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ABSTRACT

Through the magnetic braking and the launching of protostellar outflows, magnetic fields play a
major role in the regulation of angular momentum in star formation, which directly impacts the
formation and evolution of protoplanetary disks and binary systems. The aim of this paper is to
quantify those phenomena in the presence of non-ideal magnetohydrodynamics effects, namely the
Ohmic and ambipolar diffusion. We perform three-dimensional simulations of protostellar collapses
varying the mass of the prestellar dense core, the thermal support (the « ratio) and the dust grain
size-distribution. The mass mostly influences the magnetic braking in the pseudo-disk, while the
thermal support impacts the accretion rate and hence the properties of the disk. Removing the grains
smaller than 0.1 gm in the Mathis, Rumpl, Nordsieck (MRN) distribution enhances the ambipolar
diffusion coefficient. Similarly to previous studies, we find that this change in the distribution reduces
the magnetic braking with an impact on the disk. The outflow is also significantly weakened. In
either case, the magnetic braking largely dominates the outflow as a process to remove the angular
momentum from the disk. Finally, we report a large ionic precursor to the outflow with velocities of

several km s~!, which may be observable.
1. INTRODUCTION

Star formation takes place in molecular clouds when
dense regions, the dense cores, undergo gravitational
collapse. The regulation of angular momentum (AM)
during this process is critical. In particular, the AM
is directly linked to the question of planet formation,
through the formation of a rotationally-supported pro-
toplanetary disk, and binary star formation by disk frag-
mentation. Numerous observations show that the AM
is not conserved during the star formation process and
that less than 1% of the dense core’s AM remains in the
final star system (Allen 1973; Goodman et al. 1993; Bo-
denheimer 1995; Ohashi et al. 1997; Maury et al. 2010;
Belloche 2013), mostly stored in the planets and com-
panions.

Early, this phenomenon has been explained by the
magnetization of the dense cores (Mestel & Spitzer
1956). Through magnetic braking, magnetic fields ex-
tract the AM from the rotating dense core and trans-
ports it into the surrounding interstellar medium (ISM).
While we focus on the protostellar collapse in this
study, the extraction of AM due to disk winds, photo-
evaporation and disk instabilities (e.g. the Magnetoro-

tational Instability, MRI) also occurs at later stages in
the protoplanetary disk.

The first studies including magnetic fields in star-
formation calculations (both analytical and numerical)
were based on ideal magnetohydrodynamics (MHD). In
this framework, the magnetic field is perfectly coupled
to the gas and undergoes no physical dissipation. The
results showed that with realistic magnetizations, dense
cores being slightly unstable against collapse (Crutcher
1999), the magnetic braking would remove a significant
amount of AM, actually preventing the formation of
large disks and strongly hindering fragmentation (Gillis
et al. 1974; Matsumoto & Tomisaka 2004; Galli et al.
2006; Price & Bate 2007; Hennebelle & Fromang 2008).
This issue is known as the magnetic braking catastrophe.
While the misalignement of the magnetic field with the
rotation axis, or some amount of turbulence can allevi-
ate the magnetic braking catastrophe (Joos et al. 2012;
Santos-Lima et al. 2012; Seifried et al. 2013; Krumholz
et al. 2013; Wurster et al. 2019), it became clear that
a more accurate description of the magnetic field was
necessary and that its decoupling to the gas could not
be neglected.
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The gas in dense cores is mostly composed of neu-
tral Hy and He, ~ 70% and ~ 28% by mass, respec-
tively (Draine 2011). The remaining 2 % is a mixture
of heavier atoms, molecules and dust grains, either neu-
tral or ionized. The charged species represent only a
fraction of 10~7 of the particles, but the ideal MHD as-
sumes that the collisional interactions between charged
and neutral particles allow the neutrals to couple to the
magnetic field whilst not being directly sensitive to the
Lorentz’s force. More realistically, non-ideal MHD ac-
counts for the decoupling between the magnetic field and
neutral species, as well as ions and electrons, through
the ambipolar diffusion, the Hall effect and the Ohmic
diffusion, respectively. In particular, ambipolar diffu-
sion allows the neutrals to slip through the field lines,
reducing the efficiency of magnetic braking. Nowadays
most studies use non-ideal MHD, which seems to solve
the disk and fragmentation issues of the magnetic brak-
ing catastrophe (Machida et al. 2006; Duffin & Pudritz
2008; Mellon & Li 2009; Li et al. 2011; Tomida et al.
2015; Wurster et al. 2016; Masson et al. 2016; Vaytet
et al. 2018).

Beside gas, dust grains are also an important compo-
nent of the ISM. These aggregates of molecules (mostly
carbon and silicates) account for 1% of the ISM mass.
Because their surface is a catalyst for chemical reac-
tions of gaseous species (e.g., Hocuk & Cazaux 2015),
and because they can hold up to several electric charges
(Draine & Sutin 1987), they influence the ionisation
equilibrium of the gas and the nature of the ionised
species. For these reasons, grains play a major role in
the coupling of the gas with the magnetic field, thus be-
ing a critical factor for non-ideal MHD effects. In the
diffuse ISM, the dust grain population is well described
by the Mathis, Rumpl, Nordsieck (MRN) size distri-
bution (Mathis et al. 1977), which is commonly used
in chemical calculations of non-ideal MHD resistivities
(Marchand et al. 2016; Wurster 2016; Koga et al. 2019;
Guillet et al. submitted). This distribution can evolve
during the protostellar collapse, during which the in-
creasing density promotes the growth of grains by accre-
tion or coagulation (Tielens & Hagen 1982; Rossi et al.
1991; Chokshi et al. 1993; Ormel et al. 2009; Dzyurke-
vich et al. 2017). These effects can reduce or remove
smaller size grains, which is supported by observational
evidences (Cardelli et al. 1989; Vrba et al. 1993). Mod-
eling and observing accurate dust size distributions is
however a difficult challenge, and assumptions have to
be made. Zhao et al. (2016) showed that the removal
of smaller grains from the MRN distribution enhances
the ambipolar coefficient, which effectively reduces the
magnetic braking and helps the formation of large disks.

The size distribution of grains is therefore an important
parameter of the AM regulation during protostellar col-
lapses.

Another mechanism that regulates the AM are the
bipolar outflows, that are widely observed (Cabrit &
Bertout 1992; Bontemps et al. 1996; Bacciotti et al.
2002; Tabone et al. 2017) or produced in numerical sim-
ulations (Ferreira et al. 2006; Higuchi et al. 2019). While
the ejection of low-density fast-rotating gas makes them
very efficient for the transport of specific AM, there is
however no consensus on whether outflows dominate the
magnetic braking to remove the normal AM from the
core (see for example Tomisaka 2000; Joos et al. 2012,
for two opposite conclusions).

In this study, we analyse the AM regulation in vari-
ous protostellar collapse simulations in the presence of
ambipolar diffusion with three varying parameters, i.e.,
the dense core mass, the thermal support and the grain
size distribution.

The paper is organised as follow. Our methods are de-
scribed in Section 2, the results are presented in Section
3, including analysis of the disk, outflow and AM trans-
port. We discuss our results in Section 4 and Section 5
is dedicated to conclusion.

2. SIMULATION SETUP
2.1. Theoretical framework

We solve the following MHD equations
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p is the gas density, u is its velocity, P is the ther-
mal pressure, B is the magnetic field, ® is the gravita-
tional potential, ¢ is the speed of light, ng and nap are
the Ohmic and ambipolar diffusion resistivities in s and
J = V x B is the electric current. We do not consider
the Hall effect in this study. The system is closed by
a simple barotropic equation of state (EOS) to mimic
the evolution of temperature in collapsing cores (Larson
1969; Masunaga & Inutsuka 2000)
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with To = 10 K, p. = 10713 g em™3 and v = 5/3.

T="T,

2.2. Initial conditions



Our setup follows the standard Boss & Bodenheimer
(1979) initial conditions of a spherical core in solid ro-
tation along the z-axis with an azimuthal density per-
turbation. We use a rotational energy to gravitational
potential energy ratio of 8 = 0.03. The density follows
a m = 2 azimuthal mode

p = poll + 6, cos(29)], (6)

with po the average density, , = 0.1 the amplitude of
the perturbation and ¢ the azimuthal angle. This ideal-
ized m=2 perturbation is commonly used to emulate the
low-m spiral arms produced by gravitational instability,
even in the presence of turbulence inherited from the
ISM at larger scales (Bate 2018). The magnetic field is
initially parallel to the rotation axis. Its strength is de-
fined using the mass-to-flux ratio over the critical value
(Mouschovias & Spitzer 1976)

M
- (7)
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where M is the mass of the core, @5 = TR3By is the
magnetic flux, Ry the initial core radius, By the initial
magnetic field strength and

M 0.53 5
(@B)cm - swﬁ ®)

is the critical value, with G the gravitational constant.
In all simulations, the initial mass-to-flux ratio of the
cloud is p = 5.

The varying parameters are the mass of the core (M =
2 or 5 Mg), the thermal to gravitational energy ratio
(o = 0.3 or 0.4) and the grain size distribution (see
Section 2.4). All cases are summarized in Table 1.

In this paper, we refer the “formation time of the first
Larson core” t¢ as the time at which the maximum den-
sity reaches 10713 g cm ™2, and “the first core” as all the
gas that exceeds that density. We define the protostellar
disk in the same manner as Joos et al. (2012), as the gas
verifying the following conditions

-p>38x10"" gcem™3,

- Uy > 2u,, with uy and u, the azimuthal and radial
velocities,

- ug > 2u,, with u, the velocity along the z axis,

2
- puT¢ > P to ensure that the gas is supported
against gravity by its centrifugal force rather than

the thermal pressure.

We also define an outflow as the gas verifying the two
following conditions

3

- The velocity is higher than the escape velocity,

2G M,

[la]| > wip = core where Meore 18 the mass

r

of the first Larson core and r the distance to the
center of first core.

- The radial velocity is positive u, > 0.

2.3. Numerical methods

The simulations are performed in 3D using the Adap-
tive Mesh Refinement (AMR) code RAMSES (Teyssier
2002), incorporating the constrained transport scheme
(Londrillo & del Zanna 2004; Fromang et al. 2006;
Teyssier et al. 2006) and the ambipolar and Ohmic dif-
fusion (Masson et al. 2012). We use the HLL Riemann
solver (Harten et al. 1983) with the minmod slope lim-
iter. The initial grid is uniform and contains 323 cells
(level 5 of refinement). Cells are then refined to ensure
at least 8 points per Jeans length at every location. The
stiff equation of state considerably slows down the col-
lapse and prevents the formation of the second Larson
core. Considering that the lifetime of the first Larson
core is typically a few thousands years (e.g., Vaytet
et al. 2013; Bhandare et al. 2018), we stop our simula-
tion 4 to 5 kyr after the formation of the first Larson
core. The maximum resolution reached in the simula-
tions is ~ 2 au (level 14 for M = 2 M, and level 15 for
M =5 Mg). The numerical error on angular momen-
tum conservation is of the order of few 10°! g cm? s7!,
which is less than 0.1% of the total angular momentum
and represents less than 10% of the angular momentum
of the disk. The numerical errors are therefore negligible
in our analysis.

2.4. Magnetic resistivities

In our monofluid description, the Ohmic and ambipo-
lar diffusion are controlled by their respective resistivity,
which are determined by the chemical environment. We
use the table of Marchand et al. (2016), which contains
the equilibrium abundances of a reduced chemical net-
work across a wide range of density and temperature.
The network includes species relevant to the star for-
mation environment and grains following the MRN size
distribution. They account for thermal ionisations, the
thermionic emission of grains (Desch & Turner 2015)
and the grain evaporation. During the simulation, the
resistivities are computed on-the-fly for each cell using
the local state variables and tabulated abundances. The
method is fairly similar to Umebayashi & Nakano (1990)
and the Non-Ideal magnetohydrodynamics Coefficients
and Ionisation Library (NICIL Wurster 2016), except for
the grain evaporation and the thermionic emission that
have been included in Marchand et al. (2016) and that
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Table 1. Simulation parameters :

name of the simulation, mass of the initial sphere, thermal to gravitational energy ratio,

average density, radius of the sphere, initial angular velocity, specific angular momentum, initial magnetic field and grain size

distribution.

Name Mass (Ms) o« po (gcm™3)

Ro (au) Qo (rads™') £ (em?®s™%) Bo (uG) Grain size distribution

M2a3mrn 2 0.3 1.38x107'® 5900 1.8x 1071 593 x 10%° 66.7 Standard MRN
M2a3big 2 0.3 1.38x107'® 5900 1.8x 1071 593 x 10%° 66.7 Truncated MRN
M2a4mrn 2 04 5.74x107° 7900 1.2x 1071 6.84 x 10%° 37.5 Standard MRN
M2adbig 2 04 5.74x107'° 7900 1.2x 1071 6.84 x 10%° 37.5 Truncated MRN
Mb5a3mrn 5 0.3 217x107'° 14830 7.8x 107 1.48 x 10% 26.7 Standard MRN
Mba3big 5 0.3 217x107'° 14830 7.8x 107  1.48 x 10* 26.7 Truncated MRN
Mb5admrn 5 04 9.15x1072° 19770 4.8 x 10~  1.70 x 10** 15.0 Standard MRN
Mbadbig 5 0.4 9.15x107%° 19770 4.8 x107'* 1.70 x 10*! 15.0 Truncated MRN

significantly alter the ionisation at temperatures higher
than 750 K.

For four out of eight simulations, we use another ta-
ble computed in the same manner with a different grain
size distribution. In dense cores, at densities typically
higher than the ISM, grains smaller than 0.1 pgm may
disappear due to coagulation (Ormel et al. 2009; Guillet
et al. submitted). We simulate this coagulation by re-
moving these small grains, while keeping the same dust-
to-gas ratio as the initial table, d = 0.0341!, and the
same power-law. Zhao et al. (2016) show that removing
grains smaller than 0.1 gm enhances the ambipolar coef-
ficient the most, hence promoting the formation a large
disk due to the reduced magnetic braking. This could be
a crucial factor for the AM regulation. The resistivities
of both models for the EOS of equation 5 are displayed
in Figure 1. Because the temperature increases rapidly,
the grain evaporation and the thermal ionizations occur
at T > 1000 K, near p ~ 107! g cm—3, lowering the
resistivities near zero. The gas then becomes perfectly
coupled with the magnetic field as in the ideal MHD
framework. However, purposely, the increasing thermal
support prevents the simulations from reaching higher
densities. We qualitatively recover the results of Zhao
et al. (2016), with an overall larger ambipolar diffusion
and lower Ohmic diffusion coefficients. The main differ-
ences is the ambipolar coefficient being smaller in the
large-grain cases in the density range [107!% : 1071]
g cm™3, which could affect the dynamics of the first
core and the disk. However, we expect the ambipolar
diffusion to work against the magnetic braking mostly
in the collapsing envelope, at lower densities. Another

LIn the original table, this dust-to-gas ratio was chosen so that
the total surface-area of grains matches the uniform distribution

of Kunz & Mouschovias (2009).

discrepancy concerns the sign of the Hall effect, that is
not affected in our case. However, both their study and
ours do not include it in the simulations. The impact of
the Hall term on the evolution of the AM has been ex-
amined in great detail in Marchand et al. (2018, 2019).
Although included in our simulations, the Ohmic diffu-
sion does not play a major role in the dynamics of the
disk at these early stages. Its main effect is the dissipa-
tion of the magnetic field in the innermost part of the
first Larson core. Since the Ohmic resistivity is sensibly
the same with both distributions, we will not quantify
its effect in this study.

3. RESULTS

Disks and outflows form in every simulation. Their
properties are reviewed in Sections 3.1 and 3.2 respec-
tively, while general properties about the transport of
AM are discussed in Section 3.3. Section 3.4 is dedi-
cated to the analysis of the ion-neutral drift.

3.1. Disks

Figures 2 and 3 display density maps of the mid-
plane for M = 2 Mg and M = 5 Mg respectively, at
t =tc+1,2.5 and 4 kyr (rows 1 to 3), and an edge-
on view of the disk (row 4) at ¢t = tc + 4 kyr. In our
analysis, the mid-plane has a thickness of one cell. The
disk selection criteria are described in Section 2.2. The
resolution in the disk ranges from 2 au for the inner 75
au, to 8 au for the outer parts. The formation of spiral
arms, that occurs in all the simulations, is triggered by
the initial azimuthal perturbation, and they seem over-
all more prominent for the 5 solar mass cases and for
a = 0.3. M2a3mrn, M2a3big, M5a3mrn and M5admrn
show significant signs of fragmentation. Figures 4 and 5
allow a more quantitative analysis by showing the mass,
radius, Toomre’s Q and AM of the disks. In table 2, we
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Figure 1. Non-ideal MHD resistivities as a function of den-
sity for the MRN distribution (solid lines), and the trun-
cated distribution (dashed lines). Temperature scales with
density according to equation 5, and, for this figure only,
we assumed the following magnetic field prescription B =

1.43 x 107"y/p/(upmu) G (Li et al. 2011), with p, = 2.31

the mean molecular mass and myg = 1.67 x 10724 g the mass
of one hydrogen atom. The vertical black line represents the
first core formation density. nu represents the Hall resistiv-
ity, which can be negative.

also summarize the properties of the cores and the disks
at t =tc + 4 kyr.

We define the disk radius as the cylindrical radius con-
taining 99% the disk’s mass. Toomre’s Q parameter is
often used to quantify the stability of a disk against
fragmentation, given by the following formula

CSQd
TGy’ )

Q=

with ¢g the sound speed in the disk, 24 the disk average
angular velocity and ¥ the surface density of the disk.
@ < 1 reflects an instability and a possible fragmenta-
tion. The AM is computed over the volume of the disk
as

Laisx = / pr X udV. (10)
disk

In this study, we always show the norm of the AM vector

L, although its z-component is largely dominant.

Panel a of figures 4 and 5 shows that the disk mass
evolution seems to be weakly dependent on the mass
of the initial core and the grain size distribution. The
low Mgisk and rgisk of M2admrn in Table 2 are tempo-
rary and due to its fragmentation around this time-mark
(see the dark red curve around 4 kyr in the panel a of
Figure 5). The higher thermal support of @ = 0.4 simu-
lations reduces the accretion rate, which yields a lower

5

disk mass. The radii of disks with the truncated distri-
bution are overall larger for a = 0.3, but only moder-
ately for « = 0.4. In the same manner, the Toomre’s
Q do not largely differ between the two grain models.
The slightly larger value for the truncated MRN may be
due to a self-regulation of spiral arms formed by gravi-
tational instability, that transfer AM faster when they
are more unstable. The difference is also clear when
looking at the AM evolution. In the larger grains cases,
the disks contain an amount of ~ 1 —2 x 10*° cm? s~}
more specific AM than their MRN cases counter-part,
especially after 2.5 kyr, which is an increase of 10% to
20%. The trend is the same when looking at the nor-
mal AM. The Toomre’s @ of all disks are lower than 1
after 2 kyr, which is reflected by the formation of large
spiral arms (~ 100 au length). This low value is how-
ever not sufficient for the fragmentation of spiral arms,
as was noted by Zhao et al. (2018). Takahashi et al.
(2016) shows that the spiral arm fragmentation occurs
when the local Toomre’s Q in the arms becomes lower
than 0.6. Therefore, the fragmentation of the disk can
not happen as soon as Q < 1, but at later stages as it
is the case in our simulations. The only run showing no
fragmentation by ¢t = tc 44 kyr is M2a4big, which is re-
flected by the largest Toomre’s Q at ¢t = tc +4 kyr. We
observe that a larger a provides smaller and less-massive
disks with a lower AM. The Toomre’s Q is larger and
takes more time to reach values below 1. This behavior
is mostly a consequence of the lower accretion rate due
to the larger free-fall time.

To quantify the influence of the ambipolar diffusion
in the disk, we calculate the Elsasser number, which is
defined as

2
47TUA

Eap = (11)

CQUADQ ’
with ua = B/,/p the Alfven speed, and €2 the angular
velocity of the fluid. Eap < 1 means that the ambipo-
lar diffusion has a significant impact over the dynamics
of the disk. Figure 6 displays the radial profiles of Am
in the eight different disks, in which we have performed
an azimuthal density-weighted average. Only the in-
nermost 20 to 40 au parts of the disks show Exp < 1,
down to 1073. In the outer regions, Exp rises up to
10 to 100, indicating a less efficient decoupling between
the magnetic field and the gas compared to the cen-
tral domain. As a consequence of the higher ambipolar
resistivity of the reference MRN distribution in the den-
sity range [10714 : 107! g cm™3, the disks with the
non-truncated MRN distribution have larger Exp < 1
regions than their truncated-MRN counter-part, up to
a factor 2 for M2a3mrn and M2a3big. The truncated
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Figure 2. Density maps of the four M = 2 M simulations at ¢ = tc + 1 kyr (row 1), 2.5 kyr (row 2 and 4) and 4 kyr (row 3).
Rows 1 to 3 display slices of the mid-plane, and row 4 shows an edge-on view of the disk at t— = tc + 4 kyr. In row 4, the gas

that does not belong to the disk is not shown.

MRN disks contains however a larger angular momen-
tum (see panel d of figures 4 and 5), meaning that this
difference is not significant compared to the influence of
the ambipolar diffusion in the outer parts of the disk
and in the envelope, although with a higher Elsasser
coefficient.

3.2. Outflows

All simulations produce bipolar outflows that start
within 1 kyr after the first core formation. Figure 7
shows density maps in the outflow region at t —tc = 2.5
kyr. The outflows have similar heart-like structures. It
appears that the truncated MRN cases produce outflows
with an overall slower expansion and a lower density of

a factor ~ 20 in the cavity (=~ 5 x 1077 g cm™3 vs

~ 2 x 107 g cm™3) than the standard distribution.
They show a clear cavity with dense borders, while cav-
ity only starts to form at 2.5 kyr with the MRN distri-
bution. The weakness of the truncated MRN outflows
are further confirmed when looking at their specific AM
and their mass, as shown in Figure 8. With the trun-
cated MRN distribution, the specific AM is 25% to 33%
lower than with the standard MRN. In addition, the
bottom panel of the figure shows that outflows of the
truncated MRN distribution eject significantly less gas.
While the mass outflow rate is ~ 1075 Mg, yr~! for the
normal MRN with o = 0.3, and ~ 6 x 1076 Mg yr—!
with o = 0,4, all four truncated MRN cases have mass
loss rates < 2.5 x 1076 Mg yr—1.
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Figure 3. Same as Figure 2 for M =5 Mg

The cases with a = 0.4 also eject less AM for the
normal distribution, but a similar amount than o = 0.3
with the truncated MRN. However these quantities do
not depend on the dense core’s mass. These observations
remain qualitatively unaltered if considering the specific
AM instead.

In our simulations, the outflows are launched by
Blandford & Payne (1982) mechanism. The magnetic
field lines are bent by the drag of the collapsing gas,
producing the well-known hourglass-shape. If the an-
gle is high enough, the centrifugal acceleration added to
the Lorentz force may eject the gas along the field lines.
In the default MRN cases, the field lines can be bent
up to an angle of 75° with the z-axis near the central
region, which is a 15° slope for the gas acceleration in
the outward radial-direction. However, with the trun-
cated MRN, the higher ambipolar coefficient in the en-

velope reduces the accretion of the magnetic field due to
a weaker coupling with the gas, resulting in a maximum
angle of 65°. These inclination angles of the magnetic
field, calculated as atan(B,/B.), are displayed in Fig-
ure 9 for both Mba3mrn and Mb5a3big simulations, 2.5
kyr after the formation of the first Larson core, in the
plane x = 0. The pseudo-disk and the contour of the
outflow appear clearly. Figure 9 also include maps of
By /B, which shows that the relative strength of By is
overall higher with the truncated distribution. We dis-
cuss this point more in details in Section 3.4. Another
consequence of the decoupling is the reduced magnetic
field strength with the truncated distribution, twice as
low as with the default distribution in the vicinity of the
outflow launching region. Both these effects reduce the
magneto-rotational acceleration of the gas. However,
while it is difficult to accurately measure the opening
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Figure 4. Time evolution of the mass (panel a), radius (panel b) and Toomre’s Q (panel ¢) and specific AM (panel d) of the
disk, for a = 0.3 simulations. Red: M = 2 Mg, blue: M = 5 Mg. Darker colors represent the standard MRN cases while
lighter colors represent the truncated MRN.

Table 2. Summary of the properties of the first cores and disks at ¢ = tc + 4 kyr. Mass of the first Larson core, mass of the
disk, radius of the disk, Toomre’s Q of the disk, mean accretion rate, presence of fragmentation.

Run Mc (Me) Maisk (M) raisk Toomre’s Q Mace Fragmentation

M2a3mrn 0.30 0.17 123 0.40 7.4 x107° Yes

M2a3big 0.33 0.19 121 0.40 8.2x107° Yes

M2admrn 0.19 0.07 52 0.38 4.7 x107° Yes

M2a4big 0.18 0.13 71 0.52 4.5 %x107° No

Mba3mrn 0.34 0.22 129 0.35 8.5x 107° Yes

Mb5a3big 0.34 0.21 143 0.40 8.4 x107° Yes

Mbadmrn 0.20 0.13 7 0.38 5.1x107° Yes

Mb5adbig 0.20 0.15 82 0.46 5.0 x 107° Yes
angle of the outflows, we estimate both numerically and tion, and therefore an increased magnetic pressure that
visually that the angle is systematically larger for the reduces the radial extension of the outflow.

truncated-MRN simulations by 5 to 20 degrees, which is
somewhat counter-intuitive. This is because the outflow
is confined by the magnetic pressure of the surrounding
gas. The lower ambipolar coefficient in the standard
MRN simulations allows for more magnetic field accre- In this section, we look at the AM regulation in the

various simulations. There are two main AM transport

3.3. Angular momentum transport

3.3.1. The magnetic braking
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Figure 5. Same as Figure 4 for a = 0.4.
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Figure 6. Radial profiles of the ambipolar Elsasser number
(Am) in the disk for the eight simulations at ¢t = tc + 2.5
kyr. The quantities have been density-averaged over the az-
imuthal direction.

mechanisms at play here, that are the advection by the
gas (by the gravitational collapse or the outflow), and
magnetic braking. To compute the cumulative losses of
angular momentum by magnetic braking up to a given

time t, we integrate the magnetic torque over the disk
or the pseudo-disk

t
Lmag :/ / T(J X B)¢dth (12)
te JV

where V represents the volume of integration. The cri-
terion to define the pseudo-disk is simply p > 1071 g
ecm ™3, excluding the disk and the first core as defined in
the previous sections.

The profile of the magnetic torque r (J x B)@ in the
mid-plane at t = t¢ + 4 kyr is displayed in Figure 10.
The evolutions are similar between the eight cases, with
a dispersion across one order of magnitude. The mag-
netic torque increases as r2 until » ~ 100 au, meaning
(J x B)@ o r. Then, the torque decreases rapidly as
r~*. The location of the peak indicates that the mag-
netic braking is mostly active in the outer regions of the
disk (here 30 < r < 150 au). This trend is consistent
with the low value of the Elsasser number in the central
region, indicating a significant action of the ambipolar
diffusion against the magnetic braking. Within the in-
ner 20 au of the disk, the magnetic torque is larger for
the standard MRN than for the truncated MRN, by a
factor 2 to 10. Conversely, a has a limited impact on the
magnetic torque within the innermost 40 au, where the
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ambipolar diffusion dominates. We observe the opposite
phenomenon outside the disk. While the larger a de-
creases the magnetic torque by one order of magnitude,
the grain size-distribution does not alter it. However,
we probe here only the mid-plane of the pseudo-disk,
in which the ambipolar resistivity is low in both cases.
Most of the magnetic braking would take place in outer
layers.

Figure 12 compares the disk and pseudo-disk AM with
the amount extracted by magnetic braking, as well as
with the AM taken away by the outflow. Panel a) shows
that the magnetic braking has removed three to four
times (at ¢t = tc+5 kyr) the AM left in the disk, meaning
that only 20 to 25 percent of the accreted AM remains
in the disk. The magnetic braking is more efficient in
the disk for the truncated MRN simulations, which is
consistent with a slightly lower ambipolar diffusion co-
efficient (see Fig. 1). However, panel b) shows that
the magnetic braking is the most active in the pseudo-
disk. With the MRN distribution, more AM is removed
by magnetic braking in the pseudo-disk (up to a fac-
tor 3 at t = tc + 5 kyr). With the truncated distri-
bution, the magnetic braking is similar in both region.
The pseudo-disk is therefore of prime importance when
considering the magnetic braking. This is also demon-
strated by panel ¢), which shows the ratio of magnetic
braking and AM for the disk and the pseudo-disk com-
bined. Only 10 to 14 percent of the AM remains in this

structure for the MRN distribution, and 16 to 25 percent
for the truncated MRN cases. The magnetic braking is
stronger in the lower-mass cores of M = 2 Mg simula-
tions than in M = 5 Mg simulations. Conversely, the
« parameter does not change sensitively the amount of
AM removed by magnetic braking. Panel d) displays the
ratio between the AM taken away by the outflow and the
magnetic braking. The magnetic braking largely domi-
nates the outflow by a factor of two to ten with the MRN
distribution, and ten to a hundred with the truncated
MRN. In this latter case, both the magnetic braking
and outflows remove significantly less AM than in the
MRN distribution, which further confirms the results of
Zhao et al. (2016). Panel e) presents the ratio of es-
caped AM (MB in the disk and pseudo-disk + outflow)
to the accreted AM (that comprises the AM of the disk,
the pseudo-disk, the outflow and the amount of AM re-
moved by MB in the disk+pseudo-disk) (See Figure 11
for a schematic view of the different considered AM). It
shows that 80 —90% of the accreted angular momentum
escapes by the outflow or the MB. Panel f) shows the
ratio between the AM of the disk and the accreted AM.
This ratio remains constant at about 10% throughout
the life first Larson core, complementary to the ~ 90%
ratio of the escaped AM. Panels g), h) and i) show the
accreted AM, the escaped AM and the AM of the disk
compared to the total AM of the core. By t = t¢ + 4
kyr, 0.1% to 3% of the total AM has made its way and
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Figure 8. Time evolution of the specific AM (top panel)
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of the outflow. The curves are the same as in Figure 4 and
5.

stayed into the disk, concentrated in 5—10% of the total
mass. As expected, the ratio is systematically larger for
the truncated MRN cases. Panel h) indicates that 1%
to 30% of the total AM have been removed by MB or
the outflow by ¢t = t¢ = 4 kyr, this amount being larger
for the normal MRN. All the 2 Mg, clouds have accreted
a larger fraction of their total AM than the 5 Mg cases,
and thus concentrate a larger fraction of the total AM
into their disk, whilst experiencing a larger loss of AM.

3.3.2. AM in the outflow

Figure 13 shows a slice at the outflow scale of the
specific AM, for M5a3mrn. Most of the specific AM of
the outflow is located in the bottom wall of the cav-
ity, with values larger than 10%! cm? s~!. This area
seems connected to the outer layer of the pseudo-disk,
that contains a similar specific AM, higher than in the
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Figure 10. Azimuthal average of the magnetic torque
7(J x B),, in the mid-plane as a function of the cylindrical
radius.

mid-plane at the same cylindrical radius. We have also
plotted the projected trajectories of 75 virtual tracer
particles, in thin black and white lines. The 50 black
particles are randomly generated in the outflow in the
final time-step, and the 25 white particles are are gen-
erated only in the high specific AM region. In post-
processing calculations, we have integrated the particles
trajectory backwards using the local flow velocity. This
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Figure 11. Schematic representation of the definitions of
the Total AM, the Accreted AM and the Escaped AM.

figure shows that the outflowing gas exclusively comes
from the envelope and the pseudo-disk. There is almost
no direct matter transport from the disk or the mid-
plane to the outflow. In the early phases of the outflow,
several particles fall near the axis in what we call “the
rotor region”. This region is a small cylinder of 50-70 au
radius and < 10 au height, that is located 50 au above
the disk (see the bottom panel). The size of the rotor is
controlled by the centrifugal radius of the gas. Gas that
eventually outflows never goes closer to the disk than
the rotor. Particles remain up to 4 kyr in the rotor, ro-
tating one to several times around the axis at ~ 2 km
s~1. There, the radial Lorentz force builds up gradually.
The particles eventually move away from the axis and
are able to “climb” along a magnetic field line. This
occurs when the radial acceleration of the Lorentz force
becomes larger than ~ 0.003 cm s~2. The specific angu-
lar momentum of the particles does not significantly vary
when confined in the rotor, and is independent from the
time spent in this region. At later stages, the outflow
is fed in both gas and AM by the pseudo-disk, from its
sides. In particular, white trajectories in Figure 13 show
that the high specific AM region of the outflow is sup-
plied by the outer layers of the pseudo-disk, in which the
specific AM is larger than in the mid-plane. A fraction
of the collapsing envelope is swept-up by the outflowing
gas, which increases the outflow’s mass. However, the
swept-up gas holds a low AM, thus contributing neg-
atively to the outflow’s AM. Additionally, the gas at
higher altitudes is launched at an earlier time, coming
from more inner regions of the initial cloud, where the
specific AM is lower. This explains why the specific AM
decreases with height. The bottom panel of Figure 13
represents the radial-vertical path of 5 selected particles,
labeled 1 to 5. Particle 1 arrives in the outflow within
1 kyr after the first Larson core formation, and stays in
the rotor region few kyr before being ejected vertically
and drifting radially as it ascends. Particles 2 and 3 en-

ter the outflow at 2 kyr, but too late to be part of the
rotor. Particles 4 and 5 arrive at a much later stage,
after 3 kyr, and are immediately carried upward by the
outflow.

3.4. Ion-neutral drift

The ambipolar diffusion is the drift between ions and
neutral particles, at the origin of the decoupling between
the gas and the magnetic field. The drift velocity is
expressed by

c? JxB
= — —_— 13
uAD A TIAD B2 (13)
and the ion velocity is
Ujons = U+ UAD, (14)

which is also the speed of the magnetic field lines motion
because they are attached to the ions in the absence of
the Hall effect.

In the mid-plane of the pseudo-disk, due to the pinch-
ing of the field lines, B, rapidly changes with z. For
this reason, and because B, is the main component of
the magnetic field, the current is mostly toroidal, so ions
are expected to drift in the radial direction (perpendic-
ularly to the current and the magnetic field). The mag-
netic field lines resist the drag from the gas towards the
center and tend to "relax” if the decoupling is strong
enough. Figure 14 shows the velocity profiles of the gas,
the ions and the Keplerian velocity for M5a3mrn (top
panel) and Mb5a3big (bottom panel) in the mid-plane at
t —tc = 4 kyr. The decoupling is clear in both cases.
For Mb5a3mrn, the ions travel up to 0.5 km s~! faster or
slower than the neutral gas, and their decoupling is the
strongest before the accretion shock, between r = 30 to
r = 100 au, inside the disk. For r < 1000 au, the ions are
rotating at a slower speed of 0.1 —0.3 km s~! than the
neutral gas. The twisting of the field lines is therefore
weaker than what it would be in ideal MHD, reducing
the magnetic braking. In M5a3big, between r = 60 and
r = 200 au, ions resist the drag from the gas and almost
reach a zero radial velocity. This behavior corresponds
to the simulations of Zhao et al. (2018) with a similar
grain size distribution. The decoupling in the azimuthal
direction is not as strong overall, similar to the standard
MRN case, but extended to » = 400 au.

We now look at the ion-neutral decoupling at larger
scales, in the vicinity of the outflow. Figure 15 dis-
plays the relative velocities of the ions and the neutrals
for M5a3mrn and Mba3big at ¢t — tc = 2.5 kyr. The
color represents the drift velocity uap = u — Ujops In
the z and ¢ directions, while the white and black ar-
rows indicate the direction of the neutrals and the ions
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Figure 13. Specific AM of the gas in the outflow region
in the plane x = 0, for Mba3mrn. The thicker black line
represent the boundaries of the outflow at ¢t — tc = 5 kyr.
Thin lines are the trajectories, projected onto the yz-plane,
of virtual tracer particles located in the outflow in the last
output, and whose path is integrated backward in time. The
50 black particles are randomly distributed in the outflow,
and the 25 white particles are distributed only in the region of
high specific AM. The brown triangles indicate the location
of the particles in the last output. For clarity, the abscissa
of white trajectories represent the cylindrical radius and not
the actual y-coordinate. The red countour represents the
disk. The bottom panel shows the r/z trajectory of 5 selected
particles, labeled 1 to 5. The color represents the time.

respectively. Inside the pseudo-disk, the drift velocity
is negligible, indicating a strong coupling, similarly to
the velocity profiles in Figure 14 beyond few 100 au. In
the infalling envelope however, the ions weakly decou-
ple as they approach the mid-plane, until they enter the
pseudo-disk. For |z|] < 500 au, their trajectory is more
bent toward the center than the neutrals. The decou-

Velocity (km s'l)

Velocity (km s2)

) Ll Ll Ll
10 100 1000
) Ll Ll Ll
10 100 1000
r (au)

Figure 14. Azimuthaly averaged velocity profiles in the
mid-plane for M5a3mrn (top panel) and Mb5a3big (bottom
panel) at t — tc = 4 kyr. Red curves represent the radial
velocities, blue curves are the azimuthal velocities and the
black curve indicate the Keplerian velocity. Solid lines rep-
resent the gas while dashed lines represent the ions.

pling is almost negligible in the envelope for the normal
MRN distribution, but with the truncated distribution,
the drift velocity reads amplitudes > 1 km s~!. In the
outflow of Mb5a3big, the drift velocity reaches several
10 km s~!, similar to the value of the Alfven velocity,
due to the extremely high ambipolar coefficient (two to
four orders of magnitude higher than in the envelope or
the disk). However, the most striking features are the
large zones of strong decoupling in the vicinity of the
outflow for the truncated MRN case. Due to the high
ambipolar diffusion, caused by the low density, and the
strong electric current and magnetic field close to the
central axis, the ions drift from the neutrals at veloc-
ities of several km s~!. We even observe an outflow
of ions outside and bigger than the actual previously-
described outflow. Ions are escaping against the flow of
infalling neutrals from the envelope at velocities of sev-
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Figure 15. Relative velocities of the ions and the neutrals for M5a3mrn (left panels) and M5a3big (right panels) at ¢t —tc = 2.5
kyr. The color represents the drift velocity |[uap|| = ||u — Uions|| along the z-direction (top panels) and ¢-direction (bottom
panels). Grey arrows : neutral gas velocity direction, black arrows : ions velocity direction, red contour : neutral gas outflow.

eral km s~!. The velocity difference between both kind the neutral gas converges toward the neutral-outflow, as
of species exceeds 5 km s~! in these regions. The ions shown in Figure 13. This ion-outflow is actually a non-
also strongly drift azimuthally at velocities of typically ideal magnetosonic wave driven by the neutral outflow,
2 km s~!. From now, to distinguish both structures, we that is supersonic (Mach number M = u/cs > 5) but
call this decoupling region the “ion-outflow”, and the sub-Alfvenic (M, = u/ca < 0.5). This wave propagates
previously defined outflow as the “neutral-outflow”. To in the surrounding medium and accelerates ions ahead of
our knowledge, such behavior has never been reported the neutrals because of their much higher Alfvén speed.
in actual star forming clouds observations nor in simu- This phenomenon is countered by the ion-neutral drag,
lations. In the surrounding infalling envelope, ions also that is much higher in the standard MRN case, because
drift from the neutrals, though at lower speed, and seem a larger grain surface area leads to more collisions, which

to converge towards the ion-outflow in the same way that prevents the formation of a large precursor ion-outflow.
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The drift velocity is correlated to the relative strengths
of By and B, shown in the bottom panels of figure 9.
In Mba3mrn, B,/B, is large (> 2) in the pseudo-disk
and in the outflow, but weak (< 0.3) in the envelope.
The ratio is smaller in the pseudo-disk and the outflow
for Mb5a3big, but it is larger in the envelope, with val-
ues close to 1, where the drift velocity approaches 1 km
s~1, and particularly important in the ion-outflow as
By/B, > 5.

4. DISCUSSION

The question of the regulation of AM is deeply re-
lated to the formation of binary stars, particularly, in
our non-turbulent case, by disk fragmentation. Machida
et al. (2008) performed an extensive study on this sub-
ject by varying the magnetic field strength and the ro-
tational velocity. They were able to define parameter
ranges suitable for the formation of wide binary systems
(separation of 3-300 au), close binary systems (0.007-0.3
au) and single stars. The value of our parameters falls
within the wide binary region (see their figure 12), which
is consistent with the high instability of the disks in
our simulations (spiral arms > 100 au, low Toomre’s Q,
fragmentation). The major differences are their initial
condition, a Bonnor-Ebert sphere (Ebert 1955; Bonnor
1956), and the absence of ambipolar diffusion, with only
the Ohmic diffusion. Nonetheless, in our study, a uni-
form sphere yields a higher accretion rate and the am-
bipolar diffusion weakens the magnetic braking, which
promote the fragmentation and the formation of wide
binaries. With a longer evolution, we could expect the
formation of stable wide companions by disk fragmen-
tation. In their 3D simulations of protostellar collapse
with ambipolar diffusion, Hennebelle et al. (2020) found
that the properties of the disk are weakly dependent on
the initial conditions, except the magnetization but in-
cluding the initial rotation velocity. This is a result that
we concur. The disks are however heavily influenced
by the accretion scheme on sink particles, which we do
not have in this study. The presence of a sink particle
reduces the mass and the extent of the disk, hence its
ability to fragment.

The relative importance between the magnetic brak-
ing and the outflow as an AM removal mechanism is
still debated. The early model of Tomisaka (2000) shows
a dominance of the outflow over the magnetic braking
in what would typically be the first Larson core phase.
This work used the ideal MHD framework. Our study
shows that ambipolar diffusion weakens the outflow even
more than the magnetic braking. Therefore, the outflow
may be able to dominate the magnetic braking in the
absence of ambipolar diffusion. On the other hand, us-

ing 3D ideal MHD simulations, Joos et al. (2012) finds
that the magnetic braking transports more AM than
the outflow. Depending on the orientation between the
magnetic field and the rotation axis, the two effects are
quantitatively closer than in our study, which confirms
our hypothesis on the results of Tomisaka (2000). In
our simulations, we find that at least 75% of the AM
accreted in the central region is removed by magnetic
braking, even with high ambipolar coefficients. We can
therefore estimate that the outflows (including later pro-
tostellar jets) cannot account for more than 25% of the
AM transport in the presence of ambipolar and Ohmic
diffusion. At later stages, in an already formed disk
without accretion, Pudritz & Ray (2019) argue that the
outflow should be the dominant process of angular mo-
mentum transport, because the Magneto-Rotational In-
stability (MRI) is greatly reduced by non-ideal MHD
effects (Blaes & Balbus 1994; Bai & Stone 2013). Ad-
ditionally, outflows driven by MRI can be significantly
enhanced by the presence of the Hall effect (Lesur et al.
2014).

In Section 3.4 we report for the first time an ion-
outflow precursor to the neutral gas outflow. With a
typical ionisation of 10~7, the ion density in this region
would be only of the order of ~ 10 cm 2. However, with
a velocity difference of several km s~! between ions and
neutral, observations should be able to detect the pre-
cursor, using the CO molecule, a common tracer in pro-
tostellar outflows, and HCO™, one of the most abundant
ion and also a common tracer in young star systems. We
also learn from Figure 9 that a large ratio By;/B, may
be an indicator of a strong decoupling. Yen et al. (2018)
performed an observation of the ion-neutral drift in the
Class 0 protostar B335 with the Atacama Large Mil-
limeter Array (ALMA) telescope. They did not detect
any strong decoupling down to the 100 au scale, finding
an upper limit of 0.3 km s~! on the drift velocity in the
collapsing gas. The absence of a significant decoupling
would indicate a weaker ambipolar diffusion than in our
simulations, which is confirmed by the small size of the
disk, less than 10 au. Since a Class 0 protostar is more
advanced than the systems we present in this study, an-
other possibility is that the ion-outflow is a short-lived
phenomenon that has already disappeared. In any case,
more observations of the ion-neutral drift are needed to
bring constraints on the chemistry at stake, and most
importantly the grain size-distribution, and as a proof
of the importance of non-ideal MHD.

There are limitations to the monofluid approximation
that could affect the ion-outflow. The inertia of charged
particles is neglected, meaning that the velocity of ions
always immediately reaches the theoretical velocity cal-



culated from the drift velocity. Additionally, ions could
be subject to a chemical drag: charge transfer reaction
between the outflowing ions and the infalling neutrals
would effectively reduce the average velocity of the ion
fluid. It is difficult to quantify these effects, but it is
possible that they reduce the drift velocity. More accu-
rate results necessitate a bifluid framework and chemical
calculations on-the-fly. In appendix A, we discuss how
the computation of the drift velocity and the ambipo-
lar resistivity is an ill-defined problem in the monofluid
formalism.

Figures 4 and 5 show that the disks can experience
large fluctuations in mass and radius. The instability
of the disks and their large spiral arms may cause their
fragmentation. Clumps of gas are ejected and no longer
fullfill the criteria to belong to the disk, which decreases
the disk mass and radius. Gas is also accreted onto the
central region, whose higher thermal pressure excludes it
from the disk. Finally, as the first core does not collapse
due to the absence of sink particle and the use of a stiff
barotropic EOS, some gas may be expelled from the core
into the disk. Note, however, that these fluctuations
may appear even in the presence of a sink particle (see
Hennebelle et al. 2020).

5. CONCLUSIONS

We have performed 3D simulations of protostellar col-
lapses to study the regulation of AM through the anal-
ysis of the disk, the outflow and the magnetic braking.
Our parameters are the mass and the thermal support
of the initial sphere of gas, and the grain-size distribu-
tion, either the MRN distribution or a truncated MRN
distribution from which small grains have been removed.
Our main results are the following.

e The mass of the dense core has little impact on
the properties of the disk and the outflow during
the first Larson core phase.

e A higher thermal over gravitational energy ratio a
reduces the accretion rate which yields smaller and
lower-mass discs, and reduces the AM transported
by the outflow in the MRN case, but not in the
truncated MRN case.

e The influence of the mass of the dense core and «
on the magnetic braking in the disk is extremely
limited, supporting the idea that the first core and
the disk “forget” some of the initial conditions.

e Removing the small grains produces slightly larger
disks containing more angular momentum due to
the higher ambipolar diffusion resistivity, but the
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difference is not significant. The outflow is how-
ever considerably weaker, transporting 10 times
less AM compared to the MRN distribution, but
with a larger opening angle.

e Most of the gas and AM of the outflow comes from
the outer layers of the pseudo-disk.

e By the end of the first core phase, the magnetic
braking is responsible for up to 80 percent of AM
loss in the disk, and 75 percent (for the truncated
MRN) to 90 percent (for the MRN distribution)
in the disk + pseudo-disk.

e While not negligible, the transport of AM by the
outflow is largely below the magnetic braking, by
a factor 5 (for the MRN distribution) to 100 (for
the truncated MRN).

e During the first Larson core stage, only 10% of
the accreted angular momentum makes it to or
remains in the disk, and almost the entirety of the
90% remaining escapes by magnetic braking or the
outflow.

e In the truncated MRN simulations, the high am-
bipolar diffusion leads to an ion-outflow that is a
precursor of the neutral-outflow. Ions travel at
several km s~! against the infalling envelope, at
larger scale than the neutral outflow. Observa-
tional evidences of such structures would be infor-
mative regarding the chemistry at stake in proto-
stellar collapses.

The conclusions show that non-ideal MHD plays a sig-
nificant role in the regulation of AM during the proto-
stellar collapse, and that the results heavily depend on
the chemical model, especially the grain-size distribu-
tion.
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APPENDIX

A. ION-NEUTRAL COLLISION RATES

In this section we analyse the influence of the drift velocity onto the ambipolar resistivity, because we deem important
to emphasize some points regarding the calculation of the non-ideal MHD resistivities in the one-fluid approximation.
The detail of the formulae can be found in several studies (Nakano & Umebayashi 1986; Marchand et al. 2016).
Collision rates between ions and neutral are needed in the calculation, and most recent studies (Marchand et al. 2016;
Wurster 2016; Zhao et al. 2016) take these numbers from Pinto & Galli (2008). The fitting formulae of their Table 2
are commonly used, and depend on the ion velocity

B 5 SkTsy
Vems =4 [0+ (A1)
where vq is the drift velocity between species s and s’, k the Boltzman constant, Ty, the weighted average temperature,
that we consider to be the fluid temperature in the one-fluid approximation, and s the reduced mass of both species.
In multi-fluid calculations, it is possible to derive vq from the various species velocities. Since the quantity is not directly
accessible in the one-fluid framework, it is often assumed to be zero. However, in cases of strong ambipolar drift, the
drift velocity may very well exceed the thermal velocity, the second term. In this case, the approximations on collision
rates, and resistivities, would prove inaccurate. Moreover, as detailed in their table 2, the fitting formulae of momentum
transfer coefficients between ions and an Hs are not valid if vyy,s exceeds 5 to 10 km s™'. We therefore have to be
extremely careful in our analysis. In this paper, the drift velocity we compute in our simulations may exceed 10 km
s~!, but always in the neutral-outflow. We therefore consider our results about the ion-neutral drift inaccurate om
this region.

We use the drift velocity vq as a parameter and look at its influence on the ambipolar resistivity. We assume the
same drift velocity for all molecular ions. Small grains (< 1 gum) being well coupled to the gas (see for instance Laibe
& Price 2014; Lebreuilly et al. 2019), we do not expect them to significantly drift from Hy. Electrons have a high
thermal velocity, their v, is thus not strongly affected by a drift velocity of a few km s~1. Here, we have assumed
T=10K, and B =1.43 x 1077/p/(mpuyp) (Li et al. 2011). Ambipolar resistivities as a function of the drift velocity
are displayed in Figure 16, for various densities, and for both grain size distributions.

Below vq = 1 km s™!, the ambipolar coefficient does not seriously diverges from its value at vq = 0. However,
the difference is significant at higher velocities for the truncated MRN, while the MRN case shows a more reduced
variation. At 10 km s~!, the resistivities are larger by a factor 2 to 5 for the truncated MRN, and extends beyond one
order of magnitude at 1000 km s~! (although it is unlikely that such high speed would be reached in the context of
star formation). This difference comes from the fact that grains are the dominant charged species in the MRN case,
while it is the ions in the truncated MRN case, because of the lower number of grains in this density range. As a
consequence, with a truncated MRN, the resistivities are more affected by variation of the ions drift velocities. In the
outflow, the density is of the order of p = 107!® g cm™2 and the magnetic field B ~ 0.01 G, which is higher than the
value given by our prescription, but the results are qualitatively the same.

Collapsing the ions and neutrals momentum and energy equations removes one degree of freedom in the system, as
the ambipolar resistivity represents itself the drift between both fluids. This issue represents a limit of the monofluid
description of non-ideal MHD.
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