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Abstract. We present theoretical models for protostellar binary and multiple systems based
on the high-resolution numerical simulation with an adaptive mesh refinement (AMR) code,
SFUMATO. The recent ALMA observations have revealed early phases of the binary and
multiple star formation with high spatial resolutions. These observations should be compared
with theoretical models with high spatial resolutions. We present two theoretical models for (1)
a high density molecular cloud core, MC27/L1521F, and (2) a protobinary system, L1551 NE.
For the model for MC27, we performed numerical simulations for gravitational collapse of a
turbulent cloud core. The cloud core exhibits fragmentation during the collapse, and dynamical
interaction between the fragments produces an arc-like structure, which is one of the prominent
structures observed by ALMA. For the model for L1551 NE, we performed numerical simulations
of gas accretion onto protobinary. The simulations exhibit asymmetry of a circumbinary disk.
Such asymmetry has been also observed by ALMA in the circumbinary disk of L1551 NE.

1. Introduction

Most of low-mass young stars are members of multiple systems of two or more stars, and
multiple star formation is considered to be a major mode of low-mass star formation [1]. Recent
high-resolution observations with Atacama Large Millimeter /Submillimeter Array (ALMA) have
revealed early phase of low-mass star formation. In order to compare these detailed observations
with numerical simulations, the numerical simulations should be performed also with a high-
resolution. An adaptive mesh refinement (AMR) technique allows us to obtain a local high
resolution for grid-based numerical simulations [2]. In this paper, we report two cases of
numerical models for comparison with the recent ALMA observations.

The first case is for a dense core in the Taurus molecular cloud, MC27 or L1521F [3, 4].
Observations have suggested that MC27/L1521F is in a very early stage of star formation [5].
The recent ALMA Cycle 0 and 1 observations toward MC27/L1521F has been carried out [6, 7],
and revealed an arc structure with a length of ~ 2000 au at the center of the cloud core [6].
In order to investigate the origin of the arc structure, we performed numerical simulations for
protostellar collapse of cloud cores [8].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1



ASTRONUM 2016 IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 837 (2017) 012009 doi:10.1088/1742-6596/837/1/012009

The second case is for a protobinary system, L1551 NE, which is a class I object located in
the Taurus region. The recent ALMA Cycle 0 observations have resolved fine structures around
the protobinary stars: a circumstellar disk around each star and a circumbinary disk around
the binary stars [9]. We performed numerical simulations for gas accretion onto binary stars in
order to investigate complex structures around the binary stars.

2. A high-density molecular cloud core, MC27/L1521F

2.1. Models and methods

As the initial condition, a filamentary molecular cloud is considered because recent observations
have shown that molecular clouds often exhibit filamentary structures [10, 11, 12]. The filament
is assumed to be infinitely long and in an equilibrium state where thermal pressure supports an
isothermal cloud against its self-gravity. The filamentary cloud has a density distribution of
p(R) = po(1+ R?/R3)~2 [14, 13] with R, = 0.05pc and py = 2¢2/(rGR3) = 1.45x 1079 gcm ™3
(the corresponding number density is ng = 3.79 x 10* cm™3), where the isothermal sound speed is
assumed as ¢, = 0.190 km s~! and the corresponding gas temperature is 7 = 10 K. The radius of
the cloud R, comes form a typical width of filamentary clouds indicated by the Herschel survey
[11]. For comparison, we performed other simulations assuming a spherical cloud, and confirmed
that the main results described in this section are insensitive to the initial cloud shape.

Turbulence was imposed at the initial stage, of which velocity field is incompressible with a
power spectrum of P(k) oc k=%, generated according to [15], where k is the wavenumber. This
power spectrum results in a velocity dispersion of o(\) o A/2in agreement with the Larson
scaling relations [16]. The barotropic equation of state was assumed to be P(p) = ¢2p + rp™/®
with kK = cgpc_f/ 5, where the critical density is set at po, = 10713 gem™ (the corresponding
number density is ne = 2.62 x 10'°cm™3), which was taken from the numerical results of
[17]. The gas is approximated to be isothermal for p < pe, and the gas temperature increases
adiabatically with the density for p 2 pe. The adopted equation of state does not take into
account shock heating, because we implicitly assume that the shocked gas is instantaneously
cooled by emission of radiation. The magnetic field was ignored for simplicity.

A three-dimensional AMR code, SFUMATO [18], was employed as a simulation code. The
hydrodynamic scheme was modified to have a third order of accuracy in space and a second
order in time. The MUSCL scheme with the MINMOD limiter is adopted, and it has a first
order accuracy only at the discontinuities. The self-gravity of the gas is solved by the multigrid
method. The computational domain is resolved on a base grid of I = 0 with 2563 cells. The
maximum grid level was set at [ = 11. The cell width is Axyin = 0.613 au on the finest grid of
I =11, and Axpax = 1.26 x 10® au on the base grid of I = 0. The Jeans condition was employed
as a refinement criterion [19]; blocks are refined when the Jeans length is shorter than 8 times
the cell width, i.e., A\; < 8Az, where \; is the Jeans length.

The sink particles were employed as a sub-grid model of protostars. The detailed
implementations of the sink particles are shown in [20]. The critical density for the sink particle
formation is set at pgnx = 1 x 1071 gem ™3 (ngink = 2.62 x 1012 cm_3), and the sink radius is
set at rgnkx = 4ATmin = 2.45 au.

2.2. Results

Figure 1 shows the column density distribution on four different spatial scales at the stage of
t, = 1.760 x 10* yr, where t, denotes the time after the first sink particle formation. The
simulation shows that the initial filamentary cloud fragments into several cloud cores as shown
in Figure la. A cloud core undergoes gravitational collapse to exhibit a sharply peaked density
distribution (Figure 1b) in agreement with molecular line observations toward MC27/L1521F
[5].  In the early phase, the cloud core fragments into four gas condensations, which evolve
into four protostars (sink particles). Two sink partices merge because of their chaotic orbits,
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Figure 1. Column density distribution along the y-direction on four different spatial scales at
t = 0.690 Myr (¢, = 1.760 x 10* yr). The color scales depict the column densities. The black
crosses indicate the positions of the sink particles. In panels (c) and (d), the coordinates are
offset so that the center of each panel coincides with the center of mass of the sink particles.
The sink particles are labeled with identification numbers 0, 1, and 2 in panel (d). Taken from
8].

and three sink particles survive to form a triple system as shown in Figures 1c and 1d. Every
protostar has a circumstellar disk around it. The most massive protostar, which is labeled 1,
has the largest disk. The other protostars have small disks because successive close encounters
between protostars 0 and 2 prevent growth of the circumstellar disks around them.

The simulation reproduces formation of a triple system. The ALMA observations have
also revealed a similar system: a protostar and two gas condensation at the center of the
MC27/L1521F [6].

The simulation exhibits arc structures in the infalling envelope as shown in Figure 1c. The
arc structures extend up to a 1000 au scale in agreement with the ALMA observations [6].
These structures are caused by the gravitational interaction between the sink particles and the
envelope gas. The gas is accelerated by the gravitational torque from the orbiting protostars.
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Figure 2. Line-of-sight velocity dis-

tribution in the arc structures. The
color scale shows the density-weighted
velocity along the line of sight. The
contour shows the column density on a
logarithmic scale with log(N/cm™2) =
23.4,23.6,- -+, where N denotes the col-
umn density. The velocity is shown only
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Figure 3. Line-of-sight velocity

distribution of the magnetic walls in
MHD simulations. The color scale
shows the density-weighted velocity
distribution along the line of sight (the
z-direction). The arrows denote the
density-weighted velocity on the z — y
plane. The black contour is an outline
of a volume of p > pe;.
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is greater than the lowest contour level.
Taken from [8].

Figure 2 shows line-of-sight velocity distribution in the arc structures. This figure is
comparable to Figure 4 of [6]. The velocity ranges typically from —0.5kms~! to 0.5kms~! in
agreement with the observation. This suggests that the observed arc structure in MC27/L1521F
is caused by the gravitational interaction as shown in the simulation.

We performed another simulation, taking account of magnetic field [22]. The initial
magnetic field is assumed to be uniform, and a relatively strong magnetic field is assumed
with a mass-to-flux ratio of 1.12. The MHD simulations also reproduce arc structures as
shown in Figure 3. The arc structures are caused by magnetic walls, which have been predicted
by the theoretical arguments [23] and the one-dimensional MHD simulations [24]. The MHD
simulations however do not reproduce multiple dense gas condensations, which are observed at
the center of MC27/L1521F [6]. This is because the magnetic field suppresses fragmentation of
cloud cores in typical cases in agreement with the previous MHD simulations [21]. If the observed
dense gas condensations are produced by fragmentation of the cloud core, the magnetic field is
weak enough to promote fragmentation of the cloud core.

3. A binary protostar system, L1551 NE

3.1. Models and methods

L1551 NE is a protobinary system embedded in the envelope gas, and the outflows are associated
with the protobinary stars, suggesting that the protobinary stars actively accrete the gas of the
envelope. In order to mimic this protobinary system, we consider the situation where the gas is
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injected at the computational boundaries, and it falls onto the protobinary stars.

In the three-dimensional computational domain of [~12D, 12D]? x [-6D, 6 D], two protostars
are considered, of which barycenter is located at the origin, where D = 145 au is a binary
separation of L1551 NE. The coordinates of the primary and secondary stars are therefore
(x,y,2) = (—MaD/Miet,0,0) and (z,y, z) = (M1D/M;et, 0,0), respectively, where M; and Mo
are masses of the primary and secondary stars, and M, = M1+ Ma is a total mass of the binary
stars. The total mass and mass ratio are set at Mo, = 0.8 M and My/M; = 0.19 according to
the observations [25].

Gas with a constant density and a specific angular momentum is injected at the cylindrical
boundaries: the cylindrical surface of R = 12D, and the top and bottom surfaces of z = £6D.
On these surfaces, the gas has a radial velocity of v, = [2G Mot /1 — (Jint/ R)Q]I/ 2 assuming a
freefall from an infinity direction, where ji,¢ is the specific angular momentum of the gas, r is the
spherical radius, and R is the cylindrical radius. When the centrifugal force is larger than the
gravity (j?nf J/R? > GMo R/r?), no gas is injected there, corresponding the centrifugal barrier.
These boundary conditions are similar to those of [26]. The specific angular momentum of the
injected gas is given by jinf = (GMtotRcent)l/ 2 where Reent(= 300 au) is the centrifugal radius
as determined from the observations [25, 27]. For simplicity, an isothermal gas is assumed with a
sound speed of ¢s = O.l(GMtot/D)l/2 =0.221kms~!. The gas temperature is therefore 13.5 K,
which is typical for dense molecular cloud cores and infalling envelopes.

A three-dimensional AMR code, SFUMATO [18], was employed. The hierarchical grid was
fixed during the calculation, and a so-called fixed mesh refinement (FMR) was adopted. The
grid configuration is shown in Figure 4. The block size is set at 163 cells, and the computational
domain is resolved by 82 x 4 blocks. The base grid of | = 0 therefore has a size of 1282 x 64.
The cell width is Azyin = 0.85 au on the finest grid of [ = 5, and Azpax = 27 au on the base
grid of [ = 0.

The binary protostars are represented by two sink particles. The sink particles accrete gas
within a given radius of 4Axni, = 3.4au. The simulation was performed on a rotating frame
where the sink particles are at rest, taking into account both the centrifugal and Coriolis forces.
The calculation was halted at ~ 250 rotations of the binary orbit.

3.2. Results

The simulation shows that the injected gas falls toward the center, and the angular momentum
prevents the gas from falling into the binary stars directly, providing a circumbinary disk with
a central gap. The gravitational torque from the orbiting binary stars produces the spiral arms
in the circumbinary disk, and it also induces accretion onto the circumstellar disks (Figure 5).
The gases in each circumstellar disk rotates in circular orbits around the sink particle. The
angular momenta are transported presumably because of numerical viscosity and the gas finally
falls onto the sink particle.  Similar structures have been also shown in the many previous
simulations [28, 26, 29, 30, 31].

Based on the simulation here, observational visualization was performed to compare the
simulation with the observation [9].  The comparison indicates that the observed velocity
features exhibits qualitative agreement with those associated with the spiral arms in the
numerical simulations. L1551 NE has active outflows, implying that the magnetic fields play
an important role in the acceleration of the outflow in the regions near the protostars. The
hydrodynamical model presented here should be extended to MHD models in order to investigate
the effects of the magnetic fields on the circumbinary structure.

The ALMA observations toward L1551 NE suggest that the circumbinary disk on the
secondary side is brighter than on the primary side [9]. Such an asymmetry of a circumbinary
disk has been also observed toward a class II binary, UY Aur [32]. Asymmetry in the
circumbinary disk is reproduced in the numerical simulation here. Figure 5 shows asymmetry
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Figure 4. A snapshot of the simulation for binary accretion. The upper panels show the density
distributions in logarithmic scale in the z = 0 plane, while the lower panels show those in the
y = 0 plane. The right panels are enlargements of the left panels. The The black horizontal and
vertical lines are the boundaries of the AMR blocks. In upper panels, the contours of the Roche
potential are shown for comparison.

in the circumbinary disk, where the surface density is higher on the secondary side (the right
side) than on the primary side (the left side) in this snapshot. The asymmetric structure rotates
with respect to the position angle of the binary stars. Figure 6 shows the surface density as a
function of time in a ring region with a radius of R = (2+0.1)D, indicating that the asymmetric
structure rotates with an angular velocity of Q = €, /4, where €, is an angular velocity of the
binary orbit. Such commensurability between the asymmetric circumbinary disk and the binary
orbit indicates a resonance caused by the gravitational torque from the binary stars

4. Summary

We performed numerical simulations for modeling of the recent ALMA observations toward a
high-density molecular cloud core, MC27/L1521F, and a binary protostar system, L1551 NE.
The AMR technique was adopted for the numerical simulations to obtain a high resolution
because the corresponding ALMA observations also exhibit a high spatial resolution. The
numerical simulations for MC27/L1521F suggest that the observed dense gas condensations
are caused by fragmentation of the cloud core, and the arc structure is a consequence of
the dynamical interaction between the fragments and the infalling envelope. The numerical
simulations for L1551 NE suggest that existence of the spiral arms in the circumbinary disk. The
simulations also exhibit asymmetry in the circumbinary disk, which is caused by the resonance
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the rotation of the circumbinary disk and the binary orbit.
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