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ABSTRACT

How embedded, actively accreting low-mass protostars accrete mass is still greatly debated. Observations are now piecing together the
puzzle of embedded protostellar accretion, in particular with new facilities in the near-infrared. However, high-resolution theoretical
models are still lacking, with a stark paucity of detailed simulations of these early phases. Here, we present high-resolution nonideal
magnetohydrodynamic simulations of a solar mass protostar accreting at rates exceeding 107 M, yr~!. We show the results of the
accretion flow for four different protostellar magnetic fields, 10 G, 500 G, 1 kG, and 2 kG, combined with a disk magnetic field.
For weaker (10 G and 500 G) protostar magnetic fields, accretion occurs via a turbulent boundary layer mode, with disk material
impacting the protostar surface at a wide range of latitudes. In the 500 G model, the presence of a magnetically dominated outflow
focuses the accretion toward the equator, slightly enhancing and ordering the accretion. For kilogauss magnetic fields, the disk becomes
truncated due to the protostellar dipole and exhibits magnetospheric accretion, with the 2 kG model having accretion bursts induced
by the interchange instability. We present bolometric light curves for the models and find that they reproduce observations of Class I
protostars from YSOVAR, with high bursts followed by an exponential decay possibly being a signature of instability-driven accretion.
Finally, we present the filling fractions of accretion and find that 90% of the mass is accreted in a surface area fraction of 10-20%.
These simulations will be extended in future work for a broader parameter space, with their high resolution and high temporal spacing

able to explore a wide range of interesting protostellar physics.
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1. Introduction

Protostars are the bloated embryos of main-sequence stars that
are actively accreting material from their natal environments.
In the earlier phases of evolution, low-mass protostars are still
deeply embedded within their natal cores and surrounded by
relatively massive disks, resulting in substantial accretion rates,
i, > 1077 M, yr~'. Direct knowledge of how protostars accrete
mass typically comes from observations at more evolved stages,
such as T-Tauri stars, when the central protostar is exposed, the
disks have been largely depleted and the accretion rates drop
below 7, < 1078 Mg yr~!. Since these objects are exposed, it
becomes significantly more feasible to observe emission from
the accretion zones, primarily in the form of X-rays (Feigelson
& Montmerle 1999; Feigelson et al. 2007), ultraviolet emis-
sion (Manara et al. 2023), and hydrogen recombination emission
(Fischer et al. 2023). There are indirect methods to estimate
the accretion rate, such as determining the properties of proto-
stellar outflows and inferring the accretion rate via theoretical
models (e.g., Avison et al. 2021). Modern observational facil-
ities, such as the Very Large Telescope Interferometer (VLTI)
with the GRAVITY instrument, are now probing the accretion
of more embedded systems, tracing evolutionary times when

* Corresponding author; brandt . gaches@chalmers. se

most of the protostar’s mass has already been accumulated (e.g.,
GRAVITY Collaboration 2023b,a). During the main accretion
phases of protostar formation, the protostar’s natal core and disk
obscure the accretion zone, complicating efforts to directly probe
the inner accretion disks and follow how the material is delivered
onto the protostar.

Multi-physics star formation simulations can capture the ear-
liest phases of star formation from large scales (sub-parsecs for
core-scale simulations and 1-10s of parsecs for molecular cloud
simulations) (e.g., Dale et al. 2012; Rosen et al. 2016; Offner
& Chaban 2017; Seifried et al. 2017; Cunningham et al. 2018;
Waurster et al. 2019; Rosen & Krumholz 2020; Grudié et al.
2021; Rosen 2022; Suin et al. 2024), but must use sub-grid
prescriptions to model the protostar as an unmagnetized sink
particle that accretes mass from an assumed accretion region
(Offner et al. 2009; Bleuler & Teyssier 2014). These simulations
are broadly able to reproduce the accretion rates from analytic
accretion models (i.e., Shu 1977; Bonnell et al. 2001; McKee
& Tan 2003). However, these parsec-scale simulations cannot
resolve the accretion flow directly onto the protostar due to res-
olution constraints: resolving from molecular cloud scales to the
protostellar surface requires spanning 7-8 orders of magnitude
across length scales. The combined theoretical and observa-
tional challenges mean the underlying physical processes of
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protostellar accretion have been computationally and observa-
tionally unfeasible to probe during the main growth phases.

Several different regimes of protostellar accretion have been
proposed. Boundary layer accretion (Kley & Lin 1996) occurs
when the surrounding disk reaches the protostellar surface,
directly feeding material onto the protostar. Magnetospheric
accretion (Koenigl 1991; Matt & Pudritz 2005; Rosen et al. 2012;
Hartmann et al. 2016) occurs when the magnetic pressure asso-
ciated with the protostar’s surface magnetic field truncates the
disk, balancing the ram pressure of the accretion flow, funneling
the gas along magnetic flux tubes from the disk to the proto-
stellar surface. Analytic expressions for the radius at which the
disk is truncated typically assume the field consists solely of
a dipole, although the magnetic field of evolved protostars is
found to be a complex mixture of multipoles (Donati et al. 2007,
2008; Gregory et al. 2008; Carroll et al. 2012). The flow from
the truncated disk is still likely dominated by the dipole com-
ponent, with the higher-order poles perturbing the flow closer
to the surface (Lovelace et al. 2010). These filaments impact
the protostar and create a shock near the surface, shock-heating
up to millions of degrees Kelvin causing the accretion shock
to primarily radiate X-rays via thermal Bremsstrahlung cooling
(Calvet & Gullbring 1998; Hartmann et al. 2016). Accretion can
also occur via funnel flows along the outflow cavity wall and
through failed winds (Takasao et al. 2018) that occur when out-
flowing gas fails to escape the protostar’s gravitational potential.
Finally, instability-driven accretion can occur via the develop-
ment of fluid instabilities such as the magnetic Rayleigh-Taylor
instability (also called the interchange instability) at the trun-
cated disk surface (e.g., Kulkarni & Romanova 2008; Zhu et al.
2024). For actively accreting, embedded protostars, the underly-
ing mechanisms remain largely unknown, motivating the need
for high-resolution multidimensional numerical simulations of
accretion disks and their host protostars to resolve the accretion
flow onto the protostar.

High-resolution simulations of protostellar accretion have
primarily focused on later evolutionary times, in particular the
T-Tauri phase when the protostar is exposed, primarily motivated
by the availability of observational data (Zanni & Ferreira 2009,
2013; Romanova et al. 2011; Yuan et al. 2012; Blinova et al.
2016; Takasao et al. 2018; Ireland et al. 2021; Romanova et al.
2021; Takasao et al. 2022; Zhu et al. 2024). In these simulations,
the disk mass is typically less than 1% of the protostar’s mass,
resulting in a thin, weakly turbulent, viscous disk. The result-
ing accretion rates range between sz, ~ 1071-107% Mg yr~'.
Conversely, at the earliest evolutionary times, high-resolution
multi-physics simulations have been performed of the collapse
of a protostar core to just after its initial formation, only fol-
lowing the first and second collapse phases to stellar densities
(Tomida et al. 2013; Bate et al. 2014; Bhandare et al. 2020;
Ahmad et al. 2024). There is, thus, a significant gap in the sim-
ulations of embedded protostars during the main growth phase,
when the protostar is actively accreting the majority of its stellar
mass at rates of riz, 2 1077 M, yr~!, which resolve the underlying
accretion flow onto the protostellar surface.

To address this gap, we performed a suite of high-resolution
nonideal viscous magnetohydrodynamic simulations (MHD) of
accretion onto a solar mass protostar to bridge this important
gap. In order to determine the importance of how the protostar’s
magnetic field affects the accretion flow structure and delivery
of material onto the protostellar surface, we varied the proto-
star’s magnetic field across a wide physical range and included
nonideal effects. Our simulations include Ohmic dissipation and
the Hall effect, but we neglect ambipolar diffusion in this study.
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While ambipolar diffusion can be important on the larger disk
and protostellar core scales (Lesur et al. 2014; Commergon et al.
2022), the Hall effect likely dominates in the inner accretion
disk (Lesur 2021). The role of ambipolar diffusion in the inner
hot accretion disk around protostars, in particular because the
inner regions are more strongly ionized than the rest of the disk
and core, has not been well investigated, compared to the larger
scales at which the gas is colder and more neutral.

Our simulations presented herein focus on a 1 Mg bloated
protostar analog with accretion rates (72 > 10~ Mg, yr~!) coin-
ciding with recent observational surveys of Fiorellino et al.
(2022, 2023) of young, accreting protostars. Since theoretical
studies have shown that the protostellar magnetic field plays a
major role in the underlying accretion mechanism in evolved
protostellar objects (see references above), we focus primar-
ily on varying the protostellar magnetic field from 10 G to
2 kG and detailing the resulting accretion modes. Our Paper II,
Chowdhury et al. (in prep.), will detail more quantitatively the
outflow physics. In Section 2 we describe the physics included in
the simulations and the initial and boundary conditions imposed.
In Section 3 we present our results of the simulations and
describe the accretion flow onto the protostar and the interplay
between the protostar’s accretion rate and and bolometric lumi-
nosity variability. In Section 4 we discuss the results of these
numerical experiments in the context of currently known proto-
star physics. Finally, we conclude and summarize our results in
Section 5.

2. Methods

We performed four simulations amounting to numerical experi-
ments to investigate the role of the protostellar magnetic field on
the underlying accretion physics from its surrounding protostel-
lar disk onto the protostellar surface. We used the public PLUTO
MHD simulation code, which includes nonideal MHD terms for
Ohmic resistivity and the Hall effect, shear viscosity, and an
external gravitational potential. We neglected ambipolar diffu-
sion in this study. As was stated above, we neglect ambipolar
diffusion in our simulations because it is likely subdominant to
the other nonideal effects for the innermost regions of the proto-
stellar accretion disk. We used the HLL solver with the Lagrange
multiplier divergence cleaning method, to enforce V- B = 0, and
the van Leer limiter. Pressure was updated based on the entropy
of the gas, which was advected as a passive scalar. The equa-
tions were evolved using a second-order Runge-Kutta integration
scheme. The equations solved by PLUTO are

dp
o + V- (ov) =0, M
2 T

—6(5:)+V~ pvv—BB+1(p+%)] =—pVOd+ V-1, @)

oB

il v/ =

o+ VX (cE) =0, 3

2

—a(E’;p(D) +V.[(’% +pe+p+pd>)v+cExB =V-(v-1D),
“)

_(9((,;):) +V - (osv) = 0, )

where p is the mass density, v is the gas velocity, B is the mag-
netic field, E is the induced electric field, p is the gas thermal
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pressure, s is the gas entropy, and E;, = pe + m*/2p + B?/2 is
the total energy density. The entropy was evolved as a passive
scalar, since source parabolic terms are always added to the total
energy. We treated the fluid as an ideal gas for the closure relation
between p, e, and s, where we took y = 5/3. The gas pres-
sure was recovered through the entropy; that is, s = p/p?. @ is
the external gravitational potential originating from the central
protostar, described in Section 2.1.

The induced electric field, E, is

cE:—(v+vH)><B+g~J, (6)

where vy = —J/en,, e is the elementary charge, n, is the elec-
tron number density, J = ¢V X B is the induced current, and 7
is the magnetic resistivity. Our implementation of the magnetic
resistivity, only including Ohmic dissipation, and our prescrip-
tion for the ionization fraction in described in Section 2.2. The
term vy introduces the Hall effect into the nonideal MHD equa-
tions. We included shear viscosity, vs, which was coupled to the
above equations with the viscous stress tensor

I =7, Vo + (Vo) | - %m (V-0)L (7)

We solved these equations in axisymmetric spherical coor-
dinates (r, 8), including all three components of vectors (2.5D).
We used 512 radial logarithmically spaced cells from the proto-
stellar surface out to 1 AU. In the 6 direction, we used 512 cells
between [1072, 7 — 1072] radians to avoid the poles at 6 = 0, .
This leads to Ar ~ 1 x 10™* AU at the protostar surface and
Ar ~ 8 X 1073 AU at the 1 AU boundary. The high resolution
near the protostellar surface is essential to capture the accretion
flow structure and turbulence, which is lost at lower resolution.
The inner bloated protostar surface is R. = 3Ry = 0.01395 AU,
motivated by models accreting bloating solar mass protostars
(Geroux et al. 2016).

2.1. Initial conditions

We followed the convention that (r, 6, ¢) denotes the spheri-
cal coordinates, and the two-dimensional cylindrical coordinates
are (R = rsin @, z = rcos 6). The initial disk surface density pro-
file is the often-used truncated-power law (e.g., Lynden-Bell &
Pringle 1974; Béthune et al. 2017; Zhu et al. 2024; Rea et al.
2024). We assumed an initial disk surface density given by a
purely viscous disk,

-1
2(R) = %o (R%) e R/ R (®)

where X is the gas surface density, ¥, is the normalizing fac-
tor, described below, R is the cylindrical radius, and Ry is the
normalization radius, taken to be Ry = 10 AU. The initial disk
was assumed to be in hydrostatic balance, such that the gas
density is

2(R) ( 2 )

exp|-=—|. ©)
\2rh 2h?
where h = ¢;/Qg is the scale height of the disk and Qg =

\/Gm. /R3 is the Keplerian rotation rate. The disk extends out to
Riax = 40 AU, consistent with survey results of protostars in the
Orion molecular cloud similar to our model (Tobin et al. 2020;
Sheehan et al. 2022). Our initial disk surface density profile

is marginally steeper than the average of the modeled disks in
Sheehan et al. (2022) but is still within the range of their survey.
The tangential velocity is the Keplerian speed,

Gm,
Vg = R (10)

There is a prescribed initial radial velocity as a function of the
target accretion rate, 7., assuming the accretion onto the surface
is the same as through the disk, 1. = rirg;sx. The radial velocity
is set by mass conservation through the disk,

Misk

vrz—m. (11)

Finally, there is an initial core described by a purely infalling
envelope (Ulrich 1976), with a density profile,

roo\-LS
Penv = PO,env (m) . (12)
While the initial core is disrupted in the simulation by outflow-
ing gas, it can remain in the outer domain and helps balance the
pressure of the disk in the initial condition.

The values of Zy and pg eny are determined to get a total mass
ratio between the protostar and its natal disk and core, such that
mgisk /ms = 0.175 for the whole disk (out to R,x = 40 AU) and
Meore /M. = 0.1 (out to 0.1 pc).

The initial temperature was assumed to vary with cylindrical
radius as

R -0.5
T(r>=To(]70) :

where Ty = 200 K. This temperature is warmer than the rec-
ommended relation from Sheehan et al. (2022) using only the
intrinsic protostellar luminosity, but it is consistent if the accre-
tion luminosity corresponding to the targeted accretion rate is
added as an additional luminosity component. The temperature
radial scaling exponent can take a range of values (Kenyon et al.
1993; Chiang & Goldreich 1997), and a value of —0.5 is con-
sistent with radiative transfer modeling of embedded protostellar
disks Tobin et al. (2020).

Both the protostar and the disk are magnetized. We defined
an initial disk magnetic field similar to Zanni & Ferreira (2009),
such that the magnetic field is vertical in the outer disk and
transitions to an hourglass morphology in the inner disk. The
magnetic field was initialized by the vector potential, A, where
B =V x A. Given the axisymmetry, we only initialized the
¢-component:

(13)

_2BIRy iy

A 3—-a

(14
where B; = +/2p1/B1, p1 is the pressure at 1 AU, R = 1 AU,
and 81 = p1/pi,mag s plasma beta, the ratio of thermal pressure
to magnetic pressure, calculated at 1 AU. We used a = 1 as the
simplest initial case. This produces an initial poloidal magnetic
field which has an hourglass morphology in the inner regions
and transitions to a vertical field by R = 0.5 AU. We used 8 =
10°, which leads to a magnetic field at the pole of ~ 200 G. The
protostellar magnetic field is included as a background dipole
magnetic field, derived by the magnetic vector potential

B.R}
A¢y* =

; 15)

72
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where B, is the surface magnetic field strength. We explored four
different protostellar magnetic fields, with B, =10, 500, 1000,
and 2000 G fields, encompassing the range of observationally
inferred surface magnetic fields in the recent survey of low-mass
protostars from Flores et al. (2024). Evolved protostars, in par-
ticular T-Tauri stars, have been found to have complex magnetic
fields (Donati et al. 2007, 2008; Gregory et al. 2008; Carroll
et al. 2012), but there are no constraints on this for embedded
protostars. Therefore, we assume a pure dipole, typical of many
studies (e.g., Rosen et al. 2012; Zanni & Ferreira 2013; Ireland
et al. 2021; Takasao et al. 2022), but we note that the disk mag-
netic field will perturb the field around the star, regardless, away
from a pure dipole.

We included the protostar’s gravitational potential
following
Gm,
D(r) = -~ (16)
r

such that the gravitational acceleration due to the protostar
IS @gay = —VO®. We neglected the disk self-gravity since in
this inner 1 AU, over these short timescales, the gravitational
potential will be dominated by the central protostar.

The protostar, which is inside the inner boundary, was
assumed to be rotating at some fraction, fi,, of the breakup
speed,

Gm,

Q. = fou R a7

where we took fi,, = 1/3 as a nominal median value between
slow- and fast-rotators (White & Hillenbrand 2004; Herbst et al.
2007; Rosen et al. 2012). The value of f,, = 1/3 gives a rotation
rate of 4.026 x 107> s~!, or a rotation period of Ty = 27/Q, ~
1.56 x 10° seconds. The actual rotation speeds of protostars are
largely unknown and will be explored in future simulation suites,
in particular for highly magnetized protostars.

2.2. Viscosity and resistivity

The shear viscosity was included through an a-viscosity
parametrization (Shakura & Sunyaev 1973),
ns = Q/UCS]’Z, (18)
where ¢ is the sound speed and # is the scale height, computed
by using the local sound speed and Keplerian rotation rate. We
set @, = 0.01, which for our initial setup would correspond to a
floor accretion rate of 7z ~ 1077 My, yr~!. This effectively acts
as a viscosity minimum, to ensure a minimal degree of accretion
and angular momentum loss through the disk. However, at our
simulation resolutions, it is possible to resolve turbulence within
the inner disk which will act as an additional source of angular
momentum loss.

For the nonideal magnetic resistivity, we included Ohmic
dissipation following Balbus & Terquem (2001); Lesur et al.
(2014),

234
no = VT cm?s™!
Xe

(19)

where x, is the ionization fraction. We computed the ionization
fraction assuming two components: thermal ionization, which
will be dominated by low ionization potential alkalis Na* and
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K* (Balbus & Hawley 2000), and X-ray ionization. The electron
fraction due to the thermal ionization of Potassium is (Balbus &
Hawley 2000; Fromang et al. 2002),

s a7 107 () (L)

10-7)\10%
2.4 % 105 em=3\ [ e~ @5188K)/T
; 20
X( n )(1.15x10—11) (20)

where xg is the potassium abundance, taken to be xgx = 1077
(Fromang et al. 2002), and » is the gas hydrogen-nuclei number
density.

For the X-ray ionization, we broke the domain into two com-
ponents using the initial disk density profile. For regions outside
of the disk, defined by z/h > 4, we assumed the X-ray flux is
optically thin,

L

Fx(r) = ﬁ, 1)

where Ly is an assumed X-ray luminosity, nominally taken to
be Ly = 10° erg s7!, consistent with a solar mass protostar
(Getman et al. 2022). Inside the disk, we attenuated the X-ray
emission vertically through the disk using a column density
computed by the initial disk profile,

_ _ Ly oy TR
Fx(r) = Fx(R2) = ;e x :

(22)
where n(R, z) is the number density of the initial disk density
distribution, and oy ~ 10722 cm™2 is the X-ray photo-absorption
cross section around 1 keV for gas with dominantly neutral
hydrogen (Gaches et al. 2023) (does not vary much until the
gas temperature greatly exceeds 10* K). Since the initial disk
is assumed to be in hydrostatic equilibrium, the integral in the
exponential has an analytic solution. The X-ray ionization rate,
£, was computed assuming that it is dominated by secondary ion-
ization, determined by the energy deposition (see below) and the
mean energy per ion pair (Dalgarno et al. 1999; Meijerink &
Spaans 2005).
The ionization fraction due to X-ray irradiation is then

pn

where 3 is the recombination rate for molecular ions (Fromang
et al. 2002). By construction, ¢ is constant throughout the disk,
but x5 will vary due to the changing gas density. The total ion-
ization fraction is x, = xteh + xi. The electron density is n, = x.n.
Including a full self-consistent ionization solver is not within
the scope of this work, which focuses on the impact of the
protostellar magnetic field on the accretion flow.

We only included the viscosity and resistivity where r >

/3, . . . ..
Tcorots Where reoror = (GQ—Af) is the corotation radius since inside

this radius the gas is expected to be ionized enough for the gas
to evolve more similarly to ideal MHD. We tapered the resis-
tivity and viscosity to zero from the inner disk boundary to
Feorot = 0.029 AU (for our assumed fi,) to avoid a discontinuity
in the viscosity and resistivity.

(23)



Gaches, B. A. L., etal.: A&A, 692, A219 (2024)

2.3. Heating and cooling

We included both atomic line and continuum cooling for gas
between 10*K < T < 10°K and X-ray gas heating from the
central protostar. The line cooling was included as a tabulated
cooling rate calculated using the CHIANTIPY (Dere 2013; Dere
et al. 2019) package for solar abundances and collisional ion-
ization equilibrium. Since we did not include chemistry, we
neglected molecular line cooling. Further, we did not include
dust cooling, and as such the simulations may be warmer, espe-
cially in the disk where the gas temperature can drop below the
dust sublimation temperature. X-ray gas heating was included
using a simple prescription. The heating term is

ex = ngHy erg sl em™3, 24)

where Hy ~ Fxoy is the X-ray energy deposition rate and Fy
is the X-ray flux computed in the manner described above. X-
ray heating is necessary to ensure a heated envelope above the
protostar and a smoother thermal profile away from the protostar.
In the nonideal, viscous MHD equations, there are also heating
contributions due to the dissipation of the magnetic field and
shear viscosity.

2.4. Boundary conditions

The inner boundary must be treated carefully to avoid induc-
ing artifacts in the magnetic field from the rotating, magnetized
protostar surface (Zanni & Ferreira 2009). We assumed that the
protostar is a perfect conductor, such that E = B X (u — Q, X
R) = 0. The protostar was set to be rotating aligned with the
6 = 0 pole. For infalling material, we forced the condition that
E4 = 0 by setting the poloidal velocity components according to
the poloidal magnetic field. For outflowing material, we set the
invariant k = 4npu, /B, to be constant along the radial boundary.
The B, and By components used an outflow boundary condition.
To ensure we did not induce an electron field inside the magnetic
field, we set the toroidal magnetic field by assuming RBj is con-
served across the boundary and that uy = RQ. +u,B,/B,. These
criteria ensured that the gas falling onto the protostellar sink sur-
face is absorbed perfectly through the boundary. At the outer
radial boundary, we assumed an outflow-but-no-inflow condi-
tion. We used axisymmetric boundary conditions in the polar
direction.

3. Results

The high spatial resolution, from ~107~102 AU, and high-
temporal output cadence, ~30 minutes, provides a unique view
into the role the protostellar magnetic field plays in the under-
lying accretion physics. The simulations are evolved for 60 days
due to time step constraints caused by the highest wave speeds
tending to be in the regions with the highest resolution and
to avoid any noticeable disk depletion caused by the lack of
inflow at the outer boundary. For the analysis presented below,
we ignore the first 11 days of evolution to remove the impact
of transients from the relaxation of the initial conditions. This
results in 49 days, or approximately 27 protostellar rotation peri-
ods, defined by T;o = 27m/CQ., of evolution after the transient.
In the following, we discuss the morphology of the accretion
disk, the differences in the accretion variability depending on
the strength of the protostellar magnetic field, and examine the
accretion flow onto the star and determine its impact location and
covering fraction on the protostellar surface.

3.1. The inner 1 AU: Impact of protostellar magnetic field

Figure 1 shows the density distribution of the gas from 1 AU
scales down to the protostellar surface, with the insets showing
progressively higher zoom-ins. The density profiles of the four
disks are morphologically similar at the outer radii, as is shown
in Figure 2, which displays the density distribution averaged 22°
around the midplane. This suggests that the disk’s bulk is likely
influenced more by the disk magnetic field and viscosity effects
than by the protostellar magnetic fields. Overall, the disks appear
to be lifted, which is expected due to the magnetic buoyancy
pulling gas from the disk out as a wind. The upper disk layers and
outflow cavities however show significant differences between
each other. While all simulations feature outflows, the nature of
these appears very different. For the low magnetized protostar,
the outflow appears very turbulent, dominated by gas which is
thrown off the protostar near the surface. The more magnetized
protostars exhibit outflows that are more collimated and ordered,
with filaments and knots of gas from magnetospheric ejections
near the protostellar surface. Moreover, we also find one-sided
outflows, which are caused by breaking the symmetry of the pro-
tostellar dipole magnetic field due to its interaction with the disk
magnetic field. Such one-sided outflows have been observed in
some nearby protostars (e.g., Federman et al. 2024) and simu-
lations of T-Tauri-like protostars with complex fields (Lovelace
et al. 2010).

As we zoom in, the figure shows substantial differences
begin to appear between the different protostar magnetic field
simulations. The 10 G protostar exhibits a highly turbulent flow
within 0.1 AU, with the inflow covering the vast fraction of the
protostellar surface. The very weak protostellar dipole means
there is substantially less magnetic pressure to counter the ram
pressure of the infalling gas. The 500 G, 1 kG, and 2 kG
protostars exhibit a more ordered inner 0.1 AU, with a clear
differentiation between the magnetically driven bipolar outflow
cavity and the accreting gas. For the 1 kG and 2 kG protostar
fields, the disk is truncated due to the protostar’s magnetic pres-
sure causing gas to flow along the protostar’s magnetic field lines
where it is funneled to the star in agreement with previous work
(Koenigl 1991). These most inner regions can traced by hydro-
gen recombination emission, particularly in the NIR, hinting that
probing these regions with high-resolution spectroscopy could
provide a direct test of the accretion physics, as is done for more
evolved objects (e.g., GRAVITY Collaboration 2023b,a).

3.2. Location of accretion on the protostellar surface

Where accretion occurs is of substantial interest in star forma-
tion physics. Star formation simulations utilize sink particles
with sub-grid protostellar evolution models (e.g., Offner et al.
2009) that predict the quantity of gas accreted, but not how and
where. Sub-grid models often utilize ad-hoc prescriptions for the
accretion luminosity and launched outflows (e.g., Cunningham
et al. 2011, 2018). The physical mechanism, covering fraction,
and location of the accretion flow onto the surface are also impor-
tant assumptions utilized in radiation transfer models of protostar
accretion (see Hartmann et al. 2016, and references therein).
Under the canonical boundary layer and magnetospheric
accretion models, one would find that the accretion flow is either
dominantly at the equator, or in high latitude accretion columns,
respectively. Figure 3 summarizes where accretion occurs onto
the protostar, via the accretion momentum density (or accretion
rate per area, pv,). As the protostellar magnetic field increases,
the accretion behavior changes in a non-monotonic way. For low
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Fig. 1. Density distribution for the 10 G (top left), 500 G (top right), 1000 G (bottom left), and 2000 G (bottom right) protostar, with zoom in

varying the box size from 2 AU to 0.04 AU.

protostellar magnetic fields (10 G), the gas falls across the entire
surface in a highly chaotic manner, dominated by a filament
impacting the equator. At moderate protostellar magnetic fields
(500 G), the disk still impacts the protostellar surface directly,
with the bipolar outflow providing pressure inhibiting gas flow
to high latitudes. Finally, at high protostellar magnetic fields
(1 kG and 2 kG), the flow becomes funneled through accretion
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columns along magnetic field lines, with one accretion column
dominating.

Figure 4 shows the evolution of time-averaged angular prob-
ability distributions of accretion onto the protostar for the differ-
ent protostellar magnetic fields, shown in different 5-day blocks.
The probability is averaging the angular distribution for each
snapshot, i, in the block, P;(0) = m(6)/m, where rm(6) is the
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Fig. 2. Gas density, py4, versus cylindrical radius, R, averaged 22°
around the midplane, at the final simulation snapshot for the four dif-
ferent protostar magnetic field models, demonstrating that the out disk
midplanes are not impacted by the protostellar magnetic field.

accretion rate across the surface. The block’s central time is
annotated. Since the distributions are all normalized to the total
gas accretion in each block, we can directly compare the differ-
ences between the different magnetic fields and their accretion
distribution evolution.

Even from early times, there are substantial systematic dif-
ferences between the angular accretion distributions between the
different magnetic fields. The 10 G protostar field shows a dis-
tribution that varies substantially between the time blocks, with
periods where the bulk of the gas is accreted at the equator
and other blocks where the gas is accreted more evenly dis-
tributed across the surface. The higher latitude accretion peaks
in the 10 G model are from failed winds falling back along the
disk surface. For the 500 G protostar field, the accretion occurs
almost entirely as an equatorial flow. The accretion flow is con-
strained by the strong bipolar outflow, resulting in almost all
the accretion occurring within £30°. At higher protostellar mag-
netic fields (1 kG and 2 kG) the disk becomes truncated, with an
accretion column impacting the protostar broadly at higher lat-
itudes, although in different hemispheres. Lower latitude flows
and equatorial accretion occur in the 1 kG and 2 kG simulations
during accretion bursts from matter streaming directly from the
truncation radius to the protostar (see Section 3.4).

3.3. Accretion variability and morphology dependence on B-

The evolution of the accretion rate over time, including any peri-
odic variability and stochasticity, is a potential diagnostic of
accretion physics. Figure 5 shows the total accretion rate, 7, in
M, yr~!, for the different simulations. Figure 5 shows both the
instantaneous accretion rate and a day-long rolling average. The
simulations exhibit rapid accretion rate spikes sometimes over
an order of magnitude due to the turbulent nature of the inner
accretion flow. Since the gas flows in the inner disk are stochas-
tic, the gas hitting the surface can occur in clumps, boosting the
accretion rate up substantially between each output. However, as
is shown by the black dashed lines in the figure, the 1-day rolling
averages show substantially less variability for the 10 G, 500 G,
and 1 kG models. There is substantial systematic variability in
the 2 kG model, since its accretion is dominated by a bursting
mode.

There are clear differences in the accretion rate evolution
between the four different cases. Most importantly, the variabil-
ity of the accretion flow onto the protostar is dependent on the
protostar’s magnetic field strength. In the lowly magnetized pro-
tostar, accretion occurs often via clumps in the turbulent flow. As
the protostar’s magnetic field is increased, the magnitude of the

spikes decreases, as does their occurrence rate. This is due to the
protostellar magnetic field launching an outflow and the strong
ordered field reducing the turbulence in the accretion region.
Therefore, the rapid variability decreases with increasing mag-
netic field strength. However, for the strongest magnetic field
models, 1 kG and 2 kG, a more systematic variability begins
occurring. At 2 kG, this systematic variability becomes domi-
nant over the rapidly fluctuating component, demonstrating that
the model is in a regime dominated by the protostellar magnetic
field. The cause of this variability is discussed further in detail
below.

Figure 6 shows the distribution of accretion rates in 5-day
blocks of simulation time for the different magnetic fields. The
top sub-panels of the figure show the total accretion rate distribu-
tion across the entire time considered for analysis. For the 10 G,
500 G, and 1 kG cases, the distribution broadly follows a log-
normal, although the center shifts slightly between these. In the
1 kG model, the distribution flattens at later times, impacted
by the substantial drop in the accretion rate resulting from the
protostar briefly entering a strong propeller phase. For the 2 kG
case, there is a bimodal distribution peaking at higher and lower
accretion values, with a tail toward high accretion rates. The
lower accretion rate peak corresponds to the stable phase and the
higher peak with the tail corresponds to the times when matter
dumps from the truncation radius onto the protostellar surface
with a subsequent decay in the accretion rate back to the stable
phase.

Figure 6 also shows two different solid black points cor-
responding to the logarithmic average, (logr.) (black circle),
and linear time-window average, (r)y] = Mace/Twindow (black
diamond). The lower three magnetic field strength cases are gen-
erally similar indicating that accretion via the stable mode is
dominant (e.g., not dominated by major bursts), although the
1 kG case starts to show some differences at later times. For
the 2 kG case, there is substantially more mass being accreted
during the bursts than the quiescent phase, and as such there is
a substantial deviation of up to an order of magnitude between
(log m..) and (rin).

3.4. Accretion bursts for protostars with kilogauss magnetic
fields

The 2 kG protostar model exhibits clearly defined accretion
variability with a quasi-periodic signal defined by strong bursts
(periods when the accretion rate grows rapidly). Further, the
1 kG protostar exhibits pseudo-periodic accretion bursts. In both
of these models, the protostellar disk is truncated with gas flow-
ing along magnetic flux tubes to the protostellar surface. In this
subsection, we present, first, two different limiting regimes to
estimate the critical magnetic field to truncate the disk, and then
we discuss possible mechanisms to explain the accretion bursts.

3.4.1. Critical magnetic field strengths for disk truncation

The critical magnetic field at which the magnetic pressure trun-
cates the disk can be described by balancing the ram pressure of
the accreting gas (ov?) with the magnetic pressure of the proto-
stellar dipole plus the disk magnetic field (B?/87). The radius at
which this occurs is called the truncation radius, Ry, since the
magnetic pressure halts the disk inflow, truncating the disk and
producing a distinct separation between the disk and the accre-
tion zone. We consider two different limiting regimes, i) the gas
is infalling near free-fall velocities, and ii) the gas is advecting
through the disk purely due to viscosity.
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Fig. 3. Accretion rates per unit area across the protostellar surface as a function of time for the four difference cases.
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Fig. 4. Probability distributions of the angles (in degrees) at which mass is accreted onto the central protostar over ~5-day blocks for the 10 G
(left) 500 G (middle left) and 1000 G (middle right) and 2000 G (right) protostars. Annotated is the block number (also denoted by color), and the

time in the center of the block in days.

For the first limiting regime, we assume the gas is infalling
at some fraction, f,, of the free-fall velocity (vg = V2Gm../R.)
through some fraction, f,.., of a sphere around the protostar.
The covering fraction is defined as fycc = Aucc/Ax Where Ay
is the spherical surface area covered by the accretion flow and
A, = 4nR? is the surface area of the protostar. We denote the
magnitude of the total magnetic field as B = bB., where b =
|Bgisk + B.|/|B.|, to account for both the protostellar dipole and
the disk magnetic field. In the case of anti-parallel fields, » may
be less than 1. From this, we can write the critical magnetic field

A219, page 8 of 15

strength needed to make the radius at which the magnetic pres-
sure can compete with the ram pressure outside the protostar
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Fig. 5. Accretion rate in My yr~! versus time for the four different
protostar magnetic fields. Top four panels: instantaneous accretion rate
(solid line) with the rolling average over a day-long window (dashed
line). Bottom: 1-day rolling average accretion rates for the different pro-
tostellar magnetic fields.

For the second limiting regime, we assume that the accretion
onto the protostar is occurring purely via viscous flows through
the disk. The geometric area of the accretion flow through the
disk can be written as A = fpRh, where fp is the fraction of
the disk cross-section through which gas is flowing, & = ¢,/Qg
is the scale height under equilibrium, ¢ is the sound speed
and Qg is the Keplerian rotation frequency. The in-fall velocity
through the disk, from mass conservation, is v, = zﬂghw where
> ~ m/(3nn,). Using the approximation of a steady-state vis-
cous accretion disk, determining the temperature as a balance of
radiative cooling and viscous heating, and an @-viscosity given

by 1, = acsh, the critical magnetic field strength can be written
as

fV 1/2 fD -1/2 i, 9/16
bB.), ~ 184G |—| == —_—
(bB1)a ( 1.0 0.1 1076 Myyr!

R, \71916 o \172 [ \ V16
e G ()
As is shown, (bB.), is typically lower than (bB,)y since the
free fall velocity is greater than the disk accretion velocity. In
our simulations, we find that the gas is flowing at sub-free-fall
speeds, but faster than the viscous speeds, agreeing with the disk
becoming truncated above B, > 500 G. We note that the above
equations are approximate since they follow the assumptions that
the disk is geometrically thin and the mass and angular momen-
tum transport are in a steady-state equilibrium. However, they
provide a rough estimate of this critical field strength.

In the 1 kG and 2 kG simulations, gas builds up at the
truncation radius in a stable knot until its mass penetrates the
magnetosphere as a filament and funnels onto the protostar, trav-
eling along nearby magnetic fields to the surface. We find that
the gas does not hit exactly at the equator and is instead guided
by field lines that connect to the surface at low altitudes.

(26)

3.4.2. Accretion bursting mechanisms in the kilogauss
simulations

We considered two plausible mechanisms to understand the
bursting demonstrated in Figure 5. For the first, we built a sim-
ple analytic prescription in which gas accreting through the disk
builds up at the truncation radius until the momentum of the gas
can overcome the magnetic pressure, funneling all the gas onto
the surface in a burst. We compared the predictions from this
model with one of the major bursts from the 2 kG simulation.
The density of the gas being built up at the truncation radius is
described by

M, X tp

=M Xb 27
fA X 27rRTAr2 ( )

Pms

where f, is the filling fraction of the torus around the protostar
(in our simulations, f4 = 1 by definition since we do not include
the azimuthal dimension), Ar is the radial width of the torus,
and 1, is the time since the last accretion event. Assuming mass
conservation outside of the truncation radius, the radial velocity
of the gas flowing against the stable knot of gas is v, = fug,
where f, is the fraction of gas in-fall speed to the free-fall speed,
the time between bursts is

N BzfA (RTA}")Z

% TG 2 28)
where B is the local magnetic field magnitude. For the burst
around day 45 of the simulation, we find that the velocity of
the gas in the disk midplane is not free-falling but moving at
approximately 10% free-fall, consistent with the average accre-
tion rate. The width of the torus can be estimated by assuming
the gas falling in hits an impenetrable wall and oscillates around
that spot in a stable Keplerian orbit, such that width is balanced
by the length scale corresponding to a sound wave traveling over
a full orbit. The width of the torus then follows

2

Ar = cyg X ———,
Qk(Rr)

(29)
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where c; is the thermal sound speed and Qg (R7) is the Keplerian
angular speed at the truncation radius. It should be noted that
under this assumption, the width of the torus scales similarly to
the scale height of the disk at the truncation radius. For a trun-
cation radius, Ry ~ 0.02 AU and a gas temperature ~10* Kelvin,
the torus width is approximately 0.005 AU, in rough agreement
with the empirically found width around the bursts. Using the
simulation results around this burst, and sz, = 107°M, yr‘l, the
above expression gives #, ~ 10 days, in qualitative agreement
with the simulation results.

However, one would expect that under steady-state back-
ground accretion through the disk, the above mechanism would
produce a clear signature of periodicity in the accretion rate.
Figure 7 shows the Lomb-Scargle periodograms for the 1 kG
and 2 kG models. We find that there are no clear dominating
periodic signals, with power being distributed across a range of
frequency peaks. The 2 kG model shows the strongest signal at
roughly 3.5 and 7 days, although there is a broad distribution of
power at signals from approximately 12 hours to 10 days.

Due to the lack of clear periodicity, we also consider the
magnetic Rayleigh-Taylor instability, also called the “interchange
instability” (Kruskal & Schwarzschild 1954; Newcomb 1961).
This instability has been found numerically to exist in mag-
netospheric accretion in T-Tauri-like protostars (Kulkarni &
Romanova 2008; Blinova et al. 2016; Zhu et al. 2024). We uti-
lize the “fastness” parameter (e.g., Ghosh 2007; Romanova et al.
2018), defined here as

Q.
Wy = ————

T ARy’ (30)
where Q(Rr) = v4/R is the rotation rate of the disk at the trunca-
tion radius. We consider the general rotation rate rather than the
Keplerian rate since, although most of the disk vy = viep, in the
inner region there can be departures from Keplerian rotation. We
empirically define the truncation radius as the radius at which the
total magnetic pressure is balanced by the total ram pressure and
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Fig. 7. Lomb-scargle periodogram for the 1 kG (top) and 2 kG (bottom)
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of the simulation. The red points highlight peaks with a false alarm
probability <1%.

thermal pressure (Romanova et al. 2018),

B? 2,

= = ,
& P p
at R = Ry. We use the general expression since the protostar is
rotating and thus at any point could be in a propeller regime. Out-
side of the propeller regime, pv?> approaches pv? which is often

(3D
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Fig. 8. Fastness parameter, w;, as a function of time for the 1 kG (top)
and 2 kG (bottom) protostar models. The ‘\” hatched region indicates
where wy; < 1 and the ‘X’ hatched region indicates where w; < 0.6,
and thus prone to the interchange instability. The cyan line indicates the
daily rolling average.

used ram pressure term to balance the magnetic pressure (see
above subsection, and review by Hartmann et al. 2016). Blinova
et al. (2016) found from a suite of simulations that the gas at the
truncation radius could become unstable to the interchange insta-
bility when w; < 0.6. While the simulations presented herein
include a more massive disk than Blinova et al. (2016), we con-
sider this definition to roughly estimate when the truncation
region may undergo this instability.

Figure 8 shows the w, for the 1 kG and 2 kG models. For
the 1 kG model, the fastness parameter oscillates significantly
between w; >> 1 and w; ~ 1. While this indicates the protostar
is close to the propeller regime, the inner truncation radius does
not appear to be strongly in the regime of the instability. Further,
the daily rolling average oscillates around w; =~ 1. However, it is
noteworthy that the period of w; >> 1 around day 50 is followed
by a significant decrease in the accretion rate for a week. The
decrease in the accretion is likely thus due to the protostar being
momentarily in the strong propellor regime and the subsequent
winds decreasing the accretion rate.

For the 2 kG case, there is much less rapid stochasticity
in wg, with a significant amount of time showing w, ~ 0.6.
Therefore, the pseudo-periodic variability in the accretion rate
in this model may be readily explained by the interchange insta-
bility. Similarly to the 1 kG case, the only time window in
which the rolling average w; greatly exceeds 1 (around day
25) is followed by a significant reduction in the accretion rate.
Our results suggest that accretion burst signatures are directly
related to the protostellar magnetic field and the star-disk inter-
action via magnetic coupling. In both cases, the protostar is
not entirely within the strong propeller regime, but instead
randomly enters it. When this occurs, the magnetosphere
expands, suddenly collapsing the gas flow and decreasing the
amount of gas in the accretion region, thereby decreasing the
accretion rate.
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Fig. 9. Bolometric accretion luminosity versus time for the different
protostellar magnetic field models, annotated on the plots. The cyan
band denotes the starting region for the sampled light curves. The black
dashed-dot line is the daily rolling average.

3.5. Accretion luminosity variability

The luminosity of protostars is observed to vary significantly,
with both short and long periods found in Class 0/ protostars
(see recent review by Fischer et al. 2023). While the HADES
simulations do not trace the monthly or yearly periods, the sim-
ulations show significant variability on shorter timescales. The
bolometric luminosity here is defined as
Lol = Ly + Loy, (32)
where L, = 3.5 Ly is the intrinsic luminosity of the protostar,
calculated using fits from Fischer et al. (2017) of the stellar tracks
from Siess et al. (2000), and L, is the accretion luminosity,
defined as

Gm,1i,
Lycc = R.

(33)

We do not consider here individual bands or line emission, nor
the reprocessing of the emission (which would reduce the emis-
sion as some of the radiation is absorbed by the star). Figure 9
shows the light curves for each of the four different models.

The instantaneous light curves exhibit significant differences
between the models. In particular, the 10 G and 500 G models
have less daily variation in their light curves but have signifi-
cant variability on rapid timescales of an hour or less. As the
magnetic field increases, the hourly variability decreases. For
the 1 kG model, the daily average light curve is remarkably flat
except for the period after 55 days when the protostar accretion
significantly dips. The 2 kG shows a clear systematic variability
with much less hourly variability. The emission at early times is
dominated by the intrinsic luminosity, and at later times the light
curve is dominated by peaks from the accretion bursts. Observa-
tionally, unless the protostar is observed multiple times per hour,
the 10 G, 500 G, and 1 kG models would exhibit relatively flat
light curves, except for the 1 kG model entering the strong pro-
peller regime. The clear variability in the 2 kG exhibits a nearly
exponential decrease which may be a clear signature of a highly
magnetized protostar accreting via instability.

Observations of sources in Serpens South by YSOVAR
(Wolk et al. 2018) exhibit a range of light curves, including
some consistent with those here. In particular, they find line
curves with rapid but small-scale variability (e.g., SSTYSV
J183000.56-020211.4, SSTYSV J183005.33-020111.8, SSTYSV
J183005.81-020205.8) and others with larger broader variabil-
ity (e.g., SSTYSV J183001.26-020148.3). Their object SSTYSV

A219, page 11 of 15



Gaches, B. A. L., et al.: A&A, 692, A219 (2024)

T T T T T
5 10 15 20 25

Fig. 10. Sampling points of the light curve mimicking the YSOVAR
survey.

0

=
o
W

%;:iﬁﬁam mT W P —

Lacc (Lo)

LA S

0 5 10 15 20 25
Time (days)

Lace (Lo)

| S

|

Fig. 11. Synthetic light curve samples (black points) with the average
and standard deviations given by the colored points.

J183006.13-020108.0 shows a significant dip in luminosity,
which they calculate has a period of approximately 35 days.
However, this matches their sampling period, so it may be that
the dip is not periodic variability, but instead from catching a
protostar dipping due to entering the strong propeller regime and
leaving it.

Observational campaigns to study protostellar variability are
restricted in their sampling rate. One of the most robust sur-
veys is YSOVAR (Rebull et al. 2014; Wolk et al. 2015, 2018),
which utilized a logarithmic-spaced sampling strategy to trace
both shorter and longer periods. We mimic the sampling strat-
egy of YSOVAR, as is shown in Figure 10, to produce synthetic
light curve samples of our models. To produce a light curve for
an “average protostar” similar to our models, we compute a syn-
thetic “population average” YSOVAR light curve. We choose
random starting points for the “observation” of the light curve,
uniformly distributed in the blue bands shown in Figure 9. Start-
ing from this initial time, we generate a light curve sampled
following the Figure 10 sampling strategy to generate a pop-
ulation of light curves. Figure 11 shows these samples along
with the logarithmic average and standard deviations of this
population. The figure shows there is substantial scatter in
the individual samples, with some sampled light curves show-
ing very high luminosities. However, the average behavior is
substantially milder. Figure 12 highlights the logarithmically
averaged light curves and the standard deviations at each sam-
ple point. The variabilities, rather than orders of magnitude,
are only factors of a few. Defining the magnitude variation as
AM = log, 5 0({Laccsamp)), We find AM = 0.3, 0.39, 0.12 and
0.78 for the 10 G, 500 G, 1 kG, and 2 kG models, respectively.
These are in agreement with the variability measurements in
Wolk et al. (2018). Much of the accretion variability is similar
in this regard, however, for the 1 kG case it is smaller due to the
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Fig. 12. Average light curves from the samples in Fig. 11 with the stan-
dard deviation.

more ordered fields which are not strong enough yet to induce the
large variability seen in the 2 kG. In general, we find the 500 G
model can become the brightest due to the enhanced accretion
caused by the outflow cavity focusing the accretion flow, while
the strongly magnetized sources are the dimmest.

Unfortunately, the results of the sampling mean that even
with the incredible cadence of YSOVAR, constraining the hourly
variability will be difficult. The order of magnitude variability
in Figure 9 is substantially reduced, on average, at the cadence
sampling of YSOVAR. The YSOVAR sampling strategy is highly
useful if one wishes to trace both shorter and long-term evolu-
tion with minimal samples. Instead, a campaign using a rapid
(<1 hour) linearly spaced sampling strategy over several nights
would be necessary to constrain any rapid variability.

3.6. Accretion filling fraction

The filling fraction of the accretion onto the protostar is of key
importance for models of star formation and protostar evolu-
tion. We computed the filling fraction of accretion for the top
10, 25, 50, 75, and 90% of the accreted mass as a function of
time. To compute the filling fraction, for each snapshot, we sort
the cells along the protostellar surface according to the mass
flux, from highest flux to lowest. Marching down from the cells
with the most mass being accreted to the least enables a bet-
ter constraint on the effective area where a given percentage of
the mass is being accreted. Using the flux and the cell surface
area, we calculate the cumulative mass accretion fraction. Then,
for the different top mass-accretion percentages we compute the
total area of the cells marching down in mass flux which encom-
passes that percentage of the total accretion. Figure 13 shows
an example of a single snapshot from the 2 kG model, plotting
the sorted mass flux versus the index, along with the cumulative
mass accretion, area, and the cell’s accretion rate. For this snap-
shot, Figure 14 shows the accumulated mass fraction (marching
up from the lowest) versus the area fraction with lines denoting
the 10, 25, 50, 75, and 90% for this snapshot example. The fig-
ure shows that the vast majority of the mass is accreted over a
minority of the surface.

Figure 15 shows the filling fraction of accretion versus time
for the 2 kG protostar, plotted using the daily rolling average for
ease of visualization and interpretation. Table 1 shows a sum-
mary of the accretion-rate-weighted average filling fraction over
the simulation period for the four different models. We find that
the top 25% of the mass is accreted in about 1% of the sur-
face area. The majority of the mass, at 50%, is accreted over
2-4% of the surface. Finally, of most importance, 90% of the
accreted mass is from mass flux encompassing between 7-20%
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Fig. 13. Example of how the filling fraction is computed for a single
snapshot. The figure shows the sorted mass flux at the surface (red),
accretion rate (green), cumulative mass accretion (black), and cumula-
tive area (blue) versus the sorted cell index. The horizontal lines show
the index at which the top 10%, 25%, 50%, 75%, and 90% of the mass
is accreted.
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Fig. 14. Accumulated mass fraction percentage versus the cumulative
area of the protostar surface for the snapshot in Figure 13. The horizon-
tal lines show the index at which the top 10%, 25%, 50%, 75%, and 90%
of the mass is accreted.

Table 1. Filling fraction (percent) of the accretion flow onto the
protostar according to the top X% of the mass accretion.

B. 10% 25% 50% 75% 90%
10G 0.4 1.0 25 66 159
500 G 0.6 .5 42 102 197
1000G 0.5 1.2 3.1 6.8 121
20006 04 08 1.9 40 7.4

of the surface. In all models, the last 10% of the mass is in gen-
eral accreted more diffusely over the surface (see e.g., Figure 14,
where the last 10% of the mass is accreted over 70% of the area).
In general, we find that these filling fractions are roughly equal
with time, however, they can increase by factors of 2-3 during
accretion bursts, as is seen in Figure 15. Depending on the pro-
tostellar magnetic field assumed, a filling fraction of protostar
accretion between 10-20% is reasonable for protostars accreting
under these modes.

4. Discussion

After analyzing these simulations, we find that there are three
distinct regimes of the accretion: (i) boundary layer (10 G,

— 75%

— 50%

254 — 90% — 25% — 10%

N
o

=
o

Area fraction (%)
=
w

w

Time (days)

Fig. 15. Top: the accretion rate versus time for the 2 kG protostar,
using the daily-rolling average. Bottom: the daily rolling average fill-
ing fraction of the accretion flow for the different top mass accretion
percentages.

500 G), (ii) turbulent magnetospheric (1 kG), and (iii) magne-
tospheric accompanied by the interchange instability (2 kG).

Figure 16 visualizes the importance of the magnetic field via
the ratio of the poloidal pressures, (pvi + p)/[(B} + B2)/2], in
the inner region of the disk. The figure shows the average ratio
from days 50-51 of the simulation and the lines denote the direc-
tion of the poloidal magnetic field. The 10 G model shows the
gas fully impacts the protostar surface with only a marginally
magnetically dominated pole. The 500 G model immediately
demonstrates the impact of the magnetically dominated cavity
creating a pressure that inhibits gas flow to the poles, focusing
the accretion to the equator. The kilogauss-strength models show
clearly magnetically truncated disks. In all cases, toward outer
radii (0.2 AU), the magnetic fields transition to vertical. In the
inner disk, there is a substantial difference between the models,
especially due to the impact of the Hall effect for the cases with
strong magnetospheres. Inside the disk, there is a strong correla-
tion between the morphology of the field lines, the presence of
magnetic islands, and the ratio of the pressures.

Takasao et al. (2018) simulated an accretion disk around an
unmagnetized central object, with the T-Tauri scaling providing
a nominal accretion rate of s, ~ 1078My yr~!, a factor of 100
less than in this study. They find ordered boundary layer accre-
tion with an accretion component due to high-latitude funnel
wall flows. This is in broad agreement with our 10 G simula-
tion, where we find that the protostellar disk directly impacts
the protostar surface, with two high latitude, nearly constant,
inflows due to failed disk winds cycling back down to the disk
surface and sliding along the surface. However, the accretion
variability we see is significantly higher than theirs (see their
Fig. 19), which may be due to the difference in the disk sur-
face density and the overall accretion rate magnitude difference.
Mass ejections from the protostar surface can disrupt the accre-
tion momentarily, leading to dips in the averaged accretion rate.
Takasao et al. (2018), similarly to these simulations, find that the
midplane component, especially at later times, becomes comple-
mented by higher latitude flows. However, the high latitude flows
in the results presented herein occur at 8 > 30°, rather than 15°
they find. While the initial density distributions between the sim-
ulations differ, both simulations use hour-glass morphologies for
the disk magnetic field.
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Fig. 16. Ratio of the poloidal ram pressure plus thermal pressure to
the poloidal magnetic pressure within the inner 0.2 AU of the disk. The
black arrows indicate the direction of the poloidal component of the
magnetic field. The ratio is averaged over 1 day starting from day 50.
The panels are in ascending order of protostar magnetic field, annotated
on the top, of 10 G, 500 G, 1 kG, and 2 kG from top to bottom.

Our simulations also tell us why the boundary layer accretion
in the 500 G protostar is ordered and enhanced. The protostellar
magnetic field induces a strongly magnetized, ordered bipolar
outflow. This magnetized cavity produces a pressure pushing the
inner accretion flow down, constraining and focusing it toward
the protostar’s equator. While the presence of the protostellar
magnetic field does not truncate the disk and create well-defined
accretion columns, the resulting outflow orders the accretion
flow away from the protostellar poles, funneling it toward the
equation, boosting the accretion rate compared to the 10 G pro-
tostar. As a protostellar magnetic field is increased, the accretion
flow will become more ordered, transitioning from a turbulent
boundary layer mode to a more ordered boundary layer mode,
eventually to the magnetospheric mode at kilogauss scales with
bursts.

5. Conclusions

We have presented the initial suite of high-resolution simula-
tions of accretion disks around embedded, actively accreting
protostars. We modeled protostars with four different protostellar
magnetic fields: 10 G, 500 G, 1 kG, and 2 kG. These simula-
tions resolve the inner accretion disk with a maximal resolution
of ~10~* AU. Our simulations show that
1. The protostellar magnetic field plays a crucial role in
determining the underlying accretion mechanism. We find
that for solar-mass protostars accreting at rates exceed-
ing 1077 My yr~!, protostars must generate a magnetic
field exceeding 1 kG to truncate the disk and produce
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magnetospheric accretion. For weaker fields, we find that

boundary layer accretion dominates;

2. For poorly magnetized protostars (10 G), the accretion falls
across the entire surface of the protostar. The gas impacts
both at the equator and via two high-latitude streamers that
are the result of failed winds falling back in;

3. For marginally magnetized protostars (500 G), in which the
disk is not truncated, gas accretes onto the protostar via
boundary layer accretion. However, the presence of a mag-
netically driven bipolar outflow focuses the accretion flow
toward the protostar’s equator, enhancing and regulating the
accretion rate;

4. For kilogauss strength fields, we find that there is substan-
tial systematic variability, with the 2 kG model exhibiting
strong bursts of accretion. The most likely explanation for
the accretion bursts in the 2 kG is the interchange instability
occurring at the truncation radius;

5. Our 1 kG and 2 kG simulations have one-sided outflows due
to the symmetry of the protostellar magnetic dipole being
broken by the disk magnetic field;

6. In our simulations, the protostars accrete the vast majority of
the mass across 10-20% of their surface area. While there is
some variance in the filling fraction between the protostellar
magnetic fields, for protostar accretion modeling and sub-
grid models we would recommend a filling fraction of 10—
20% for protostars at these stages of evolution.

We investigated the variability in the accretion luminosity for
the four different models. The instantaneous light curve found
in our simulation varies by up to over an order of magnitude
depending on the magnetic field. For the 10 G, 500 G, and 1 kG
models, the variability generally occurs at hourly timescales,
while the B, = 2 kG model exhibits significant variability of
over an order of magnitude over days due to accretion bursts.
The bolometric accretion luminosity computed this way does not
account for radiation transfer effects. Observations of variability
do not sample uniformly for sub-hourly timescales continuously
but instead employ a range of strategies such as the logarithmic
sampling of YSOVAR. Therefore, we produced averaged syn-
thetic light curves using a cadence to mimic YSOVAR (Rebull
et al. 2014). We find that there is far less variability in these aver-
age light curves, with bolometric magnitude variances less than
one, which is roughly consistent with observations (Wolk et al.
2018).

These simulations motivate further observations of magnetic
fields toward Class I protostars. The recent survey from Flores
et al. (2024) measured the magnetic fields for a range of Class I
sources using high-resolution K-band spectroscopy. Their sam-
ple exhibits magnetic fields ranging from 500 G to nearly 4 kG,
with the majority of the sample having fields between 1 and
2 kG. While the survey is not sensitive to unmagnetized pro-
tostars, a key takeaway is that the magnetic field does exhibit
a broad spread, and as such our simulation results across a
range of protostellar magnetic fields can aid in interpreting accre-
tion observations of these earlier protostars. Future work will
investigate synthetic hydrogen recombination line emission, a
broader parameter space for the protostar rotation, accretion rate,
disk magnetic field morphologies, and the physics of outflow
launching.
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