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ABSTRACT

Combining numerical simulations and analytical modelling, we investigate whether close binary systems form by the effect of
magnetic braking. Using magnetohydrodynamics simulations, we calculate the cloud evolution with a sink, for which we do
not resolve the binary system or binary orbital motion to realize long-term time integration. Then, we analytically estimate the
binary separation using the accreted mass and angular momentum obtained from the simulation. In unmagnetized clouds, wide
binary systems with separations of >100 au form, in which the binary separation continues to increase during the main accretion
phase. In contrast, close binary systems with separations of <100au can form in magnetized clouds. Since the efficiency of
magnetic braking strongly depends on both the strength and configuration of the magnetic field, they also affect the formation
conditions of a close binary. In addition, the protostellar outflow has a negative impact on close binary formation, especially
when the rotation axis of the prestellar cloud is aligned with the global magnetic field. The outflow interrupts the accretion of
gas with small angular momentum, which is expelled from the cloud, while gas with large angular momentum preferentially
falls from the side of the outflow on to the binary system and widens the binary separation. This study shows that a cloud with a
magnetic field that is not parallel to the rotation axis is a favourable environment for the formation of close binary systems.
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1 INTRODUCTION

Recent observations have shown that most high-mass stars are
in close binary systems. The mass ratio of the primary to the
secondary stars ¢ in such systems is typically ¢ ~ 0.5, while
there exists a non-negligible fraction of massive twins g > 0.95
(Duchéne & Kraus 2013; Moe & Di Stefano 2017). Thus, it is
expected that high-mass stars tend to be born as close binary
systems, in which some systems have nearly equal mass. High-mass
close binaries might be the origin of binary black holes or binary
neutron stars detected by gravitational waves (Abbott et al. 2021).
Therefore, it is crucial to understand the formation process of such
binaries.

When investigating the formation of (high-mass) binary systems,
the most important factor is the angular momentum (Lund & Bonnell
2018). The binary separation is determined by the angular momentum
of the system. In other words, the binary formation is related to
how much angular momentum is introduced into the system and
how much is removed or transported from it. In the star formation
process, angular momentum is naturally introduced into the system
by mass accretion during the main accretion phase, because the
infalling gas possesses angular momentum. It can be expected that
the separation of the protobinary system will gradually widen over
time, because parcels of gas with large angular momentum will
later accrete on to the system, as shown in Satsuka et al. (2017).
However, many observations of (high-mass) close binary systems
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in various star-forming regions (Duchéne & Kraus 2013) indicate
that there is likely to be a mechanism to efficiently remove angular
momentum from the system in the binary formation process. It is
considered that the most efficient mechanism to remove angular
momentum from the system is magnetic braking (Mestel & Spitzer
1956; Gillis, Mestel & Paris 1979; Mouschovias & Paleologou
1979). Recent observations also imply that the magnetic field in
high-mass star-forming cores is very strong (Li et al. 2015). If
a (strong) magnetic field is considered in the binary formation
process, the angular momentum of the binary system should be
transported into the infalling envelope due to magnetic braking.
Since each star of a protobinary system is connected to the massive
infalling envelope through the magnetic field (Machida, Inutsuka &
Matsumoto 2009), a massive envelope can brake the binary orbital
motion and shrink the binary separation. To date, magnetic braking
has been mainly investigated for the single star formation process
(Zhao et al. 2020). However, the effect of the magnetic field and
magnetic braking should also be considered for the binary formation
process.

In the framework of the core-collapse scenario, fragmentation
occurs in the star-forming cloud and a binary or multiple system
forms (Tsuribe & Inutsuka 1999; Cha & Whitworth 2003; Mat-
sumoto & Hanawa 2003). Without considering the magnetic field,
the formation and evolution of binary systems composed of low-
mass stars have been investigated in many studies (Bonnell & Bate
1994; Bate 1997, 2009a, b, 2012; Bate & Bonnell 1997, 2005; Bate,
Bonnell & Bromm 2002). Recently, the formation of a high-mass
binary system in unmagnetized clouds are also investigated (Bonnell
& Bate 2005; Meyer et al. 2018). On the other hand, while the effect of
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the magnetic field on the fragmentation process has been investigated
(e.g. Hennebelle & Teyssier 2008; Machida et al. 2008), there are few
studies investigating the binary orbital motion or separation during
the main accretion phase after fragmentation in a magnetized cloud.
Using 3D magnetohydrodynamics (MHD) simulations, Kuruwita,
Federrath & Ireland (2017) investigated binary formation, in which
they calculated the evolution of a binary system for ~3000 yr after
fragmentation. They showed that angular momentum is efficiently
transferred due to magnetic braking, and the binary system maintains
a separation within ~5 au, in which a sink radius of ~4.8 au was
adopted to accelerate the calculation. Thus, they could not precisely
resolve close binary systems within a separation of <5au. Saiki
& Machida (2020) also investigated close binary formation in a
resistive MHD simulation and found that the magnetic field plays
a significant role in shrinking the binary separation during the
main accretion phase. However, since the protostars in their study
were resolved with a spatial resolution of 0.039 au, they calculated
the evolution of a proto-binary system only for ~400yr after the
protostars formed. Although 3D MHD simulations are appropriate
for investigating binary formation, it is difficult to calculate and
investigate the long-term evolution of protobinary systems. The
binary orbital motion (or binary orbital period) should be resolved
in such simulations. However, the binary orbital period shortens
as the binary separation shrinks. Therefore, 3D simulations are not
suitable for investigating the long-term evolution of close binary
systems.

Recently, Lund & Bonnell (2018) investigated the formation of
high-mass close binaries with a new approach, in which they analyti-
cally estimated how much angular momentum is transported by mag-
netic braking, and concluded that high-mass close binaries with sepa-
rations of £10-100 au can form when the prestellar cloud is strongly
magnetized. However, since the configuration and strength of the
magnetic field are idealized in their study, it is difficult to correctly
estimate the efficiency of magnetic braking. Hirano et al. (2020)
showed that the efficiency of magnetic braking changes significantly
over time during the main accretion phase, because the configuration
of the magnetic field varies over time. Thus, to investigate the effect
of magnetic braking on the binary separation, a realistic treatment
of the magnetic field (such as its configuration and strength) is
necessary.

In studying close binary formation, details of the long-term
evolution and a realistic treatment of the magnetic field are both
required. However, as seen in Saiki & Machida (2020), it is not
possible to calculate the long-term evolution of a binary system while
resolving the orbital motion. In analytical studies, it is difficult to
precisely estimate the efficiency of magnetic braking and the angular
momentum introduced into the binary system, which determines the
binary separation, without knowing the correct configuration and
strength of the magnetic field.

In this study, we calculate the configuration and strength of
the magnetic field using 3D MHD simulations with a sink, in
which we do not resolve the binary orbital motion to realize
long-term time integration. Then, using data obtained from the
simulation (the mass and angular momentum falling on to the
sink), we analytically estimate the binary separation according to
the prescription used in Lund & Bonnell (2018). This paper is
structured as follows. Section 2 describes the analytical method
and numerical settings of our model. The results are presented in
Section 3. We discuss the relation between the density distribution
and angular momentum transfer and the dependence of the results
on the spatial resolution in Section 4. Our conclusions are presented
in Section 5.
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2 METHODS

The purpose of this study is to investigate the evolution of binary sys-
tems during the main accretion phase taking into account magnetic
effects such as magnetic braking and protostellar outflow. According
to Lund & Bonnell (2018), we estimate the binary parameters
analytically, while we use the data obtained from MHD simulations
to estimate them. In this section, we first explain how to analytically
estimate the binary parameters and then describe the settings of our
MHD simulations.

2.1 Binary separation and accretion of mass and angular
momentum

Assuming a circular orbit, the binary orbital angular momentum J,
is related to the total stellar mass M, and binary separation 7, as

q
Jo = m\/ GM3, ryep. 1

b

where ¢ is the mass ratio of the primary to the secondary stars
(e.g. Bate & Bonnell 1997). Since this study focuses on the binary
separation, equation (1) is transformed to

L _U+9t i
T Gmyy

2

Equation (2) indicates that determining rg, requires Jy,, Miq, and g.
During the main accretion phase, mass and angular momentum are
continuously supplied from the infalling envelope into the binary
system. Thus, M,y and J}, of the binary system vary over time. For
simplicity, we assume an equal mass binary (¢ = 1) in the following.
Then, equation (2) is described by

16 J2 16 j?
G M), G My’

Vsep = (3)
where j,(=J,/M,y,) is the specific angular momentum of the binary
system. 7y, varies during the mass accretion phase, because both M
and J, gradually increase due to the mass accretion. Here, we define
the angular momentum and mass of the accreting matter as AJ.
and AM,., respectively. When AJ,.. and AM, are introduced into
the protobinary system by accretion, 7, changes as

lj (Jb + AJacc)2
G (Mo + AMyeo)?’

where Arp is the change in the binary separation due to the accretion
of mass and angular momentum, described by

“

Fsep + Arsep =

Ar _ g (Jb + A-’acc)2 _ Jbz (5)
o G (Mlol + A]V[acc)3 Mt:j)t
~ E Jb(tholAJacc - 3JbAMacc) (6)

G MMy + 3Mg AM,.)

in which the second and higher order terms with respect to AJ,.. and
AM,. are ignored in equation (5) to derive equation (6). Therefore,
the increase or decrease in 7y, due to accretion is determined by the
sign of the numerator of equation (6). The binary separation shrinks
if the following equation is fulfilled:
AJyee 3 5

< - b

AMEICC 2 MtOt

and vice versa. With the definition Aj,. = (AJupee/ AM,), equa-
tion (7) can be rewritten as

(O]

3
5 Jo- (®)

Ajacc < D)
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Thus, roughly speaking, when the specific angular momentum of the
accreting matter is smaller or larger than that of the binary system,
the binary separation shrinks or widens, respectively. However, it
is difficult to determine both AJ,.. and AM,.. analytically, because
the angular momentum is transported by magnetic braking and the
efficiency of magnetic braking strongly depends on both the envelope
mass and the configuration of magnetic field lines, which gradually
change with time. Thus, in this study, we determine AJ, and AM .
from our MHD simulations. As described below, we perform this
estimate using a sink technique in the simulation.

2.2 MHD simulation

We next explain the MHD simulation. Starting from a massive
prestellar cloud, we calculate the cloud evolution for ~10° yr after
protostar (or protobinary) formation. As the initial state, we adopt
a Bonnor-Ebert (BE) density profile, which has a central density
of nyp = 10°cm™ and isothermal temperature of Ty = 20K. The
radius of the initial core is set to twice the critical BE radius, which
corresponds to Ry > 3.9 x 10° au. The density of the BE sphere is
enhanced by a factor of f to promote gravitational collapse. Thus, the
central density of the initial cloud core is n.o = f x 10° cm™2 (for
details, see Matsushita et al. 2017). As described in Matsushita et al.
(2017), the mass accretion rate is proportional to 3 2, where « is
the ratio of the thermal to gravitational energy. To control the mass
accretion rate, we treat oy as a parameter, with different f values
giving different values for «g. We adopt oy = 0.2 and 0.6, which
correspond to f= 3.5 and 1.2, respectively. Note that the initial cloud
mass depends on « (or f).

A rigid rotation €2 is taken within the BE sphere. Three different
Qo are adopted to give three different Sy (=0.01, 0.02, and 0.04),
the ratio of rotational to gravitational energy. We also set a uniform
magnetic field By over the whole computational domain. By is also
treated as a parameter in the range 0-5.2 uG. The corresponding
mass-to-flux ratios normalized by the critical value (472G)~""? are
Ly = 00, 3.0, 2.0, and 1.5, respectively. Note that the normalized
mass-to-flux ratios adopted in this study are typical observed values
(e.g. Crutcher et al. 2010). In addition, since it is difficult to form
a close binary system with o > 3 in our pre-existing simulations,
we do not include the model with 1y > 3. The model name and
parameters are listed in Table 1. In Cartesian coordinates, the initial
direction of the magnetic field is set to be parallel to the z-axis, while
the initial rotation axis is inclined from the z-axis to the x-axis by
an angle 0. It should be noted that the counterclockwise rotation
(or positive angular momentum) is adopted around the x- and/or z-
axis. We also treat 6 as a parameter and adopt 6y = 0, 45, and 90°.
Combining these four parameters (&g, o, (o, and 0y), we prepare
27 models, as listed in Table 1.

To calculate the cloud evolution, we use our nested grid code
(Machida, Tomisaka & Matsumoto 2004; Machida et al. 2005),
which solves the resistive MHD equations (1)—(4) in Machida &
Matsumoto (2012) with an isothermal equation of state,

P :C?p, (9)

where c; is the speed of sound. The diffusion rate for ohmic resistivity
is described in Machida, Inutsuka & Matsumoto (2007) and Machida
& Matsumoto (2012). Grids composed of (i, j, k) = (64, 64, 64)
cells are nested and the grid level is described by /. The grid size
L(l) and cell width A(l) halve with each increment of the grid level
as L(I + 1) = L()/2 and h(l + 1) = h(l)/2. We set six levels of
grid, [ = 6, for the initial state. The initial cloud is immersed in
the fifth level of the grid (/ = 5), which has twice the BE radius of
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L(5) = 7.85 x 10’ au and a cell width of 4(5) = 1.23 x 10* au. The
coarsest grid has a size of L(1) = 1.26 x 107 au and a cell width of
h(1) = 1.96 x 103 au. After the calculation has been started, a new
finer grid is automatically refined to ensure the Truelove condition
(Truelove et al. 1998). In the calculation, the Jeans length is resolved
with at least 16 cells. In the fiducial calculation, we set the maximum
grid level to be [ = 15, and the finest grid has L(15) = 767 au and
h(15) = 12 au.

2.3 Mass and angular momentum introduced into sink

As described in Section 2.1, we can investigate the evolution of the
binary separation when the accretion rate of the mass and angular
momentum are known. To realize a long-time evolution, we adopt a
sink cell (for details, see Machida & Hosokawa 2013). We set the
sink at the centre of the maximum level of the grid (/ = [,). We
describe the sink threshold density as ngy, and the sink radius as
Tsink- Note that the sink begins to operate after the central density
exceeds ngk. We treat the mass within the sink as a point mass in the
simulation. Using the number density n;, distance from the centre r;,
velocity v;, and volume dV; at each cell within 7y, we estimate the
accreting mass M, and angular momentum J g at every step of
the simulation as

AMyee = Z Cuace Flmp(ni - nsink) av;, (]0)
i <I'sink

AJee = Z Cuace [me(n,- - nsink) r; x v; dV;, (1 1)
Fi <Fsink

where [i(=2.4) and m, are the mean molecular weight and pro-
ton mass, respectively. The accretion factor C,.., which smoothly
changes the structure within the sink, is set to C,.. = 0.03. We con-
firmed that the results are not significantly affected by the accretion
factor Cyec. For the fiducial models, we set ng = 10° cm™3, and the
sink radius is defined as half of the Jeans length A; as

1
Fsink = 5)\] ~ 66 au. (12)

Thus, ngp is related to rgpi through Aj. We change ng;, and the cor-
responding 7y in some calculations to investigate the dependence
of our results on the spatial resolution (for details, see Section 4.2).

To determine the binary separation, the mass and angular momen-
tum of accreting matter are updated as

Mlot,ncw = Mtol.old + AIWzlcca (13)

Jb,new - Jb,old + AJaCCs (14)

where Mo 01d and Jp o are the mass and angular momentum of the
binary system at the previous step, and Mot new and Jp new are those
at the present step, respectively. Using these equations, we determine
the binary separation with equation (4). Note that we use the absolute
value of J, = |Jpnew| When estimating the binary separation with
equation (3).

2.4 Stellar evolution and termination condition of simulation

In this subsection, we describe the limitations of estimating the
binary separation and the termination condition in our simulations.
As described above, an equal mass binary system is assumed within
the sink in our analysis, and the binary separation is estimated at every
time-step with the mass and angular momentum falling into the sink.
Thus, when the binary separation exceeds the diameter of the sink
(i.e. rep > 2rgink), We cannot adequately estimate the separation. In
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Table 1. Model parameters and calculation results. Model name, density enhancement factor
f, cloud mass Mcjoud, ratios of thermal «¢ and rotational S energy to gravitational energy,
mass-to-flux ratio normalized by the critical value 1¢o, magnetic field strength By, and the
angle between rotation axis and magnetic field 6 are described. The ninth column lists the
calculation results: models designated wide binary, indicated by ‘w’, close binary, ‘c’, and
merger, ‘m’, are described. A ‘= entry corresponds to a model for which the binary mass does
not reach 20 Mg within a long calculation period without showing wide binary and merger.

Model f Mcioud g Bo Hy By Ay  results
Mol WG] ]
TOOM20 3.513 262 0.2 0.02 2.0 3.9 0 -
T45M20 45 w
T9OM20 90 c
TOOM30 3.513 262 0.2 0.02 3.0 2.6 0 w
T45M30 45 w
T9OM30 90 c
TOOM15 3.513 262 0.2 0.02 1.5 52 0 m
T45M15 45 c
T9OM15 90 c
TOOM20A6 1.171 87 0.6 0.02 2.0 1.3 0 w
T45M20A6 45 w
T9OM20A6 90 -
TOOM30A6 1.171 87 0.6 0.02 3.0 0.86 0 w
T45M30A6 45 w
T9OM30A6 90 -
TOOMI15A6 1.171 87 0.6 0.02 1.5 1.7 0 m
T45M15A6 45 -
T9OM15A6 90 -
TOOM20B1 3.513 262 0.2 0.01 2.0 3.9 0 -
T45M20B1 45 c
T9OM20B1 90 C
TOOM20B4 3.513 262 0.2 0.04 2.0 3.9 0 w
T45M20B4 45 w
T9OM20B4 90 w
TOOMinfB1 3.513 262 0.2 0.01 [ee) 0 - w
TOOMinf 0.02 - w
TOOMinfB4 0.04 - w

other words, if the binary system exists outside the sink, we cannot
estimate the mass and angular momentum introduced into the binary
system because the mass accretion is assumed to occur only on to the
sink. We estimate the binary separation according to the procedure
described in Section 2.3 only when ry, is shorter than the sink
diameter 2 rgni (i.€. rsep < 27gink). Thus, twice the sink radius 2 rpi
is the upper limit of the binary separation that can be estimated in
this study. We stop the simulation when ry, > 2 7 is reached, and
we call a model exceeding the upper limit a ‘wide binary.’

We also need to impose a lower limit of the binary separation.
Each protostar in a binary system has a physical size or radius. We
calculate the radius of each protostar r, by numerically solving the
stellar interior structure. As already described, we assume that the
two protostars accrete the gas equally distributed among them. We
construct an accretion history AM,../2 as a function of M,,/2 taken
from MHD simulation data. We employ the same numerical code
as in Machida & Hosokawa (2013), assuming spherical accretion
on to the protostar (Hosokawa & Omukai 2009). While we use
a different stellar evolution code in Matsushita et al. (2018) and
Machida & Hosokawa (2020), an advantage of the current method is
that the evolution of the stellar radius only depends on the accretion

history, not on other control parameters (see section 3 in Matsushita
et al. 2018). The details in modelling the protostellar evolution
do not affect our conclusions anyway (e.g. Hosokawa, Yorke &
Omukai 2010). When the binary separation is smaller than twice
the stellar radius (i.e. ryp < 2 7ar), We determine that merger of the
two protostars has occurred, and the calculation is stopped. We call
a model exhibiting merger a ‘merger.’

Hence, as long as the binary separation is in the range 2 ry, <
Tsep < 2Tsink, We continue the calculation until M, reaches 20 M,
(i.e. the mass of each protostar is 10 My). We call such a model
a ‘close binary,” in which the binary system maintains the sepa-
ration ranging from 2 rg,, to 2 rgn until the end of the simulation
(Mor = 20 Mp). It takes several months to perform the calculations
for a single model. We stop the calculation if the total mass does
not reach M, = 20 Mg within about four months of wall-clock
time, roughly corresponding to 1.2 x 10* CPU hours. Thus, in some
models, the total mass is less than M, < 20 Mg even when the
binary separation is in the range 27y, < ryp < 2rgn during the
calculation. A schematic view of our settings and the limitation of
our simulation is presented in Fig. 1, in which 7, 7ep, and the
stellar radius rg,, are described.
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Figure 1. Schematic view of this study. We calculate the cloud evolution
outside the sink using a 3D MHD simulation. After the maximum (or central)
density exceeds the sink threshold density, a sink cell is imposed and the
accreting mass and angular momentum on to the sink are used to analytically
estimate the binary mass and separation. We stop the MHD simulation either
when the binary separation exceeds twice the sink radius reep > 2 rgnk or
when the binary separation is shorter than twice the stellar radius rgep < 2 rgiar-

2.5 Summary of our procedure

To determine the binary parameters such as total protostellar mass
and separation, we need information about the accretion rates of
the mass and angular momentum, which can be determined from
the 3D MHD simulations. Thus, we can directly calculate the
configuration and strength of the magnetic field on a large scale
with 3D simulations. In other words, in the simulations, we estimate
the mass and angular momentum falling into the binary system using
the sink technique, and then use this information to estimate the mass
and separation of the binary system.

A major difference between our study and Lund & Bonnell
(2018) is the treatment of the magnetic field. We determine the
accretion history of the mass and angular momentum from our MHD
simulation, while Lund & Bonnell (2018) analytically estimated
them. Thus, our treatment of the magnetic field is more precise than
the previous work. On the other hand, the spatial scale in our study
is limited to the sink radius (see Sections 2.4 and 4.2), while there is
no limitation of the spatial scale in the analytical study of Lund &
Bonnell (2018).

3 RESULTS

3.1 Fiducial model

First, we describe the results for model TOOM20, which has the
parameters oy = 0.2, By = 0.02, uo = 2.0, and 6y = 0°. We call this
the fiducial model. Other models are shown in Section 3.2.

3.1.1 Density distribution and configuration of magnetic field

Fig. 2 shows the density and velocity distributions before and after
binary formation for the fiducial model (TOOM20). In the edge-on
view (right-hand panels of Fig. 2), a thin disc-like structure can be

MNRAS 508, 3730-3747 (2021)

seen. In Fig. 2(b), the gas is flowing into the sink, while there is
no outflowing component. On the other hand, Fig. 2(d) shows an
outflow driven from the disc-like structure. Note that the disc-like
structure corresponds to the pseudo-disc that is mainly supported
against gravity by the Lorentz force, and thus the disc is not supported
by the rotation, as seen in Fig. 2(c). In this study, we did not resolve
a rotationally supported disc, because the calculation was stopped
before the formation of a rotationally supported disc as described in
Section 2.4. Nevertheless, the outflow appears because the magnetic
field lines are twisted by the (sub-Keplerian) rotation of the pseudo-
disc and the magnetic pressure gradient force drives the outflow
(see Figs 2c and d). We show the outflow evolution and the relation
between the outflow and binary separation in Section 3.1.4.

The configuration of the magnetic field lines and the structure of
the pseudo-disc and outflow for the fiducial model (TOOM?20) are
plotted in Fig. 3. In the left-hand panel of Fig. 3 (before the sink
creation), although an hourglass configuration of the magnetic field
lines is confirmed, the magnetic field lines are not strongly convergent
towards the centre. Meanwhile, the magnetic field lines are highly
convergent and strongly twisted a long time after sink creation (Fig. 3
right-hand panel). In other words, the magnetic field lines are nearly
parallel just before binary formation (Fig. 3 left), while they show a
fan-shaped configuration long after binary formation. The efficiency
of angular momentum transport due to magnetic braking strongly
depends on the configuration of the magnetic field lines (Hirano et al.
2020). Since the configuration of magnetic field lines changes over
time, the binary separation changes accordingly (see Section 3.2.2).

3.1.2 Binary mass, angular momentum, and separation

The left-hand panel of Fig. 4 shows the time evolution of the total
mass M, and angular momentum J,, falling on to the sink for the
fiducial model (TOOM20). The right-hand panel of Fig. 4 shows the
binary separation estimated using equations (3)—(6). For this model,
we stopped the calculation just before the binary separation reaches
the upper limit (twice the sink radius), because the calculation time-
step becomes very short due to the emergence of the high-speed
outflow (Fig. 3).

Fig. 4 left-hand panel indicates that both the total mass and angular
momentum continue to increase until the end of the simulation. The
wavy curve in Jy, is caused by outflow emergence, which is explained
in Section 3.1.4. As shown in the right-hand panel of Fig. 4, the
binary separation slowly increases for My, < 0.5 M, decreases for
0.5Mg < My < 4 Mg, and then increases again, reaching ~100 au
at the end of the simulation. The curious behaviour of the binary
separation for model TOOM20 is explained further in Section 3.1.4.

3.1.3 Critical specific angular momentum

The specific angular momentum of the binary system (j, = Jo/Mior)
for the fiducial model (TOOM20) is plotted in the left-hand panel of
Fig. 5, and shows a similar tendency to the total angular momentum
(or the angular momentum of the binary system) J, (Fig. 4 left-hand
panel). The ratio of the specific angular momentum of the accreting
matter to the specific angular momentum of the binary system
(AJacc!jp) for the fiducial model is also plotted in the right-hand panel
of Fig. 5. In the following, we describe the ratio Aju../j, as fw and
call it the accreting angular momentum. As described in Section 2.1,
we can speculate the time evolution of the binary separation with jye
(see equation 8). The binary separation decreases with facc <3/2
(hereafter we call J,.. = 3/2 the critical angular momentum, Jeti)-
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4 x 10* yr after (bottom panels) binary formation for model TOOM20. The binary mass and elapsed time from the beginning of the cloud collapse are given in

each panel. The white contour in panel (d) corresponds to the boundary between the infalling v, < 0 and outflowing v, > 0 gas.

Figure 3. 3D views for model TOOM?20 at the same epochs as in Fig. 2. The white lines correspond to magnetic field lines. In each panel, the pseudo-disc is
represented by the yellow surface, which corresponds to the iso-density surface of 5.0 x 10® cm™3. In the right-hand panel, the outflow is represented by the
green and blue surfaces, which correspond to the iso-velocity surfaces of v, = 0.13 and 2.6 km s~ respectively. Within the green surface, the gas is outflowing

from the centre. The box size is ~10* au in both panels.
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Figure 4. Left: Total mass M, (black; left axis) and angular momentum J, (red; right axis) falling on to the sink against the elapsed time from the formation
of the binary ¢ for model TOOM20. Right: Binary separation against the total stellar mass for model TOOM20. The boundary between the green and white
areas corresponds to twice the sink radius (or the upper limit of binary separation applicable for this study). The boundary between the white and black areas
corresponds to twice the stellar radius (or the lower limit of binary separation) for model TOOM?20.
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Figure 5. Specific angular momentum j, = Jy/Mio (left-hand panel) and ratio Ajaec/jb (right-hand panel) against the total mass for model T0020. The broken

line in the right-hand panel corresponds to jace = 3/2.

Thus, the binary separation shrinks when the angular momentum
of the infalling matter is sufficiently removed and facc < jm On
the other hand, the condition facc > fcﬁ should be realized when the
angular momentum transport in the infalling matter is not efficient,
because the specific angular momentum later falling on to the sink is
large, as described above. Without an efficient mechanism for angular
momentum transport, the binary separation continues to widen with
time.

A comparison of Fig. 4 right-hand panel and Fig. 5 right-hand
panel shows that the binary separation 7, is well correlated with the
accreting angular momentum facc, Actually, the binary separation
widens when the accreting angular momentum J,.c is larger than
the critical angular momentum fcri and vice versa. Thus, we can
expect the binary separation to evolve with the accreting angular
momentum.

3.1.4 Effect of outflow on binary separation

We applied a large sink radius (rg,x = 66 au) in this study. We set
the sink radius so as to not resolve both the rotationally supported
disc and binary orbital motion, in order to investigate the angular
momentum falling into the central region. Although no rotationally
supported disc appears in this study, outflow, which is usually driven

MNRAS 508, 3730-3747 (2021)

by a rotationally supported disc, appears, as shown in Figs 2 and 3.
The outflow driving is realistic, because the sub-Keplerian motion
of the pseudo-disc can twist the magnetic field lines and produce
a magnetic pressure gradient to drive the outflow, as described in
Section 3.1.1.

As shown in Fig. 2, a noticeable outflow can be seen in the aligned
case (0o = 0°). Although outflow appears in the misaligned cases (6,
=45 and 90°, see Section 4.1), it is not very clear and is not strong,
which is consistent with previous studies (Lewis, Bate & Price 2015;
Lewis & Bate 2017; Hirano et al. 2020). In this subsection, we
describe the relation between the outflow driving and the accreting
angular momentum, focusing on the aligned case (or the fiducial
model TOOM20) because a strong outflow appears for 6y = 0°.

Fig. 6 shows the distribution of the specific angular momentum in
both regions outside and inside the outflow. The figure indicates
that the specific angular momentum inside the outflow is larger
than that outside the outflow. Thus, a significant amount of angular
momentum is transferred with the outflow, in addition to magnetic
braking. Moreover, from the figure, we can see that the outflow has a
wide opening angle in the late phase during which the gas accretion
is significantly obstructed by the outflow.

Without the outflow, the gas distributed along the z-axis would
preferentially accrete on to the central region, because the (specific)
angular momentum of such gas is small. On the other hand, as seen
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Figure 6. Distributions of the specific angular momentum (colour) and velocity (arrows) on the y = 0 plane at four different epochs when the sink mass reaches
Mot =1, 3,5, and 7 Mg for model TOOM20. The boundary between the outflowing and infalling region, which corresponds to v, = 0, is indicated by the black
contour. The elapsed time from the beginning of the cloud collapse and total stellar mass are given in each panel.

in the bottom panels of Fig. 6, the outflow interrupts the accretion of
the gas distributed just above and below the central region (i.e. sink
or proto-binary region). The gas distributed near the rotation axis (or
z-axis), which has a small amount of angular momentum, is swept
away by the outflow and cannot accrete on to the central region. As a
result, only the gas with large angular momentum distributed in the
region outside the outflow can fall on to the central region in the late
main accretion phase. It should be noted that, in the bottom panels
of Fig. 6, the angular momentum inside the outflow is larger than
that outside the outflow. Especially, the angular momentum along
the z-axis is the largest inside the outflow. However, if no outflow
appears, the gas with a small amount of angular momentum would
fall on to the central region along the z-axis, as seen in Fig. 6(a).
Hence, the outflow interrupts the accretion of the gas with a small
amount of angular momentum.

As seen in Fig. 5, for the fiducial model (TOOM?20), the specific
angular momentum and the separation begin to decrease around
Mor ~ 1 Mg, and then increase again for M,y = 3 M. The decrease
of the angular momentum around M, ~ 1 Mg can be attributed to
a change in the configuration of the magnetic field, as described in
Sections 3.1.1 and 3.2.2. Since magnetic braking is more efficient in
the fan-shaped configuration than in the parallel configuration, the
angular momentum is largely removed from the centre for the fan-
shaped configuration, which is realized in the late accretion phase
(Tsukamoto et al. 2018; Hirano et al. 2020). Meanwhile, only gas

with large angular momentum is introduced into the central region
after the outflow is sufficiently matured, as described above. As a
result, the angular momentum of the binary system increases.

Thus, when the angular momentum removed by the outflow and
magnetic braking is smaller than that of the accreting matter, the
binary separation will gradually widen with a matured outflow. In
summary, the increase and decrease of the angular momentum and
binary separation is related to both the configuration of the magnetic
field and outflow growth.

3.2 Parameter dependence

In this section, we describe the results for all models listed in Table 1.

3.2.1 Dependence on initial magnetic field strength

We investigate the dependence of the binary separation on the
magnetic field strength in this subsection. Fig. 7 shows the evolution
of ji, (top panels), f'm (middle panels), and r, (bottom panels) with
different magnetic field strengths By or u.!

'We apply a special treatment to model T9OM15. For this model, the binary
separation is smaller than twice the stellar radius for My < 0.15 Mg (Fig. 71)
during which the angular momentum is also considerably small (Fig. 7c), and
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Figure 7. Binary specific angular momentum ji, (top panels), accreting angular momentum Jj,c (middle panels), and binary separation Tsep (bottom panels)
against total stellar mass M. Models with different r but with the same 6 are plotted in each panel. «g, 8o, and 6 are given in each top panel. The broken
line in the middle panels indicates jo;. In the bottom panels, the boundary between the lower coloured and white areas corresponds to the lower limit of binary
separation (twice the stellar radius), in which the evolution of the stellar radius is calculated with the accretion history for the model having the same colour.
Since there is no significant difference in the evolution of the stellar radii in each panel, only the radii for the models with o = 1.5 (g) and 1o = 2.0 (h and i)

are plotted. The green area in the bottom panels is the region outside the sink.

There is a clear trend for small j, and ., in the models with a
relatively strong magnetic field (o = 1.5) compared to models with
a relatively weak magnetic field (o = 3.0), which is consistent with
Lund & Bonnell (2018). In addition, ji, and 7, in the unmagnetized
model are much larger than in the magnetized models. Thus, the
effect of magnetic field on the angular momentum transfer and binary
separation is clear.

For the models with 8y = 0° (Fig. 7 left-hand panels), the difference
in the separation between the models is small in the early phase
(Mo < 1 M), while it becomes significant in the late phase (M =,
1 Mg), as seen in Fig. 7(g). Especially, for the model with pg =
1.5, ryp becomes smaller than twice the stellar radius (or below
the lower limit). As described in Section 3.2.2, a rapid decrease in
the separation can be attributed to a change of the configuration of
the magnetic field (see also Hirano et al. 2020). The outflow also

thus it is judged that a merger occurs at a very early epoch (Mo >~ 0.15Mg)
in our definition. However, we can assume that the binary formation (or
fragmentation) occurs after My, > 0.15 Mg because the angular momentum
and binary separation continue to increase in the following stage (Figs 7¢
and 1). Thus, for model T9OM15, we only consider the binary evolution for
Mot > 0.2Mg.

MNRAS 508, 3730-3747 (2021)

contributes to the evolution of the binary separation and angular
momentum, which is shown in Section 3.1.4. Meanwhile, for the
models with 8y = 90° (Fig. 7i), the difference in ry is large in the
early phase (M, < 1 Mg). However, the difference is not significant
at the end of the simulation (M, = 20 M), which indicates that
the efficiency of magnetic braking does not strongly depend on the
initial magnetic field strength when the magnetic field vectors are
not aligned with the rotation axis (for details, see Section 3.2.2).
The evolution of ry,, for the models with 6y = 45° (Fig. 7h) is
similar to that for the perpendicular models 6y = 90°(Fig. 7i), while
there exist quantitative differences in jy, facc and ry, between the
models. In the models with 6y = 45 and 90°, j, (Figs 7b and c) and
the accreting angular momentum J,. (Figs 7e and f) roughly trace a
similar track, although they are not the same in the very early phase.
In the late phase, ji, continues to increase, while facc oscillates around
fcri after it decreases to reach fcri . Note that, for model T45M?30, since
the binary separation reaches the upper limit at an early epoch, the
oscillation in facc cannot be seen. We discuss the oscillation of facc
in Section 4.1. On the other hand, facc behaves differently for the
aligned models 6y = 0° (Fig. 7d), in which facc for the models with
o = 1.5 and 2 rapidly drops at M, ~ 0.5 M and then increases to
facc ~ fcri for Mo, 2 3-5 Mg,. Reflecting the complicated behaviour
of facc, the evolution of 7, is not simple for the aligned models
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Figure 8. Distribution of enclosed angular momentum (left) and enclosed angular momentum normalized by the initial value (right) against the enclosed mass
for models with different 1t at the epochs when the binary mass reaches Mo = 1, 2, and 4 M. The black solid line in both panels is the initial distribution.

The parameters o, Bo, and 6 are given in the upper part of left-hand panel.

(Fig. 7g). Thus, the aligned models may be a special case for the
angular momentum transport and evolution of the binary separation.

Finally, we confirm the distribution of the angular momentum
after binary formation (or sink creation). Fig. 8 left-hand panel
shows the distribution of the enclosed angular momentum at three
different epochs (M,; = 1, 2, and 4 My,) for the aligned models with
different p against the enclosed mass Mepc, in Which Jeye and My
are estimated for a radius 7 to be

Jenc) = Ty + / p rovy du, (15)
0

where r., vy, and J,, are the distance from the rotation axis, the
velocity in the azimuthal direction, and the angular momentum that
has already fallen on to the sink, respectively, and

Menc(r) = Mo + / P dv, (16)
0

in which M,y is the total mass fallen on to the sink. The panel
indicates that angular momenta for these models are smaller than
the initial value near the centre. Note that the enclosed mass Mepc
is an increasing function of radius. For clarity, we plot the angular
momentum normalized by the initial value in Fig. 8 right-hand panel.
From these panels, we can confirm that the angular momentum
transfer occurs near the centre of the cloud (for details, see Machida,
Inutsuka & Matsumoto 2011). The angular momentum near the
centre (Mepe < 5Mg) is transported into the outer layer of the
infalling envelope. For the models with py = 1.5 and 2.0, over
90 per cent of the initial angular momentum is transported into the
infalling envelope just outside the sink when the binary mass is
M,y = 2 Mg. On the other hand, at the same epoch, about 60 per cent
of the initial angular momentum is transported near the sink for the
model with 1o = 3.0. Thus, the efficiency of angular momentum
transport significantly depends on the initial magnetic field strength.

3.2.2 Dependence on the angle between rotation axis and magnetic
field

As described in Section 3.2.1, the efficiency of angular momentum
transport also depends on the angle between the magnetic field and
the rotation axis. Hirano et al. (2020) showed that the configuration

of the magnetic field significantly changes over time for both the
aligned (6y = 0°) and misaligned (6 7 0°) models. They also pointed
out that the efficiency of magnetic braking strongly depends on the
configuration of the magnetic field (see also Hennebelle & Ciardi
2009; Joos, Hennebelle & Ciardi 2012; Tsukamoto et al. 2018).
We briefly explain the results shown in Hirano et al. (2020). For the
aligned model, the magnetic field lines are nearly parallel in the early
main accretion phase, while they have a fan-shaped configuration in
the late accretion phase. Magnetic braking is more efficient in the
fan-shaped configuration than in the parallel configuration. We also
consider the magnetic field lines perpendicular to the rotation axis
(perpendicular case, 8y = 90°). Magnetic braking is more efficient
in the perpendicular case than in the (aligned) parallel case, but less
efficient than in the (aligned) fan-shaped case. Thus, in addition to
the initial configuration of the magnetic field, the time evolution of
the configuration is also important for evaluating the efficiency of
magnetic braking.

Jbs facc, and ry, for the models with different 6, are plotted in
Fig. 9. There is no significant difference in these quantities between
the models when the initial magnetic field is relatively weak (o =
3.0; Figs 9a, d, and g). However, only the model with 8y = 90° did not
reach the upper limit of binary separation. For this model, the ratio
facc oscillates around the critical value facc ~ fcn for Mo, 2 2Mg
(Fig. 9d), which indicates that ry, does not monotonically increase
in the late main accretion phase. As a result, 7, is marginally within
the upper limit (rg, < 2 7gink) by the end of the simulation.

Among the models with py = 2.0 (Figs 9b, e, and h), only the
model with §p = 90° became a close binary system. Note that we
stopped the calculation for the model with 6, = 0°, even though
the binary separation reached neither the lower or upper limit. This
is because the calculation time-step becomes very short due to the
emergence of a high-velocity outflow, and the calculation was not
completed within the limited time. Thus, for this model, we could not
integrate the calculation until the total stellar mass reached M, =
20Me.

We can see a significant difference between the aligned (6y = 0°)
and misaligned (fy # 0°) models when the initial magnetic field
strength is as strong as po = 1.5 (Figs 9c, f, and 1). For these models,
the binary separation in the aligned model 6y = 0° is the smallest
and finally reaches the lower limit of twice the stellar radius. On the

MNRAS 508, 3730-3747 (2021)
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Figure 9. Same as in Fig. 7. Models with different 6 but with the same 11 are plotted in each panel. Parameters «(, Bo, and 1 are given in each top panel.

other hand, the models with & = 45 and 90° reach neither the lower or
upper limit.? Thus, the close binary system is maintained by the end
of the simulation for these models. The specific angular momentum
and binary separation for these models (6 = 45 and 90°) gradually
increase (Figs 9c and i), while facc oscillates around the critical value
fz\cc ~ fcri (Flg 9f)

In addition, in Fig. 9(i), the binary separation for the model with
6 = 90° is much smaller than that for the model with 6, = 0°in
the early phase of 0.2Mgy < M,y < 1 Mg, while the magnitude
relation of the binary separation between 6y = 0 and 90° models
is inverted in the late phase of M, > 1 M. This indicates that the
configuration of the magnetic field changes over time. Especially,
magnetic braking is more efficient in the late phase than in the early
phase for the aligned case, as described in Hirano et al. (2020). For the
aligned case (8p = 0°), the efficiency of magnetic braking becomes
gradually effective as time proceeds because the configuration of
the magnetic field changes from the aligned uniform to the aligned
fan-shaped configuration, as described above (for details, see fig. 1
of Hirano et al. 2020). On the other hand, for the misaligned (6p =
45°) or perpendicular (§y = 90°) cases, the efficiency of magnetic
braking is larger than for the aligned uniform case but smaller than
for the aligned fan-shaped case independent of the evolutionary

2 As described in Section 3.2.1 , for model T9OM 15, we consider the evolution
of the binary system only for Moy > 0.2 M. In addition, only for this model,
we confirmed a sign inversion of the angular momentum in an early phase (7 x
107* Mg < Mo < 0.13Mg) during which the angular momentum becomes
negative with a mass of ~0.1 M. A sign inversion means that the sign of the
angular momentum changed from plus to minus or minus to plus (for details,
see Mouschovias & Paleologou 1979; Machida & Basu 2020).

MNRAS 508, 3730-3747 (2021)

stage (Hirano et al. 2020). As a result, the binary separation in
the aligned model is smaller than that in the misaligned model in
the late accretion phase, because the efficiency of magnetic braking
is most effective in the aligned model (or the aligned fan-shaped
configuration).

3.2.3 Dependence on parameters oy and B

In this subsection, we investigate the dependence of the binary
separation on ¢« and By. Note that the models with 6y = 0 and
45° tend to become a wide binary system, as described above. These
models are not adequate for investigating the long-term evolution
of the binary separation, because the calculation was stopped just
after the binary separation reached the upper limit. Thus, in this
subsection, we consider only the models with 6y = 90° to investigate
the parameter dependence of o and S in the long-term evolution.
Fig. 10 left-hand panels show j, (Fig. 10a), facc (Fig. 10c),
and rep (Fig. 10e) against the total stellar mass for the models
with different oy but with the same By, ro, and 6. The mass
accretion rate is controlled by the parameter o, and is large for
small g (Matsushita et al. 2017; Machida & Hosokawa 2020).> In

3The dependence of the mass accretion rate on the parameters 1o and 6 has
been investigated in Machida & Hosokawa (2020) and Hirano et al. (2020).
The dependence on the parameter B has not been investigated. However, it is
expected that the parameter B does not significantly affect the mass accretion
rate, because the rotational energy is lower than the magnetic energy in star-
forming cores, which does not affect the mass accretion rate (Machida &
Hosokawa 2020).
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Figure 10. Binary specific angular momentum jy, (top panels), accreting angular momentum J,.. (middle panels), and binary separation Tsep (bottom panels)
against total stellar mass Mior. Models with different o but with the same By, (o, and 6 are plotted in the left-hand panels. Models with different 8¢ but with
the same o, j10, and 6 are plotted in the right-hand panels. The broken line in the middle panels indicates the critical angular momentum Jj.;. In the bottom
panels, the boundary between the lower coloured and white areas corresponds to twice the stellar radius, in which the colour corresponds to the model with the
same line colour. The green area in the bottom panels is the region outside the sink.

addition, the configuration of the magnetic field should differ with
the parameter o, because the geometry of the infalling envelope
differs with different oy (Hirano et al. 2020; Machida, Hirano &
Kitta 2020). Nevertheless, there is no significant difference between
models with &g = 0.2 and 0.6. jj, is larger in the model with «p =
0.6 than in the model with ag = 0.2, while the difference between
them at the end of the simulation is not significant. Thus, the initial
cloud stability (or parameter ¢) does not significantly affect the
determination of binary separation.

Jbs facc, and ry, with different B, are plotted against the total
mass in Fig. 10 right-hand panels, in which the parameters o, (Lo,
and 6 are fixed. Fig. 10(f) indicates that a small S, results in a
narrow r.p. However, as seen in Fig. 10(d), facc strongly oscillates
around J,ec ~ Jei in each model. Thus, it is difficult to predict the

final rep from the initial rotational energy of the cloud, because
the angular momentum transfer in the infalling envelope is very
complicated.

3.3 Outcome of binary separation

Fig. 11 shows the binary separation 7, at the end of the simulation
against the parameters 1o, Bo, and 6. The models with different o
are plotted in the top panels of Fig. 11. Although the dependence
of rep on the parameter o is not clear, the dependence on the
parameter [ is clear. The binary separation ry, becomes narrow
as the magnetic field becomes strong except for the model with 6,
= 90°. In the range puo = 1.5-3, the final binary separation is not
significantly affected by the magnetic field strength for the models

MNRAS 508, 3730-3747 (2021)
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the models with g = 0.2 (left) and 0.6 (right) are plotted, in which an unmagnetized model is plotted by the black star symbol. The upper limit corresponds to
twice the sink radius, while the lower limit is set to be rg, = 0 in each panel. The model parameters are described in each panel.

with 69 = 90°. These panels also indicate that, depending on the
parameters oo and 6y, a close binary system can form when the
initial cloud has a strong magnetic field (ug = 1.5-3).

The dependence of the binary separation on S is obvious (Fig. 11
bottom left). The binary separation shortens as S, decreases. It
is natural that the initial rotational energy influences the binary
separation. The initial angle 6, between the magnetic field and the
rotation axis also affects the determination of ryp,. However, we
cannot see a clear trend of 6 dependence in the bottom right panel
of Fig. 11. The parameter 0 is related to the efficiency of magnetic
braking and the strength of outflow, both of which determine the
angular momentum fallen on to the sink and the binary separation.
The configuration of the magnetic field is very complicated and
changes over time in the misaligned models, indicating that the
angular momentum introduced into the central region changes from
time to time (see Section 4.1). As a result, it is difficult to find the
dependence of ry, on 0.

Although the parameter dependence of «( and 6 on the binary
separation is not clear, we can state that, in addition to the initial
rotational energy, the magnetic field strength is an important factor
for determining the binary separation.

4 DISCUSSION

4.1 Oscillation in accreting angular momentum

In Figs 7(e) and (f), 9(d), (e), and (f), 10(c) and (d), we can see the
oscillation in facc in the misaligned models (6y = 45 and 90°). On
the other hand, the oscillation of facc does not occur in the aligned
models (6y = 0°). In this subsection, we discuss the cause of the
oscillation.
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In Figs 7(e) and (f), for the models with 6, = 45° (T45M20)
and 90° (T90M20), the oscillation occurs in the range My > 2 Mg,.
Thus, we plot 3D structures after the total mass reaches M,,, > 2 Mg
for models TOOM20, T45M20, and T90OM?20 in Fig. 12, in order to
investigate the condition under which the oscillation occurs.

For the aligned model (left column), the structures of the pseudo-
disc, outflow, and magnetic field do not significantly change over
time. Although the outflow opening angle gradually widens with
time, we cannot see a noticeable change in the configuration of the
magnetic field and the disc-like structure for this model. As described
in Section 3, the accreting angular momentum jacc does not show a
strong oscillation for the aligned models. Thus, it is considered that
the angular momentum is steadily removed by magnetic braking and
outflow for this model.

On the other hand, in the misaligned models T45M20 (middle
panels) and T9OM20 (right-hand panels), the structures change
violently. In the middle panels, we can confirm that the outflow
structure and the magnetic configuration significantly change over
time. In the right-hand panels, the structure of the high-density
region (yellow surface) corresponding to the iso-density surface of
8.9 x 107 cm™3 changes over time. The time variation of the structure
seen in the misaligned models (middle and right-hand panels) is
considered to be related to the efficiency of the angular momentum
transfer due to magnetic braking.

The pseudo-disc (or infalling envelope) is mainly supported by the
Lorentz force and is partly supported by the rotation (or centrifugal
force). When a strong magnetic field and a dense envelope exist
around the sink, the angular momentum near the sink would be
effectively removed by magnetic braking (Hennebelle & Ciardi
2009). Just after the removal of the angular momentum, a part of
the gas around the sink would rapidly falls on to the sink. Then,
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Figure 12. Time sequence of models TOOM20 (6¢ = 0°; left), T45M20 (o = 45°; middle), and TOOM20 (8 = 90°; right). The total mass My is given in each
panel. A 3D structure is plotted in each panel. The white lines correspond to magnetic field lines. The yellow surface is the iso-density surface of 8.9 x 107 cm™3
corresponding to the pseudo-disc. The outflow is represented by the green and blue surfaces, which correspond to the iso-velocity surfaces of v, = 0.13 (green)
and 2.6kms~! (blue), respectively. The box size is ~10° au in all panels.
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the pseudo-disc (or envelope) becomes less massive and magnetic
braking becomes less effective, which results in the accumulation
of the gas around the sink. The outflow structure and magnetic
configuration would also change according to the change in the
density distribution around the sink. The density distribution and
magnetic field configuration change with time, and they significantly
affect the efficiency of magnetic braking (Mouschovias & Paleologou
1979). Thus, it is expected that the oscillation of facc can be attributed
to the rapid structural change around the sink.

4.2 Binary separation and spatial resolution in simulation

The binary separation is an important factor determining the prop-
erties of binary systems. Especially, the formation of close massive
binaries should clarify the origin of objects detected in gravitational
waves. Observations indicate a high existence probability of close
massive binary systems composed of equal mass stars. However, it
is difficult to form such a system because massive stars (or a massive
binary) should form in a large (massive) cloud with a large angular
momentum. It is expected that a large angular momentum would
result in the formation of a wide binary system (Bodenheimer 2011).
Thus, angular momentum must be removed from a star-forming
cloud to form close binary systems. Magnetic braking is a promising
candidate for the removal of angular momentum.

This study focuses on angular momentum removal in massive star-
forming clouds by magnetic braking. As described in Section 2, we
deliberately did not spatially resolve the binary system, in order to
investigate the angular momentum falling on to the central region
over a long duration. In other words, the numerical simulations were
only used to precisely estimate the configuration and strength of
the magnetic field and the efficiency of magnetic braking without
resolving the binary system. Thus, the spatial resolution of the
simulation is not very high, as described in Section 2.2.

Our purpose is to qualitatively investigate whether magnetic
braking affects the formation of close binary systems. Our aim is
not to quantitatively determine the binary separation. However, it
would be of benefit to discuss the resolution dependence on the
results. To investigate this, we calculated three additional models
with the same parameters (g, Bo, @, and 6 but with different sink
threshold densities and radii (or different spatial resolutions).

The total mass M,y, angular momentum Jy,, and specific angular
momentum j, calculated with different sink criteria are plotted in
Figs 13(a)—(c), in which we only changed the sink threshold densities
and corresponding sink radii. Note that the sink radii are related to
the sink threshold densities through the Jeans length as rg = Aj/2
(see also equation 12). It is difficult to confirm the differences in
the total mass and angular momentum because they do not follow
a monotonically increasing function. However, it seems that there
is no obvious significant difference between the calculations with
different sink criteria.

To further investigate the effect of the sink, the enclosed angular
momentum for the models with different sink conditions is plotted
against the enclosed mass in Fig. 14, in which the binary mass is
the same (M,,; = 2 M) in all the models. As seen in the figure, the
difference in the angular momenta appears only around the central
region (Meye ~ 2-3 Mg). The difference is caused by different effi-
ciencies of the angular momentum transfer due to magnetic braking.
However, we can see a convergence of the angular momentum around
Mene =~ 3Mg. Note that, in the right-hand panel of Fig. 14, although
JencJenci for the model with ngn = 10" cm~3 deviates from those
for other models, the deviation is not significant. Thus, although
different sink conditions (or properties) influence the efficiency of
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the magnetic braking near the sink, it does not significantly affect the
angular momentum distribution at a large scale. We concluded that
although further high-spatial-resolution simulations are necessary,
we can roughly estimate the angular momentum falling on to the
binary system with a sink.

The binary separation against the elapsed time and total mass
estimated from the simulations with different sink criteria is plotted
in Figs 13(d) and (e). In Fig. 13(d), the binary separations are plotted
since 300 yr after binary formation to confirm the early evolution of
the binary separation. Note that since we output the data for these
models every ~10-100 yr, it is difficult to plot the binary separation
for ¢+ < 300 yr. We did not initially expect convergence of the binary
separation. However, the figures show that the binary separations
are within the range 2 < ryp, < 100 au except for the coarsest model
having ng, = 10’ cm™ and rgn = 660 au. It seems that the binary
separation tends to shrink as the spatial resolution becomes high (or
the sink radius decreases) in these calculations. On the other hand,
the binary separations of these models are considerably smaller than
that of the unmagnetized model (see the black line in Fig. 7g), which
indicates that magnetic braking is important for the formation of close
binary systems. We would require huge computational resources
to precisely determine the final binary separation until the main
accretion phase ends. Such calculations may be possible in future
studies.

4.3 Other mechanisms of angular momentum transport

In this subsection, we describe other mechanisms of angular momen-
tum transport. Although this study focused on angular momentum
transport due to magnetic braking on a large scale, angular momen-
tum is also transported by other effects on different scales. The binary
orbital motion causes a gravitational torque that transports angular
momentum around the circumbinary disc outward. As seen in the
observations, in addition to the low-velocity outflow driven by the
circumbinary disc (Machida et al. 2009), high-velocity jets appear
from each protostar (Hara et al. 2021). Both outflows and jets can
transfer angular momentum (Saiki & Machida 2020). If these effects
are included, we can only calculate the binary evolution for ~400 yr
as seen in Saiki & Machida (2020).

We also ignored the effect of turbulence. Joos et al. (2013) and
Seifried et al. (2013) pointed out that turbulence can alleviate the
magnetic braking, which may widen the binary separation. However,
Lund & Bonnell (2018) pointed out the binary separation tends to
decrease in a turbulent cloud because gas with small specific angular
momentum can be unevenly present in such a cloud. In addition, the
angular momentum would be transferred by the Reynolds stress if
strong turbulence is present around the binary system (Abel, Bryan &
Norman 2002). Thus, since turbulence seems to play some different
roles in the binary formation process, we cannot clearly explain the
effect of turbulence on the binary evolution.

Since we ignored some mechanisms of angular momentum trans-
port at small scales, our results would give an upper limit for binary
separation. Our future study will focus on some of other mechanisms
of angular momentum transport.

4.4 Comparison with Lund & Bonnell

This study is motivated by Lund & Bonnell (2018). The binary
separations were analytically estimated in Lund & Bonnell (2018),
while they were numerically derived in this study. In both studies,
we can confirm the same trend that the binary separation decreases
as the magnetic field becomes strong.
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Figure 13. Total mass My, total angular momentum Jy, and specific angular momentum ji, calculated from simulations with different sink conditions, plotted
against the elapsed time from the formation of the binary ¢ in panels (a), (b), and (c), respectively. The binary separation r, estimated from the simulations
shown in panels (a), (b), and (c) is plotted against the elapsed time ¢ and total mass M, in panels (d) and (e). The model parameters are the same (o = 2.0,
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panels (d) and (e) is the upper limit of the binary separation (or the region outside the sink radius), in which the colour of each area corresponds to that of each
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We roughly compare our results with theirs. We adopted a
magnetic field strength in the range 0.86-5.2 uG for magnetized
models, as listed in Table 1. Since Lund & Bonnell (2018) only
assumed the aligned case (magnetic field parallel to the rotation
axis), we select the results with 8y = 0° (aligned cases). As seen in
Figs 7 and 11, the binary separations are in the range ~0.1-100 au in
our study. On the other hand, in Lund & Bonnell (2018), the binary
separation is about 10 au (about 5 au) when a magnetic field strength
of 1 uG (10 uG) is adopted for their fiducial model (see fig. 3¢ of

Lund & Bonnell 2018). Thus, although the numerical settings differ
considerably, the binary separations derived in this study do not
greatly contradict those derived in Lund & Bonnell (2018). It should
be noted that since there are many parameters to determine the initial
conditions and numerical settings, it is difficult to fairly compare the
results of both studies. Actually, in addition to the magnetic field
strength, other factors such as the initial cloud mass, rotation rate,
cloud stability, and initial angle between the initial magnetic field
and rotation axis can change the binary separation. However, Lund
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& Bonnell (2018) and this study indicate that the magnetic field
is a crucial ingredient for the formation of high-mass close binary
systems.

5 CONCLUSIONS

Using 3D MHD simulations, we tracked the evolution of rotating
magnetized clouds with four different parameters 1o, Bo, oo, and
0y corresponding to the magnetic field strength, degree of rotation,
initial cloud stability, and angle between the initial magnetic field
and rotation axis, respectively. In the simulations, a large sink radius
(~66 au) was adopted for the fiducial models to realize a long-term
evolution (~10 yr), in which the mass within the sink was treated as a
point mass. Then, we investigated the mass and angular momentum
falling on to the central region (or sink) in order to estimate how
much angular momentum is removed before a parcel of gas reaches
the central protostars (or proto-binary system). Finally, assuming
an equal mass binary system with a circular orbit, we analytically
estimated the binary separation to determine whether close binary
systems can be formed through the effect of magnetic braking. We
obtained the following results.

(1) The magnetic field of a star-forming cloud is the most important
factor in determining whether a close binary system is formed.
In an unmagnetized cloud, the binary separation (or total angular
momentum falling on to the sink) continues to increase and a wide
binary with a separation of >100au forms. The binary separation
decreases when the star-forming cloud is magnetized. Thus, close
binary systems can form in magnetized clouds.

(i1) For the aligned models (6y = 0°), the binary separation in-
creases in the early accretion phase. Then, after the binary separation
temporally decreases, it increases again in the late accretion phase.
The temporal decrease is considered to be caused by a change
of the configuration of the magnetic field. Magnetic braking is
more efficient in the fan-shaped configuration than in the parallel
configuration when the initial magnetic vector is parallel to the
initial angular momentum vector. Thus, the angular momentum
is efficiently removed with the fan-shaped configuration, which is
realized in the late accretion phase. Meanwhile, only a large angular
momentum can accrete on to the system in the late accretion phase. A
powerful outflow appears in the aligned models. The outflow opening
angle widens with time, and the accretion of gas with small angular
momentum distributed along the rotation axis is interrupted by the
outflow. As a result, the binary separation (and accreted angular
momentum) significantly changes over time for the aligned models.

(iii) For the misaligned models (0y # 0°), the accreting angular
momentum and binary separation continue to increase in the early
accretion phase. However, in the late accretion phase, the specific
angular momentum of accreting matter is comparable to or smaller
than that of the binary system. Thus, the increase rate of the binary
separation is small or the binary separation shrinks. As a result, a
close binary forms.

(iv) When the initial cloud has a strong magnetic field, the angular
momentum is excessively removed during the main accretion phase.
Thus, the binary separation is smaller than the stellar radius, which
means that a merger between protostars occurs. This may indicate
that close binary formation occurs in a limited parameter space.

(v) Outflow is more apparent in the aligned models (6 = 0°)
than in the misaligned models (0o # 0°), which is consistent with
previous studies. Thus, the outflow does not significantly interrupt the
accretion of the gas with small angular momentum for the misaligned
models (0 # 0°). Therefore, the protostellar outflow and the initial
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angle between the magnetic field and rotation axis are also important
factors for determining the angular momentum falling on to the
binary system and the resultant binary separation.

We conclude that the strength and configuration of the initial
magnetic field in a star-forming cloud are important for investigating
close binary formation and a cloud with a strong magnetic field that
is not parallel to the rotation axis is a favourable environment for the
formation of close binary systems. Our study supports the claim that
magnetic braking is crucial for close binary formation, as pointed
out by Lund & Bonnell (2018).
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