expansion and contraction of a few thousand
years while globally expanding. This succession of expansion
and contraction events is due to the apparition of prominent spi-
ral arms (see below). In the MU5ADf case, the disc increases
rapidly and is largest when the sink mass is 10 M�. As previ-
ously noted, even if the disc is large in radius, its density is low at
large radii and its mass is comparable to the one in run MU5AD.
The disc in the MU5I run stops increasing at about 200 au at
time 30 kyr. It shrinks after 30 kyr, which roughly corresponds
to the time when the destabilisation of the central part due to
high magnetic and thermal pressure is the strongest (the MHD
outflow stops being driven).
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Fig. 10. Evolution of angular momentum contained in the disc (solid
line) and in the outflow (dashed) in the magnetised models MU5I,
MU2AD, MU5AD, and MU5ADf. The symbols on the curves show
the time at which the sink mass is 10 M�.

We now focus on a puzzling observation: the disc radius
in the MU5I model is larger than the one in the MU5AD,
whereas one would expect ideal MHD to enhance magnetic brak-
ing and prevent disc formation (for the low mass star case, see
Hennebelle & Fromang 2008). Firstly, we stress that given our
initial conditions, the magnetisation corresponds to a weak field
case (µc = 50 for the MU5 runs). It is thus expected with such
low magnetisation that discs form even in the ideal MHD limit
(Commerçon et al. 2010; Seifried et al. 2012). Initially, for sink
mass <5 M�, we note that the discs are comparable in size what-
ever the MHD framework. Then, the disc is larger in the MU5I
case and is only a factor less than 2 larger than the MU5AD case,
with a maximum difference around 30 kyr. Secondly, we com-
pare the efficiency of the magnetic braking in the envelope for
the four magnetised models. We measured that magnetic braking
is (1) the main angular momentum transport mechanism in the
envelope, and (2) of the same order of magnitude in all models
(not shown here for readability). The surrounding of the disc is
highly ionised so that magnetic braking is efficient in the enve-
lope even in the resistive case (for the low mass case, see Lee
et al. 2021). The magnetic field amplitude measured in Fig. 2
is indeed of the same order in the envelope close to the disc
in all models (density close to 10−15 g cm−3). Instead, we find
that the amount of angular momentum carried out by the outflow
material varies a lot if ambipolar diffusion is taken into account.
Figure 10 shows the evolution of the angular momentum con-
tained in the disc and in the outflow as a function of the central
sink particle mass. The MU5ADf exhibits the highest angular
momentum since it is the model with a higher initial rotation
level. The disc angular momentum in the three other models is
similar within less than one order of magnitude. On the contrary,
the outflow carries angular momentum very differently depend-
ing on the MHD approximation. In the resistive case, the angular
momentum in the outflow increases continuously with the cen-
tral mass. In the MU5I case, the amount of angular momentum
follows what we previously observed for the outflow driving.
It first increases as soon as the outflow is launched, but it then
decreases when the sink mass exceeds '8 M�. It starts increas-
ing again at central masses >15 M� when the outflow is driven
again. In addition, if we focus on the ratio between the outflow
and the disc angular momentum, we see that it is smallest for
MU5I. As the outflow is driven mainly on disc scales, it indicates

that the outflow is less efficient extracting angular momentum
from the disc in the MU5I case. Since the magnetic braking on
the envelope is similar in all models, the angular momentum left
in the disc is largest in the MU5I case, and this explains why the
disc grows faster in this case. Last, we also note that the disc is
more diluted in the MU5I case, while the mass is similar (for
time less than 40 kyr). As a consequence, the disc grows.

3.4.2. Disc stability

We already noted that the discs experience gravitational insta-
bility and spiral arm formation. A useful parameter to quantify
the stability of the rotationally supported disc is the Toomre
parameter (Toomre 1964), defined as

Q =
Csκ

πGΣ
, (5)

where Cs is the gas sound speed, Σ is the disc surface density (in
g cm−2), and κ is the epicyclic frequency. For Keplerian discs, the
epicyclic frequency κ is equal to the angular velocity Ω, defined
as Ω = vKepl/Rdisc, with vKepl = (GMdisc/Rdisc)0.5. In the next para-
graphs and in Fig. 14, we show that the Keplerian rotation is a
good approximation in the disc.

We compute the Toomre parameter locally in the rota-
tion plane as Q(y, z) by averaging (mass-weighted) the sound
speed and the angular velocity over the disc height as follows
(assuming the rotation axis is the x-axis):

Ω̄(y, z) =
1

Σ(y, z)

∫
vθ(x, y, z)

r
ρ(x, y, z)dx. (6)

Figure 11 shows maps of the Toomre parameter Q in the rota-
tion plane for the disc material when the central sink particle
mass is 10 M�. The most unstable disc is found in the HYDRO
case, with almost all the disc material exhibiting Q < 1. On the
contrary, the disc in MU5I is stable everywhere. The extra sup-
port provided by magnetic fields makes the disc puffy, and the
density is thus lower, as seen in Fig. 8. In the resistive runs,
we see that the disc is stable in the outer part, while it is unsta-
ble in the inner part. The unstable regions correspond to the one
where the temperature and plasma beta are the highest. Interest-
ingly, we find that the size of the unstable region is very similar
between all the resistive runs and is about 100 au. We advise cau-
tion with regard to the size of the unstable region in the disc since
its absolute value can be affected by our choice to neglect the
accretion luminosity and of the isotropic FLD irradiation (e.g.
Mignon-Risse et al. 2020).

We note that we do not take into account the Alfvén velocity
in the Toomre parameter estimate as in Kim & Ostriker (2001)
or Vaytet et al. (2018). The disc in the cases with ambipolar dif-
fusion or without magnetic fields are dominated by the thermal
pressure, so we can neglect the magnetic support. On the con-
trary, we may nevertheless underestimate the Toomre parameter
in the MU5I model where the Alfvén speed is found to be slightly
higher than the sound speed (see Fig. 14). This would, however,
not change our results since the disc in MU5I is already the most
unstable.

3.4.3. Properties of the magnetised discs

In this section, we focus on the properties of the disc formed in
the magnetised models. In particular, we discuss the fundamen-
tal differences between the ideal MHD and the resistive runs.
Figure 12 shows the plasma β in the disc and close envelope
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Fig. 11. Maps of Toomre parameter Q in the rotation plane when the sink mass is ≈10 M� for the runs HYDRO, MU5I, MU2AD, MU5AD,
and MU5ADf, from left to right. Only the disc material is used to compute the Toomre parameter as explained in the main text. The colour map
indicates the logarithm of Q, with blue (respectively red) indicating Q < 1 (respectively Q > 1) regions.

Fig. 12. Plasma β for MU5I (left) and MU5AD (right) runs at the same
times as in Fig. 8. Top (bottom) row: edge-on (face on) cut. Scales of β
are logarithmic.

when the sink mass is 10 M� for the runs MU5I and MU5AD. In
the ideal MHD run, all the disc region exhibits β < 1; that is, it
is dominated by the magnetic pressure. On the contrary, the disc
in the MU5AD run shows β � 1 in the inner disc region; that is,
it is dominated by the thermal pressure by more than two orders
of magnitude. The magnetic pressure is thus negligible when the
disc evolves at early times if ambipolar diffusion is active. We
note that similar results are found in the low-mass star forma-
tion regime (Masson et al. 2016; Lam et al. 2019; Hennebelle
et al. 2020b), with discs in the resistive models dominated by the
thermal pressure. These results have been further confirmed in
Mignon-Risse et al. (2021b), where we run similar models with
ambipolar diffusion but account for initial turbulence and using
a better irradiation scheme.

Figure 13 shows the mean density, the Toomre parameter,
and the density-averaged plasma β radial profiles within the
disc. We take the arithmetic mean weighted by the density as a
function of the radius, averaging over azimuths and height. The
density profiles are broadly similar in the models with ambipo-
lar diffusion, with a trend of increasing density with time in the
models with slow rotation (MU2AD and MU5AD). The density
profile is shallower in the MU5ADf run, the disc being more

massive and also more extended. In the MU5I run, the disc inner
density is lower than in the resistive runs, which is a consequence
of the extra support provided by the toroidal magnetic pressure
that lifts the gas in the vertical direction. We also note that
the vertical column density is also lowest in the MU5I at radii
<100 au. The corresponding plasma β shows essentially opposite
features between ideal and resistive MHD. In the resistive runs,
the inner parts of the disc have β > 1, as already mentioned.
Interestingly, the largest β is found in the fast rotation model
MU5ADf, probably a consequence of the smaller accretion rate
of the sink and the disc which allows more time for ambipo-
lar diffusion to operate before reaching 10 M� (see Table 2). In
the MU5I case, the disc is dominated by magnetic pressure for
sink mass <20 M�. The Toomre parameter also shows opposite
behaviour. It is larger than 1 at all radii in the MU5I run. In
the resistive runs, it is less than unity in the inner region of the
disc and larger than unity in the external parts. The size of
the unstable region tends to increase with time, in particular in
the MU5AD case.

We now investigate the properties of the velocity and mag-
netic fields in the disc. To quantify the relative importance of
ambipolar diffusion over other dynamical effects, we define
the Elsasser number for ambipolar diffusion Am as the ratio
between the rotation time Ω−1 and the ion-neutral collision time
tin = ηADc2/(4πv2

A):

Am =
4πv2

A

c2ηADΩ
, (7)

where Ω is the Keplerian rotation frequency.
Figure 14 represents the radial profiles within the disc of the

mean velocities and magnetic field components for the MU5I,
MU5AD, and MU5ADf runs. In addition, we show the mean
Elsasser number profile in the magnetic component plots of the
resistive runs (right axes). The averaging is done the same way
as in Fig. 13. In all the models, the velocity is dominated by
the azimuthal component, which matches the Keplerian velocity
very well throughout the disc. The radial and vertical compo-
nents are negligible. As expected, the β > 1 (respectively < 1)
regions exhibit Alfvén velocities smaller (respectively larger)
than the sound speed. The magnetic field topology in the MU5I
is clearly dominated by the toroidal component at all masses.
On the contrary, the vertical component dominates in the inner
part of the disc in the resistive runs. This result is in agreement
with what we find in previous work in the context of a low-mass
star (Masson et al. 2016; Hennebelle et al. 2016, 2020b) in the
regions where ambipolar diffusion is very efficient at decoupling
the gas from the magnetic fields. In the external parts of the disc,
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Fig. 13. Mean radial profiles of density (top), Toomre parameter (bottom, dotted line), and plasma β (bottom, solid line) at different times for the
MU5I, MU2AD, MU5AD, and MU5ADf runs, from left to right.

however, the toroidal component dominates. These regions cor-
respond roughly to an Elsasser number Am > 1, meaning that
ambipolar diffusion is not the dominant process in the external
parts of the disc. One can define two disc radii here: the centrifu-
gally supported structure, as defined in Sect. 2.5, and the radii at
which ambipolar diffusion is not the dominant process, that is,
where the magnetic fields start being wrapped up by rotational
motions.

Figure 15 shows the distribution of the Toomre parameter as
a function of the Elsasser number in the disc for the MU5AD run
when the sink mass is 15 M�. We see a good correlation between
the increasing Toomre parameter and the Elsasser number. In
particular, most of the disc material that is Toomre-unstable
exhibits Am < 1. On the contrary, the stable regions of the disc
are mostly not dominated by ambipolar diffusion.

To summarise, we find that the magnetic field topology and
amplitude change dramatically when resistive MHD is consid-
ered compared to the ideal MHD case. Importantly, the inner
region of the discs in the resistive models are gravitationally
unstable and dominated by the thermal pressure and by resis-
tive effects, with an essentially vertical magnetic field and an
Elsasser number Am < 1. The outer parts of the disc are gravita-
tionally stable and exhibit a toroidal magnetic field with a large
magnetic pressure dominating over the thermal one (β > 1), and
Am> 1.

4. Discussion

In this section, we first discuss the mechanisms that regulate the
disc formation and early evolution in the resistive runs. Then, we
compare our findings to previous work in both the low- and high-
mass star formation regime and detail the limits of our current
study and numerical framework.

4.1. Is the disc size regulated by ambipolar diffusion?

The disc properties we have reported so far are dependent on the
physics included and the initial level of rotation. While analyti-
cally estimating the centrifugal radius in the hydrodynamic case
is straightforward, it becomes more heavily physics-dependent
when magnetic fields are taken into account because of magnetic

braking and magnetic diffusion processes. Hennebelle et al.
(2016) propose a semi-analytical model to estimate the size of
the disc in the case of a flow dominated by ambipolar diffusion.

The disc radius inferred by Hennebelle et al. (2016) corre-
sponds to the radius at which the ambipolar diffusion starts to
take over all other dynamical processes (induction, rotation, and
freefall). It reads

RAD = 18 au× δ2/9
( Bz

0.1 G

)−4/9 (
ηAD

0.1 s

)2/9
(

M? + Mdisc

0.1 M�

)1/3

, (8)

where Bz and ηAD are the vertical magnetic field amplitude and
the ambipolar resistivity evaluated at the disc radius. The param-
eter δ corresponds to a normalisation parameter with respect
to the singular isothermal sphere profile (SIS, Shu 1977). In
Fig. 13, we estimate a difference between the measured den-
sity profiles and the SIS of roughly two orders of magnitude.
Since the rotation and the magnetic pressure also participate in
the establishment of the density profile (e.g. Hennebelle et al.
2004), we assume that δ is of the order of a few. For the sake of
simplicity, we take δ= 1 hereafter since the dependency of the
analytic estimate scales as δ2/9.

Figure 16 shows the evolution of the ratio of the disc radii
measured in the MU2AD, MU5AD, and MU5ADf runs over the
analytical prediction computed following Eq. (8). The agreement
is within less than a factor of 2 for the slow rotation models,
while it increases up to a factor larger than 3 in the fast rotat-
ing MU5ADf run at masses larger than 8 M�. Indeed, the disc
part in which the Elsasser number Am > 1 in the MU5ADf
run is much larger than the one in the MU5AD one. At radii
>100−200 au, the rotation time becomes longer than the ion-
neutral collision time (Am > 1), meaning that the magnetic
fields and the neutral are well coupled (through the collisions
with ions) and a toroidal component is efficiently generated by
the differential rotation. We show in Fig. 14 that the toroidal
magnetic field component strongly dominates over a large frac-
tion of the disc in the MU5ADf run for sink masses >5 M�.
In the outer disc, the Alfvén velocity is also comparable to the
sound speed, which indicates the importance of the toroidal mag-
netic pressure support. Equation (8) is valid in the region where
ambipolar diffusion is efficient in preserving the generation of
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Fig. 14. Mean radial profiles of the velocities and magnetic field components for the MU5I (first two rows), MU5AD (rows 3 and 4), and MU5ADf
(rows 5 and 6). The time (and sink mass) increases from left to right. In the velocity plots, we represent the radial velocity Vr (thick red line),
azimuthal velocity Vφ (thick green), vertical velocity Vz (thick blue), Alfvén velocity VA (dashed blue), sound speed Cs (green cross), and Keplerian
velocity VK = (GMsink/R)0.5 (red cross). In the magnetic component panels, we show the logarithm of the absolute value of the radial component Br
(thick red), the toroidal component Bφ (thick green), vertical component Bz (thick blue), as well as the ambipolar diffusion Elsasser number Am.

toroidal magnetic fields by the differential rotation. Clearly, the
analytical estimate does not apply in the outer regions of the disc
at late time, but rather on the inner part dominated by ambipolar
diffusion.

Ambipolar diffusion thus obviously regulates the disc for-
mation and early evolution, but then as the disc grows, the
ambipolar diffusion becomes negligible in the outer parts. This
being said, the plasma β remains of the order of unity, mean-
ing that the generation of toroidal field by differential rotation

remains limited compared to the ideal MHD case where the
toroidal fields dominate over more than one order of magnitude.

4.2. Characteristics of the star-disc-outflow system and
observational prediction

In this section, we summarise the characteristic features we
observed in our models, depending on the physics included. We
restricted our analysis to the period that we covered in this study,
prior to a stellar mass of 20 M�.
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Fig. 15. Histogram of the Toomre parameter Q as a function of the
Elsasser number Am in the disc for the MU5AD model when the sink
mass is 15 M�. The Toomre parameter is computed as explained in the
main text, as a function of the position (r, θ) in the rotation plane. For
each position, the Elsasser number is averaged over the disc height.
The colour coding indicates the column density. The vertical (resp.
horizontal) line shows the Am = 1 (resp. Q = 1).

Fig. 16. Ratio of disc radius measured in the models with ambipolar
diffusion (MU2AD in green, MU5AD in blue, and MU5ADf in yellow)
and the analytical prediction of Hennebelle et al. (2016) as a function of
the total sink and disc mass.

First, in the hydrodynamical case, we observed that the
disc is the largest, the most massive, and the most gravitation-
ally unstable. A very weak outflow is formed (height of a few
100s au), in which the gas is accelerated by the radiative force.
This picture does not change qualitatively if we account for a
more realistic irradiation scheme, thanks to which the radiative
outflow can expand further away as a consequence of a larger
radiative acceleration (Mignon-Risse et al. 2020).

Second, in all our magnetised models, a system made of a
star, a disc, and an outflow is formed. For stellar mass M? <
20 M�, the outflow has a mass of 2–10 M� and can extend up to
a few tens of thousands of au. The outflow is essentially made of
gas accelerated by magnetic processes and is self-collimated by

magnetic fields. The magnetic field in the outflow is thus essen-
tially toroidal. The fact that both the ideal and resistive cases
share the same properties for the early evolution of the outflow
lead us to think that the outflow is generated in the upper layers
of the disc, where ionisation is high.

For the disc, one should distinguish the ideal run from the
resistive runs that exhibit opposite features. On the one hand,
in the ideal case, the disc is puffy, supported by the magnetic
pressure, and gravitationally stable. The magnetic field is essen-
tially toroidal throughout the disc. On the other hand, the disc
in the resistive runs is thinner and supported mostly by the ther-
mal pressure. One can distinguish two parts in the disc: the inner
region, which is gravitationally unstable where ambipolar dif-
fusion is dominant and the magnetic field is vertical, and the
outer disc, which is gravitationally stable and where ambipolar
diffusion is negligible and the magnetic field is mostly toroidal.

These characteristic features can then help us to determine
the important physical processes at play in the vicinity of mas-
sive star forming region. If a collimated outflow is observed in
objects less massive than 20 M�, then we predict that the outflow
would be accelerated by magnetic processes. Models neglecting
magnetic fields are unable to launch extended collimated out-
flows for this mass range. Second, the size of the disc can help
us to determine the importance of magnetic fields. We expect
a larger disc to form in the hydrodynamical case. Nevertheless,
here we discuss factors of approximately 2. In order to have a
clearer distinction, polarised emission observations of the disc
should help first to state the presence of magnetic field, and
second the importance of resistive effect (presence of a vertical
field).

It is worth noting that the plasma, beta, and magnetic topol-
ogy are key quantities that govern the subsequent evolution of
the disc (e.g. Fromang et al. 2007; Flock et al. 2011; Béthune
et al. 2017). Our models can help to put constraints on the ini-
tial conditions for further studies looking at the evolution of the
protostellar disc as it is widely done for low-mass stars.

A step forward would be to provide synthetic observations
of dust emission and polarisation from our models, but this
goes beyond the scope of this paper. In Sect. 4.4, we provide
a brief qualitative comparison between our models and recent
observations.

4.3. Comparison with previous work

Multi-dimensional simulations of massive stars including hydro-
dynamics and radiative transfer have been performed for about
twenty years. Yorke & Sonnhalter (2002) presented 2D axisym-
metric calculations of the collapse of slowly rotating massive
cores of mass ranging from 30 to 120 M� and compare the
results obtained with a grey irradiation to the ones obtained with
a frequency-dependent model. They accounted for the internal
luminosity of the forming protostars, as well as the accretion
luminosity (total luminosity). They show that the final mass of
the protostar can be increased by a factor of 2 when accounting
for multi-frequency radiative transfer (42.9 M� against 22.9 M�).
They showed that massive stars can be formed via accretion
through a disc. The anisotropy of the radiative flux due to this
disc is called the flashlight effect and is enhanced with the effects
of frequency-dependent radiation transfer. Kuiper et al. (2011,
2012) extended this work using 3D models with a hybrid method
to treat the frequency-dependent irradiation coming from the
central star. They confirm the importance of the frequency-
dependent irradiation as well as the flashlight effect, which helps
to form massive stars via disc accretion. In addition, they show
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that the expanding cavity is radiation-pressure-dominated and
remains stable over time, which is consistent with our results in
the hydrodynamical case, although we used a grey irradiation.

Krumholz et al. (2007) performed 3D AMR RHD simula-
tions of the collapse of 100–200 M� turbulent massive cores
accounting for the total luminosity of the forming protostars
with a grey radiative transfer. They find that radiative feed-
back has a dramatic impact on the dynamics of the collapsing
clouds by heating the gas and preventing it from strongly frag-
menting. They report the formation of unstable discs of size
≈500 au around the massive protostars that are able to chan-
nel mass inward very rapidly due to large-scale gravitational
instability. Krumholz et al. (2009) later showed that the cavi-
ties driven by the radiative pressure may be unstable to radiative
Rayleigh-Taylor instability (RTI), which helps to channel the gas
onto the massive protostars through filaments that self-shield
against radiation. Rosen et al. (2016) extended this work using
a frequency-dependent irradiation scheme and confirmed the
development of RTI. Our results in the hydrodynamical case do
not exhibit RTI development. In a companion work, Mignon-
Risse et al. (2020) show that the radiative outflow cavity is stable,
because the gas velocity through the interface of the cavity is
large enough to prevent the development of RT instabilities if
one accounts for a more accurate irradiation scheme. We note
that our results are consistent with those of Klassen et al. (2016),
who presented 3D AMR RHD simulations with a hybrid radia-
tive transfer solver. They find stable bubbles expanding through
radiation pressure, as well as large protostellar discs that grow
rapidly and become Toomre unstable. The disc does not frag-
ment but forms spiral arms and channels material onto the star at
an accretion rate of a few 10−4 M� yr−1 in the case of a 100 M�
core.

Nevertheless, the picture of the outflow launching and disc
formation change dramatically when magnetic fields are taken
into account. The disc is more stable and the magnetic outflow
develops much earlier than the radiative one. The magnetic out-
flows develop quickly; that is, before radiation dominates the
acceleration, on a scale of tens of thousands of au, and it is
well collimated. The magnetic outflow thus creates a channel
in which the intense radiation of the forming protostars radia-
tion will efficiently escape. This result was indeed anticipated
in models accounting for sub-grid protostellar outflow mod-
els on top of the protostellar irradiation, where radiation can
escape easily in the outflow channel (e.g. Krumholz et al. 2005;
Cunningham et al. 2011; Kuiper et al. 2015). The theoretical
framework for the development of the radiative Rayleigh-Taylor
instability in the presence of magnetic fields is at present miss-
ing from the literature. In addition, we should point out that our
results remain limited to the very early stages, when the cen-
tral mass is <20 M�. Additional work, pushing time integration
towards higher masses should be carried out in order to properly
address the development of the RTI.

Cunningham et al. (2011) presented similar AMR simula-
tions to Krumholz et al. (2007) but included the feedback effects
of protostellar outflows using a sub-grid model, on top of the
protostellar radiative heating and radiation pressure exerted on
the infalling gas. They showed that the protostellar radiation
focused in the direction of protostellar outflow cavities is suf-
ficient to prevent the formation of radiation pressure-supported
circumstellar gas bubbles. Kuiper et al. (2015) presented 2D
axisymmetric simulations including both the radiative feedback
and protostellar outflow from massive stars via sub-grid models.
They show that the kinematic feedback is predominant at early
times, whereas the radiative acceleration becomes significant at

later times. The outflows open a cavity extending to the core edge
in which the radiation escapes. The outflows extend the flash-
light effect from the disc scale to the core scale and help to form
more massive stars. Overall, we confirm these results, but the
outflows we reported in this study are self-consistently launched
by magnetic processes.

To evaluate the effect of magnetic fields, Seifried et al. (2011,
2012) presented 3D MHD simulations of collapsing 100 M�
cores in the ideal MHD approximation and neglecting the pro-
tostellar radiative feedback. They found that for weak magnetic
fields (µ > 10), well-defined Keplerian discs with sizes of a few
100 au are formed, whereas their formation is suppressed for
strong magnetic fields (µ < 10) due to a very efficient mag-
netic braking. At first sight, this result seems contradictory to
our finding in the MU5I run. We explain this by the large central
mass-to-flux ratio used in our models (µc = 50 for MU5 mod-
els), while they set up a non-uniform magnetic field with a larger
amplitude in the centre than ours (>500 G versus '70 µG).
The accretion rates they observed are of the order of a few
10−4 M� yr−1. The outflows observed in their simulations are
launched by magneto-centrifugal acceleration, which are initially
poorly collimated and are then better collimated over time due
to the development of fast jets. On the disc scales, Myers et al.
(2013) performed 3D AMR ideal MHD simulations of collapsing
turbulent and magnetised 300 M� massive cores, with a maxi-
mum resolution of 10 au. They include radiative transfer with a
grey FLD approximation, as well as radiative protostellar feed-
back. They report the formation of Keplerian discs, with a radius
of 40 au when the sink mass is 3.5 M�. In the MU5I model, we
measured a disc size of '75 au at the same sink mass, which
is fairly similar given all the differences between the numer-
ical setup of Myers et al. (2013) and our own. Interestingly,
they reported the presence of episodic outflows of velocities
'10 km s−1, which become stronger once the sink mass is larger
than 20 M�. The outflow velocity, as well as the episodic feature,
are very consistent with our findings in the MU5I model. Alto-
gether, our results using the ideal MHD approximation compare
well with the literature. This strengthens the importance of resis-
tive effects on the early evolution of discs and outflows in young
massive protostars.

Matsushita et al. (2017) studied 3D collapse using resistive
MHD (Ohmic resistivity) and a barotropic equation of state to
mimic the thermal behaviour of the collapsing gas. For strong
magnetic fields, they find that magnetically driven massive out-
flows are launched, whereas they are subdued or absent for weak
magnetic fields. In addition, in the weakly magnetised case, they
show that fragmentation occurs and prevents the formation of
massive star. The outflows they report have a wide opening
angle at the disc scale and a collimated structure at large scales,
similarly to what we present in this study. Kölligan & Kuiper
(2018) presented 2D axisymmetric simulations of the collapse
of 100 M� dense cores using Ohmic diffusion and an isother-
mal equation of state. They had a higher resolution than ours
(∆x = 0.09 au, sink cell size of 1 au) and integrated up to a
central sink mass >50 M�. They report disc and outflow forma-
tion, in a similar qualitative picture to the one presented in the
resistive runs of this study. The disc size they report is larger
than ours (>1000 au), but given the differences in numerical
methods (dimensionality, grid) and physics included (Ohmic ver-
sus ambipolar diffusion), it is not clear what the main reason
for this difference is. Further comparison work is required. For
the outflow, Kölligan & Kuiper (2018) reported the formation
of a magneto-centrifugally launched, highly collimated central
jet and a slow, wide-angle magnetic-pressure-driven tower flow.
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The latter component is launched in the outer disc and domi-
nates the angular momentum transport, similarly to what we find
in Fig. 10. We note that we do not retrieve the high-velocity
jet component reported by Kölligan & Kuiper (2018) in our
results, which is certainly due to our limited numerical reso-
lution that does not allow us to reach a high rotation velocity.
Indeed, the ejection velocity is linked to the (Keplerian) rota-
tion velocity in the standard theory of outflow launching (e.g.
Spruit 1996). While we did not investigate the exact origin of
the magnetic outflow (magnetic tower or magneto-centrifugal
acceleration), we confirm that even in the presence of radiative
feedback, the development of magnetised outflows is ubiquitous,
as first demonstrated by Banerjee et al. (2006). We refer readers
to Mignon-Risse et al. (2021a) for a comprehensive study of the
outflows in similar models. For the disc, our results confirm that
disc can form, even in the ideal MHD regime. We are the first
to study its structure in detail depending on the physics taken
into account (magnetic field topology, plasma beta). In particu-
lar, we demonstrate that the results of low-mass models can be
extended to higher mass and that resistive effect change com-
pletely the properties of the disc (aspect ratio, stability). Further
work is needed, as for instance the inclusion of the two other
resistive effects, the Ohmic diffusion and the Hall effect, which
are found to influence disc formation in the low-mass regime
(e.g. Tsukamoto et al. 2015; Vaytet et al. 2018; Marchand et al.
2019; Zhao et al. 2020).

Our centrally condensed initial conditions, which are similar
to those used in other works (Krumholz et al. 2009; Seifried et al.
2011; Mignon-Risse et al. 2021b), do not favour fragmentation.
Our results regarding fragmentation are thus strongly biased by
this choice, and only disc fragmentation is expected to occur.
The fragmentation we report in this study is consistent with pre-
vious studies. In the HYDRO run, a binary system is formed
from disc fragmentation with most of the mass going in the pri-
mary fragment, similarly to what has been reported in Krumholz
et al. (2007). In the ideal MHD case, we did not report fragmen-
tation because of the extra support provided by magnetic fields.
This result is consistent with that of Seifried et al. (2011) for a
strong field case. For the resistive runs, the discs are gravitation-
ally unstable in the inner regions but do not fragment. Similar
results are reported in Matsushita et al. (2017) and Mignon-Risse
et al. (2021b) in the aligned case. We note that Mignon-Risse
et al. (2021b) report disc fragmentation in the case where initial
turbulence is super-Alfvénic. Regarding fragmentation, further
time integration is also required in order to investigate the disc
stability evolution as the central star becomes more massive.

Last, we did not take into account turbulence or misalign-
ment in our initial setup, whereas numerical experiments in
the literature have proven that they affect the magnetic brak-
ing efficiency and enable the formation of Keplerian discs (e.g.
Hennebelle & Ciardi 2009; Santos-Lima et al. 2012; Joos
et al. 2012, 2013; Seifried et al. 2013). In Mignon-Risse et al.
(2021b,a), we present an extension of the present models with
ambipolar diffusion, where we include turbulence in the initial
setup, as well as a more accurate scheme for stellar irradiation
based on Mignon-Risse et al. (2020). We show that the disc
properties remain unchanged because ambipolar diffusion dom-
inates in the inner disc. Regarding fragmentation, sub-Alfvénic
models of Mignon-Risse et al. (2021b) do not fragment as the
ones in the present study do, but super-Alfvénic models lead to
disc fragmentation and binary formation. Interestingly, the prop-
erties of the discs surrounding each star in the binary system
remain very similar to what we report here. Regarding outflows,
Mignon-Risse et al. (2021a) showed that the outflow remains

magnetically driven at early stages in sub-sonic models, even if
the contribution of the radiative acceleration increases thanks to
the hybrid irradiation scheme that better addresses stellar pho-
tons. We note, however, that the outflow launching is strongly
perturbed in the case of initial supersonic turbulence.

4.4. Comparison with observations

Massive star formation regions are usually observed at distances
greater than 1 kpc, which limits the resolution of such observa-
tions. Very few disc candidates in young, massive star forming
regions have thus been reported in the literature (for a review, see
Beltrán & de Wit 2016; Rosen et al. 2020). We review a few of
them in the following section and compare with our results.

Ahmadi et al. (2018) studied the fragmentation and kinemat-
ics of the high-mass star forming region W3(H2O) and found
indications for possible disc fragmentation on 1000 AU scales.
In all our model, we do not report such a wide fragmenting disc.
The most favourable case to compare with this work would be
the HYDRO case because of the large disc radius, but it does not
reproduce the observed highly collimated and massive (10 M�)
outflows reported by Zapata et al. (2011) in W3(H2O). We must
stress, however, that our initial conditions were not chosen to
be favourable to disc fragmentation because of the low initial
rotation level. The influence of initial turbulence should also be
investigated for that purpose.

More recently, Motogi et al. (2019) reported ALMA obser-
vation of a young high-mass protostellar object (10 M�, no
ultra-compact HII region), accreting at about 10−3 M� yr−1, of
which the characteristics are very consistent with the early evo-
lutionary scenario of a low-mass protostar. From dust continuum
emission, they report a disc mass of 2−7 M� and a disc size
of 250 au, which is associated with a lower limit of 0.4 for the
Toomre parameter. Altogether, this observation is very consis-
tent with our models including ambipolar diffusion, though their
estimated protostellar age (104 yr) is relatively shorter.

Patel et al. (2005) found a rotating disc-like structure of mass
1–8 M� and size 330 au in Cepheus A HW2 centred on a mas-
sive 15 M� protostar. Fernández-López et al. (2016) reported
polarised emission observations from this disc-like structure and
found an indication of either a uniform magnetic field thread-
ing the disc (polarised emission) or of grain growth up to a few
tens of µm in size within a few 104 yr (scattering). They exclude
the possibility of polarised emission coming from a toroidal
field. On top of this, Vlemmings et al. (2006) measured mag-
netic field strengths in the HW2 disc area ranging from 100
to 600 mG. Overall, this object is again very consistent with
the models integrating ambipolar diffusion we present here: a
moderate magnetisation at the disc border (10–100 mG) and a
rather uniform vertical field in the inner disc, contrasting with
the stronger magnetisation and the toroidal field found in the
ideal MHD case.

Last, a couple of recent observations report Keplerian
motions associated with compact sources (discs?) in young mas-
sive protostars thanks to the ALMA interferometer. Maud et al.
(2019) presented observations of the G17.64+0.16 young massive
protostar ('45 M�) that revealed a disc of size '120 au associ-
ated with Keplerian rotation. Similarly, Ginsburg et al. (2018)
reported Keplerian rotation and a disc size of 50 au around the
Orion SrCI source ('15 M�). These observations are consis-
tent with the disc size we report in the MU2AD and MU5AD
runs. Johnston et al. (2015, 2020) report near-Keplerian rotation
associated with a disc size of 1000 au in the massive proto-
star AFGL4176mm1. The disc exhibits sub-structures (possibly
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spiral arm), and its stability analysis shows that it is gravitation-
ally unstable. Only the HYDRO run in our models can lead to
such a large disc radius. However, Mignon-Risse et al. (2021b)
showed that if initial supersonic and super-Alfvénic turbulence
are considered, such large rotating and unstable structures can
form in magnetised models with ambipolar diffusion (see their
Fig. 8).

This qualitative comparison remains highly biased towards
high-resolution observations of massive star disc candidates,
which allows us to directly probe and resolve the disc scales in
order to compare with our models. A more careful and quantita-
tive analysis, including synthetic observations for a side-by-side
comparison, is clearly required but this goes beyond the scope of
the current paper.

4.5. Limits of the model and future work

We identified two types of limits that may affect the generali-
sation of our conclusions. The first comes from the numerical
methods we used, and the second is about the initial conditions
and parameter space exploration.

First, we used an aggressive merging scheme for the sink
particles, meaning that every sink particle that enters the accre-
tion radius of another, more massive one is immediately merged.
We purposely chose to merge all the overlapping sink in order
to favour mass accretion and the formation of massive stellar
sources. We reported the formation of secondary sink particles
in the HYDRO run, but most secondary ones were merged with
the central one within a few hundred years, and the mass of the
accreted secondary sink particles remained small compared to
the central one (more than a factor of 10 in mass). The HYDRO
run ended in a binary system and a secondary sink of mass
'0.01 M� was ejected from the disc. In all magnetised models,
the system ended in a single star without secondary sink forma-
tion. The second limitation comes from the grey FLD irradiation
scheme we used. It has been shown in the literature that aver-
aging over frequencies and using only the zeroth moment of the
radiative transfer equation can underestimate the radiative force
by two orders of magnitude (e.g. Kuiper et al. 2012). Besides
this, the isotropic FLD irradiation scheme is also expected to
have an effect on the disc radial temperature profile, which might
then affect the disc stability. In a recent methodological paper,
Mignon-Risse et al. (2020) proposed an improvement of the irra-
diation scheme using the M1 moment models to handle stellar
irradiation (Rosdahl et al. 2013; Rosdahl & Teyssier 2015). We
note that the recent work of Mignon-Risse et al. (2021b,a) inves-
tigate the effect of a better irradiation scheme combined with
ambipolar diffusion and initial turbulence. They confirm our
results qualitatively, in particular on the relative importance of
the magnetic versus radiative accelerations up to M? ' 20 M�,
and on the magnetic properties of the discs.

Third, we did not explore the influence of the fraction of
the incident kinetic energy radiated away, that is, the accretion
luminosity. This choice was motivated by the large uncertain-
ties that remain in order to propose a coherent model to set the
accretion luminosity. Recent radiation-(magneto)hydrodynamic
simulations of protostellar core formation indicate that the accre-
tion shock onto the protostar at the early stages is a subcritical
radiative shock, meaning that all the incident kinetic energy is
transferred to the protostar and not radiated away Vaytet et al.
(2013, 2018); Bhandare et al. (2020). This result applies for the
very early stages of protostellar core formation, and the extrap-
olation of this properties to PMS evolution is very uncertain.

Baraffe et al. (2009) computed PMS evolution of young low-
mass protostars (up to 1 M�) and showed that an evolution
including the effects of episodic accretion at the stellar scale can
explain the observed luminosity spread in H-R diagrams of star
forming regions, provided that the accretion is cold, meaning that
a significant fraction of the accretion energy is radiated away.
These results need to be extended to massive young protostars,
however. Moreover, Hennebelle et al. (2020a) show that includ-
ing the instantaneous full accretion luminosity provides strong
heating so that the measured sink mass function in a numerical
experiment becomes top-heavy and is not in agreement with the
observed stellar initial mass function. Last, the internal luminos-
ity from the massive young protostar is expected to exceed the
accretion luminosity for M? � 8 M� (e.g. Hosokawa & Omukai
2009), which is the regime we target in this study. Given the large
uncertainties, we do not consider any accretion luminosity here
and postpone the exploration of its influence in future studies. In
addition, further work should include a detailed study on the way
to properly account for the energy radiated away down to proto-
stellar scales, but this goes far beyond the scope of the present
study.

Then, we only explore a narrow range of initial conditions:
aligned rotator (magnetic fields and rotation axis are parallel)
and only two magnetisation and rotation levels. It has been
shown in the context of low-mass star formation that mis-
alignment and turbulence greatly affects the formation of a
protostellar disc (Hennebelle & Ciardi 2009; Joos et al. 2012,
2013; Santos-Lima et al. 2012; Masson et al. 2016). Besides this,
the initial density profile may also drastically affect the fragmen-
tation of the collapsing massive cores (Girichidis et al. 2011; Lee
& Hennebelle 2018). The parameter space exploration will be
performed in future works in order to test the resilience of our
findings on the mechanisms governing the accretion and ejection
processes in young massive stellar objects.

Last, we assume that dust and gas are both dynamically
and thermally perfectly coupled. It has recently been shown
in numerical simulation work that dust and gas may decouple
dynamically in collapsing dense cores with efficient dust enrich-
ment for grains larger than 10 µm (Bate & Lorén-Aguilar 2017;
Lebreuilly et al. 2019). There is also growing observational evi-
dence of large grains in the vicinity of collapsing cores, both in
the low- and high-mass regimes (Fernández-López et al. 2016;
Sadavoy et al. 2018; Galametz et al. 2019; Valdivia et al. 2019). In
addition, dust is the main opacity source, so protostellar irradia-
tion primarily couples with the dust and then the gas via the drag.
Furthermore, Hoang (2021) recently suggested that the effects
of grain rotational disruption by radiative torques in young mas-
sive protostars can lead to the destruction of micron dust grains,
which results in a reduction of radiation pressure opacity. Last
but not least, dust growth is expected to quantitatively change the
non-ideal MHD resistivities, which may also amplify the effect
of ambipolar diffusion, for instance (Zhao et al. 2016; Guillet
et al. 2020). Future studies following the differential dynamics of
the dust and gas mixture, coupled with magnetic fields evolution
and radiation transport, are naturally the next step forward.

5. Conclusion

We present a first suite of 3D numerical simulations integrating
the combined effect of protostellar evolution and ambipolar dif-
fusion in the context of the early evolution of massive protostars
(up M? ' 20 M�). We compared the effect of magnetic fields
with respect to a pure hydrodynamical case. Then, we explored
the impact of the physics (ideal versus non-ideal MHD) and of
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the initial conditions (magnetisation and rotation level) on the
formation of the star-disc-outflow system.

First, we find that the magnetised models differ dramatically
from the hydrodynamical one, with different mass-accretion
rates and particularly mass-ejection rates. A disc is formed in
all our models, but again with quantitative differences on the
mass and radius between hydrodynamical and MHD models.
More importantly, the magnetic properties of the disc formed
in the non-ideal MHD framework are opposite to an ideal MHD.
While the latter case exhibits strong toroidal fields throughout
the disc, with plasma β < 1, the non-ideal MHD inner discs
are dominated by the thermal pressure (β > 1). In addition,
these discs are threaded by a vertical field in their inner parts
(≤100−200 au) and generate a toroidal field in the outer parts via
differential rotation. Correspondingly, the inner regions of the
disc in the resistive runs are gravitationally unstable and domi-
nated by resistive effects, while the outer parts are gravitationally
stable and more coupled to the magnetic field’s evolution. This
result, as well as the disc radius, can be tested in future high
angular resolution observations. It also puts well-defined con-
straints on the initial conditions for the subsequent evolution of
(protoplanetary?) discs around massive stars.

Second, we find that the accretion-ejection is regulated by the
formation of discs and magnetised outflows that dominate mass
ejection in the early stages. Our results confirm that when out-
flows are self-consistently launched, the well-studied flashlight
effect (outflows create a channel for the radiation to escape at
large distances) still holds.

Magnetic fields and ambipolar diffusion dramatically affect
mass accretion and ejection and disc formation in the early stages
of massive star formation. Our analysis of the accretion and
ejection mechanisms at play in young massive protostars are a
scaled-up version of the one occurring within low-mass proto-
stars. The exploration of the initial parameter space deserves
further study in order to test the robustness of the accretion
and ejection magnetically regulated scenario, in particular in
the presence of initial turbulence. The effect of a more accurate
irradiation scheme, as well as the differential dynamics of dust
and gas, should be investigated in the near future. Moreover, our
results remain limited to the early stages of (very) massive star
formation, and further works need to be carried out for stellar
mass >20 M�.
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Fig. A.1. Mass evolution of the sink (top-left), disc (top-right), and out-
flow (bottom-left) as a function of time after sink creation, and of the
outflow as a function of the total disc+sink mass (bottom-right). The
different colour scales for different maximum levels of refinement `max
and resolution are as follows: 20 au (black), 10 au (red), 5 au (green),
and 2.5 au (blue).

Appendix A: Resolution convergence

In this section, we discuss the influence of the spatial resolu-
tion on our results. We ran three new models similar to MU5AD
but changed the maximum level of refinement `max of the AMR
grid. MU5AD has a `max = 15 corresponding to a finest resolu-
tion of 5 au. We ran simulations with `max = 13, `max = 14, and
`max = 16, corresponding to the finest resolution of 20 au, 10 au,
and 2.5 au, respectively. The sink accretion radius varies with
resolution and equals four times the finest resolution. Due to the
computational cost, the simulation with `max = 16 cannot be run
until long times and has only reached a sink mass of 7 M�.

Figure A.1 shows the evolution of the sink, disc, and outflow
for these four runs. The sink mass as a function of the sink age
(upper left panel) appears to be independent of the resolution.
Concerning the disc, its mass increases with time in all mod-
els but the lowest resolution one: `max = 13. The global trend is
an increasing disc mass with increasing resolution. As for the
outflow, its mass increases in time for each simulation, but its
growth rate is faster at coarser resolutions (opposite behaviour to
that of the disc mass). Interestingly, we measured outflow veloc-
ities that increase with the resolution. This further confirms the
magnetic origin of the outflow, which velocity scales with the
rotation velocity at its base. The fiducial value used in this paper
(`max = 15, 5 au) seems not to be converged quantitatively for the
disc and outflow mass. However, the finest resolution for all the
runs are computationally out of reach, and the qualitative results
are similar whatever the resolution. We therefore think that our
qualitative conclusions remain valid.

Appendix B: Dependence on the angular
momentum sub-grid model

In this section, we discuss the influence of the angular momen-
tum accretion in the sink algorithm on our results. In our
fiducial model, MU5AD, all the angular momentum of the gas

Fig. B.1. Mass evolution as a function of the sink age (left panel) or the
total mass (right panel) for the models with (red) or without (black) the
angular momentum accreted.

Fig. B.2. Density maps in the plane of the disc and perpendicular to it
for the model with no angular momentum accreted (top) and with all
the angular momentum accreted (fiducial model MU5AD, bottom).

is accreted onto the sink. We ran a new model where the angular
momentum is not accreted.

Figure B.1 shows the mass evolution of the different com-
ponents (sink, outflow, and disc) in the two simulations. The
sink mass grows faster when the angular momentum is accreted.
Indeed, in that case, the gas around the sink particle lowers its
angular momentum and then falls more easily on the sink. On the
contrary, the rotationally supported disc is favoured in the case
where the angular momentum is not removed. For the same rea-
son, the outflow, as it is generated by magnetic processes, is also
more massive and stronger with no angular momentum accreted.
This can also be seen in Fig. B.2, which shows the density maps
in the disc plane and perpendicular to it when the sink has a mass
of 10 M�. The morphologies are very similar, even if the disc is
larger when angular momentum is not accreted.
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