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In 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).
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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 preseription B =
1.43 x 107 7/p/(ppmu) G (Li et al. 2011), with pp = 2.31
the mean molecular mass and mu = 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

es{la

== 9

PR o)

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

(10)

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

Ldisk = / pr X udV.
disk

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 Majsx and rgisx 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 a = 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 & = 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'° ecm? 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 Q 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 QQ in the arms becomes lower
than 0.6. Therefore, the fragmentation of the disk can
not happen as soon as @ < 1, but at later stages as it
is the case in our simulations. The only run showing no
fragmentation by ¢ = t¢ +4 kyr is M2a4big, which is re-
flected by the largest Toomre’s Q at t = tc +4 kyr. We
observe that a larger « 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
dmuy

(11)

Eap = Zian’
with uy = B/,/p the Alfven speed, and (2 the angular
velocity of the fluid. Epp < 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 10—3. 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 [1071% : 10711] g cm™3, the disks with the
non-truncated MRN distribution have larger Eap < 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 10717 g em™3 vs

~ 2 x 107'® g cm™?) 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 = 107> Mg, yr—! for the
normal MRN with a = 0.3, and = 6 x 107 Mg yr—!
with e = 0,4, all four truncated MRN cases have mass
loss rates < 2.5 x 1078 Mg yr—L.
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Figure 3. Same as Figure 2 for M =5 Mg

The cases with @ = 0.4 also eject less AM for the
normal distribution, but a similar amount than a = 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 M5a3mrn and Mb5a3big simulations, 2.5
kyr after the formation of the first Larson core, in the
plane z = 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



Toomre s Q

0.3

0.25 -

0.2 |

T
M2a3mrn ———
M2a3big
MSa3mrmn ———
M5a3big

0.1

t-tc (kyr)

b) 160

Lgisk (aU)

Specific AM (1020 cm? s'l) 2

140
120
100
80
60
40

20

1.8

t-tc (kyr)

16

t-tc (kyr)




1000

100

=]

Elsasser number E ,p,
i

0.01

0.001

0.0001

Toomre s Q

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

T
M2ad4mm -----
M2adbig
r MSadmrn -----
I MSadbig

- PR

- ‘ A

te (kyr)

0.1

t-tc (kyr)

M2a3mm —— 7
M2a3big
M2a4mrm ----- ]
M2adbig
MS5a3mm ——
M5a3big 1
MS5a4mm - ----

. MSadbig

60 80 100 120 140
r (au)

b) 160

140
120
= 100
g
80
“
S 60
40
20
0
A) 1.1
".‘m 1
(o]
E 0.9
© 08
[
S o7
p—
= 06
= 05
<
o 04
=
‘5 0.3
2 o2
A 04

t-te (kyr)

t-tc (kyr)




10 MARCHAND ET AL.

M2a3mm M2a3big

e
o
PR LR b

s
o

W
N

200

-
N
————————a

]
o

A

-200

«
£ f
i

]

e
B
——
#

MSa3mm

=]
t
rFAs
LR
} e

UG, © v

200

o e

Wy
PR

e N

-600-400-200 0 200 400 600 -600-400-200 0 200 400 600 -600-400-200 O 200 400 600 -600-400-200 0 20

Y (au) y (au)

M2a4mm 10

f o
e

10—14

1

10—15

N i s
h R

[ N

(=]
8
(=]
g

y (au) y (au)

Figure 7. Density slices along the plane x=0 for all simulations at ¢ = ¢tc + 2.5 kyr. The black lines represent the contour of
the outflows and arrows indicate the fluid velocity. Infalling material is marked with black arrows while the outflow is marked
with white arrows. Top: M=2 Mg, bottom: M=5 M. From left to right: M*a3mrn, M*a3big, M*admrn, M*adbig.

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 c), 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
a 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 = tc + 4
kyr, 0.1% to 3% of the total AM has made its way and
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and the mass (bottom panel)

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¢ = 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 9. Top panels: Angle between the local magnetic
field and the initial magnetic field (vertical) in the y-z plane,
at t = tc+2.5 kyr, calculated as atan(B,/B;). The segments
represent the direction of the magnetic field. Bottom panels:
log(B,/B;). Left column is M5a3mrn and right column is
Mb5a3big.
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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 13. Specific AM of the gas in the outflow region
in the plane z = 0, for M5a3mrn. The thicker black line
represent the boundaries of the outflow at ¢ — 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™)

Velocity (km s'l)

1000
1 (au)

Figure 14. Azimuthaly averaged velocity profiles in the
mid-plane for M5a3mrn (top panel) and Mb5a3big (bottom
panel) at ¢ — . = 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 Mba3big, the drift velocity reaches several
10 km s~ 1, 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™1.
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-

We even observe an outflow
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