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Abstract

We investigate the occurrence of accretion bursts, dust accumulation, and the prospects for planetesimal formation
in a gravitationally unstable magnetized protoplanetary disk (PPD) with globally suppressed but episodically
triggered magnetorotational instability (MRI), particularly in young intermediate-mass stars (YIMSs) but with a
brief comparison to low-mass counterparts. We use numerical magnetohydrodynamics simulations in the thin-disk
limit (the Formation and Evolution Of a Star And its circumstellar Disk, or FEOSAD, code) to model the formation
and long-term evolution of a gravitationally unstable magnetized PPD, including dust dynamics and growth, since
the collapse of a massive slowly rotating prestellar cloud core. Massive gas concentrations and dust rings form
within the inner disk region owing to the radially varying efficiency of mass transport by gravitational instability
(GI). These rings are initially susceptible to streaming instability (SI). However, gradual warming of the dust rings
thanks to high opacity and Gl-induced influx of matter increases the gas temperature above a threshold for the MRI
to develop via thermal ionization of alkaline metals. The ensuing MRI bursts destroy the dust rings, making
planetesimal formation via SI problematic. In the later evolution phase, when the burst activity starts to diminish,
SI becomes inefficient because of growing dust drift velocity and a more extended inner dead zone, both acting to
reduce the dust concentration below the threshold for the SI to develop. Low-mass objects appear to be less
affected by these adverse effects. Our results suggest that disks around YIMSs may be challenging environments
for planetesimal formation via SI. This may explain the dearth of planets around stars with M, > 3.0 M.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Protostars (1302); Star formation (1569);
Pre-main sequence stars (1290); Planet formation (1241); Dust physics (2229); Magnetohydrodynamics (1964);

Exoplanets (498); Intermediate-type stars (818)

1. Introduction

Young intermediate-mass stars (YIMSs), spanning a mass
range of about 2-10 M., bridge the gap between low-mass stars
and high-mass stars. YIMSs have some of the same properties as
classical T Tauri stars, for instance having emission lines, UV
excess, and a lower surface gravity than main-sequence stars
(F. Hamann & S. E. Persson 1992; J. S. Vink et al. 2005), and
they are usually identified by an infrared excess from circumstellar
disks (M. E. van den Ancker et al. 2000; G. Meeus et al. 2001).
With Gaia-updated distances, using Atacama Large Millimeter/
submillimeter Array (ALMA) archival data for a Herbig disk
population study, L. M. Stapper et al. (2022) find that Herbig
disks are on average 3—7 times more massive than the typical disk
around a T Tauri star, and also likely larger.

The mass-accretion rate is a key physical quantity in star
formation to determine the process of mass assembly and the
associated timescale that results in the formation of a protostar,
and can be used to infer the total stellar luminosity across a wide
mass range of various stellar objects, from classical T Tauri stars
to YIMSs (J. R. Fairlamb et al. 2015; C. F. Manara et al. 2016).
Understanding the accretion signatures enhances our knowledge
of YIMSs formation and allows comparison to their low-mass
counterparts. In a spectroscopic study of 163 Herbig Ae/Be stars

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

complemented with the X-Shooter sample and updated with Gaia
Data Release 2 parallaxes, C. Wichittanakom et al. (2020)
determine mass-accretion rates ranging from about 10777 to
1073 M yr" as derived from the Ho line emission for the
accretion luminosity going from about 107°% to 10*%® L., while
for T Tauri stars the observed mass-accretion rate ranges from
roughly about 107® to 107*M. yr~' corresponding to the
accretion luminosity going from about 1 to 10°L. (e.g.,
R. J. White & G. Basri 2003; N. Calvet et al. 2004; A. Natta
et al. 2006; L. A. Cieza et al. 2018; S. Pérez et al. 2020;
W. J. Fischer et al. 2023; J. Serna et al. 2024, and references
therein).

The dependence of planetary mass on stellar mass as well as
robust statistical evidence of disk evolution shows an apparent
paucity of planets around intermediate-mass stars (A. Ribas
et al. 2015; M. Janson et al. 2021; E. Delgado Mena et al. 2023;
M. P. Ronco et al. 2024). On the other hand, the high
occurrence of exoplanets discovered around host stars with
masses <2.5 M, indicates a greater feasibility of planetary
formation around low-mass stars (hereafter LMSs). Therefore,
YIMSs are considered to be prime laboratories for studying the
physical processes that may inhibit or alter planet formation,
potentially explaining the dearth of planets around host stars
with masses more massive than ~2.5-3.0 M, as found from
radial velocities and direct-imaging observations (J. A. Johnson
et al. 2010; S. Reffert et al. 2015; see further online).(’
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Theoretical studies by S. Ida & D. N. C. Lin (2008) and
G. M. Kennedy & S. J. Kenyon (2008) show that planetary
formation may also decrease around stars with masses greater
than 2-3 M. This occurs because the water snowline—a major
site of planetesimal formation—is pushed with the increasing
stellar luminosity further out to the disk regions where the
timescale of planetesimal formation is longer than the timescale
of protoplanetary core migration. A recent study by P. Pinilla
et al. (2022) also shows the significance of the radial dust drift
velocity becoming a potential barrier for planetesimal forma-
tion around host stars with masses M, > 1.5 M. Therefore, it
is crucial to study the long-term evolution of the protoplanetary
disks (PPDs) around such YIMSs, which may help explain why
planets around YIMSs may be rare.

The main aim of this paper is to determine the episodic
accretion history, dust accumulation, and prospects for
planetesimal formation in the inner regions of a PPD around
a YIMS throughout its long-term evolution since the embedded
phase. We investigate the formation and evolution of a PPD
with long-term global magnetohydrodynamic simulations that
have dynamically coupled dust and gas and also account for
self-gravity and the triggering of magnetorotational instability
(MRI) in an inner region of the PPD. In the early embedded
stages of disk evolution, the accumulation of gas and dust in
dead zones (inner disk regions characterized by a reduced rate
of mass transport and low ionization) leads to disk instabilities
and gravitational instability (GI)-driven MRI outbursts. We
update our understanding of the accretion outbursts of YIMSs
by comparative analysis of their characteristics with respect to
their low-mass cousins. We also investigate the prospects of
first-generation planetesimal formation within the massive
dusty rings forming within the innermost few au of the PPD
via the streaming instability (SI), and the consequences of
episodic accretion, which can explain the paucity of planets
around stars with masses M, > 3.0 M.

The structure of this paper is as follows. Section 2 outlines
our numerical setup. Section 3 presents an analysis of our
findings, with Section 3.1 covering the episodic accretion
history of a YIMS and its PPD's evolution, and Section 3.2
discussing the prospects of SI within the PPD. Section 4
discusses our results and their significance in the context of
contemporary observations. Finally, Section 5 summarizes the
main conclusions of our study.

2. Numerical Methods

We perform our numerical global magnetohydrodynamic
simulations starting from the gravitational collapse of a
prestellar magnetized cloud core using the Formation and
Evolution Of a Star And its circumstellar Disk (FEOSAD;
E. I. Vorobyov et al. 2020b) code to study the formation and
long-term evolution (up to 1 Myr) of PPDs in intermediate-
mass stars. Such long integration times are made possible by
the use of the thin-disk approximation, the justification of
which is provided in E. I. Vorobyov & S. Basu (2010). In our
model, the prestellar core has the form of a flattened pseudo-
disk, a spatial configuration that can be expected in the
presence of rotation and large-scale magnetic fields
(S. Basu 1997). As the collapse proceeds, the inner regions
of the core spin up and a centrifugally supported disk forms
when the inner infalling layers of the core hit the centrifugal
barrier near the central sink cell at r,, = 0.52 au. The evolution
gradually continues into the embedded phase of star formation
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where the nascent central star is surrounded by a rotationally
supported accretion disk along with remaining infalling
envelope, followed by the Herbig stage wherein the envelope
diminishes and the central star attains its terminal mass of about
4.5 M,. In our numerical study, such a choice for the final mass
of the host star helps in assessing the significant deviations in
the PPD's evolution and dust dynamics from low-mass
counterparts, which can otherwise be less pronounced at about
3 M, given that this boundary may be biased due to limitations
in observational constraints.

FEOSAD takes into account the coevolution of the gas and
dust components, including dust growth and back-reaction of
dust on gas. Key thermal processes, such as stellar irradiation,
viscous heating, dust thermal cooling, and PdV work, are
considered to provide realistic temperature structure of the disk.
Disk self-gravity is computed using the integral form of the
gravitational potential (E. I. Vorobyov et al. 2024). The effects
of magnetic fields are accounted for approximately, assuming
the flux-freezing approximation and a simplified magnetic
field geometry appropriate for the thin-disk approximation
(S. Basu 1997). Considering magnetic fields allows us
to construct a more sophisticated model of the MRI
bursts than the usual layered-disk model approximation
(C. F. Gammie 1996). The PPD undergoes MRI outbursts in
the inner several au when forming and evolving, while the disk
dynamics in the intermediate and outer regions is played out by
GI. The initial background turbulent viscosity across the disk
extent is set equal to an equivalent of ayj. = 1074, in
accordance with recent observations of efficient dust settling in
PPDs (G. P. Rosotti 2023). In the MRI-dead layer, a viscosity
parameter of ay. = 107> is set due to nonzero residual
transport, which may be caused by low-level turbulence
propagating from the upper MRI-active disk layers down the
disk midplane. Heating of the dead zone owing to residual
turbulence and PdV work can raise the gas temperature above
1000 K. The thermal ionization of the alkaline metals enables
vigorous growth of the MRI across the dead zone, followed by
a rapid transport of inner disk material (which is associated
with a turbulent viscosity of ;e = 0.1 in our numerical
model; see further in Appendix A.3) that gives rise to the MRI-
triggered accretion bursts (P. J. Armitage et al. 2001; Z. Zhu
et al. 2009; E. I. Vorobyov et al. 2020b; K. Kadam et al. 2022).

We refer the reader to Appendix A for detailed information
on the gas and dust physics (Appendices A.l1 and A.2),
numerical treatment of the adaptive viscosity and ionization
fraction during the MRI bursts (Appendix A.3), and initial and
boundary conditions (Appendix A.4). Details of the model
parameters of our conducted numerical simulations are listed in
Table 1.

3. Results

In this section, we delineate our comprehensive findings on
the general characteristics of GI-controlled disks around
YIMSs, with a focus on how these characteristics evolve with
the onset and decay of an accretion burst. Thereafter, we delve
into the evolution and growth of dust, exploring the
development of the SI and its implications for planetesimal
formation in PPDs around YIMSs, with a brief comparison to
low-mass counterparts.
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Figure 1. Evolution of the gas surface density distribution over a region of 500 x 500 au” in the midplane of the disk (in units of log,, g cm~2), showing the large-
scale disk structure at distinct time instances after the onset of collapse as obtained from Model-YIMS.

Table 1
Model Parameters (from Left to Right)
Model M ore Fout Tin To g0 Qo &) A amrr - aBEt Qgz My ¢
(M) (au) (au) (au) (gem™) (kms™ ' pch) (%) M)
model-YIMS 599 361 x 10* 052 373 x 10° 858 x 102 0.80 214x 107 100 100* 010 1070 450
model-LMS 101 505 x10° 052 630 x 10>  5.08 x 107! 2.00 133 %107 100 10* 010 107 071

Note. Columns, from left to right: Mcoye is the initial core mass, 7oy is the outer radius of the prestellar core, r;, is the inner boundary of the computational domain, ry
is the radius of the central plateau in the initial core, X, is the initial gas surface density at the center of the core , €} is the initial angular speed of the prestellar
rotating core, 3 is the initial ratio of the rotational to gravitational energy, A is the initial mass to magnetic flux ratio normalized to a factor of (27v/G )", apy is the

Burst

constant background turbulent viscosity across the disk extent, apygy is the maximum turbulent viscosity at the occurrence of an MRI outburst only, o, is the nonzero
residual viscosity parameter in the MRI-dead layers in the absence of the burst, M, ; is the final stellar mass at a desired timeline of ~1.0 Myr.

3.1. Accretion History during Disk Evolution

Figure 1 shows a global view of the long-term evolution of a
PPD since the gravitational collapse of a massive prestellar core
of 6.0 M., where the gas surface density is depicted over a
region of 500 x 500 au”. The disk forms at 7 ~ 0.098 Myr after
the onset of collapse. In the first phase, by 7 < 0.5 Myr, the disk
quickly grows up to a radius of ~200 au. The disk growth is
predominantly regulated by mass gain from the collapsing
cloud and mass loss via protostellar accretion. For a globally
low ayise = 1074, the inward mass transport across the disk is
mostly provided by vigorous disk GI (E. I. Vorobyov &
S. Basu 2009), which is manifested by the appearance of
irregular spiral structures. By # =~ 0.5 Myr, the mass of the star
reaches 4.0 M, and the disk mass is about 1.2 M, whereas less
than 0.5 M, is left in the infalling envelope. Later on, when the
mass infall diminishes, the disk radius slowly increases with
time and infrequently contains grand spiral arms. In this later
phase, the disk mass slowly decreases and the lack of
compensating infall leads to weakening of the GI. The disk
slowly spreads out as the gravitational torques in the outer disk
tend to be positive (E. I. Vorobyov & S. Basu 2007). The
analysis of the Toomre Q parameter confirms the susceptibility
of the disk to GI and its gradual stabilization with time (see
Figure 2). The stellar mass by the end of simulations reaches
4.5 M., and the envelope is completely depleted.

Figure 2 presents the distribution of the Toomre Q parameter
in the disk during the entire evolution period considered.
Several trends are to be emphasized in the context of our work.
First, the gravitationally unstable region of the disk rapidly
grows with time from a narrow annulus around 10-20 au at
about 0.15 Myr to a wide region, ranging from several au to
about 120au by about 0.5 Myr. Afterwards, by 1Myr, the
Gl-unstable region in the outer disk further expands to about
200 au. Second, on both sides of this region Q sharply
increases. The increase beyond 100au is related to the
transition from the disk to rarefied envelope. The rise in the
inner several au is caused by disk warming and high rates of
shear. This latter feature is important and causes a bottleneck
effect when material is transported by gravitational torques
from the outer to inner disk regions (see E. I. Vorobyov et al.
2024, for details). The accumulation of gas and dust in this
inner region form a dead zone, which is episodically activated
by the development of the MRI owing to thermal ionization of
alkaline metals (see Section 3.1). The SI can be triggered
within this dead zone (see Section 3.2).

Figure 3 presents the temporal evolution of the mass-
accretion rate along with total luminosity and the mass
evolution of the envelope, disk, and star for a YIMS and a
LMS. For YIMSs, the mass-accretion history is characterized
by frequent accretion bursts with magnitude >10"*M_ yr!
superimposed on the quiescent rate of ~10~% M yr~!. The
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Figure 2. Radial distribution of the Toomre Q parameter over a region of 1000 au, showing the azimuthally averaged values (thick black lines) and the azimuthal
scatter at a given radial distance (gray shaded area) as obtained from Model-YIMS. The horizontal dashed line corresponds to Q = 2.
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Figure 3. Temporal evolution of disk accretion quantities at the sink—disk
interface for model-YIMS (left figure) and model-LMS (right figure). Top
panel: mass-accretion rate onto the star (M) as shown by the black curve along
with the mass infall rate from the envelope (Mingan) as shown by the blue
dashed curve. Middle panel: total luminosity (L) as shown by the black curve
combining the accretion luminosity (L,..) and the photospheric luminosity
(Ly). Here, the red dashed curve shows the photospheric luminosity. Bottom
panel: time evolution of the envelope mass, star mass, and disk mass.

accretion bursts are more frequent in the early stages of
evolution and persist even at later times up to 0.85 Myr.
Whereas for the case of LMSs, the mass-accretion history is
characterized by a smaller number of accretion bursts with
magnitude >5 x 107> M, yr~' superimposed on the quiescent
rate of ~107° M, yr~' at about 0.1 Myr, gradually declining to
~107"M_ yr~' by 0.5 Myr, then saturating at ~10 5 M yr
by 1.0 Myr. A correlation between the mass infall rate and the
frequency of the bursts is also evident, since the mass infall is
an important part of the burst mechanism. In our model, the

bursts are caused by the development of the MRI in the
innermost disk regions, wherein slow disk heating causes
thermal ionization of alkaline metals. Because each burst
consumes about 0.04-0.1 M, of the disk mass for model-
YIMS and 0.004-0.05 M, of the disk mass for model-LMS,
respectively, the burst recharge is provided by mass infall and
mass transport across the disk by gravitational torques. In this
respect, the bursts in our model are similar to the GI-sustained
MRI bursts in LMSs reported by J. Bae et al. (2014). Our
preliminary analysis, however, shows that the bursts in YIMSs
are statistically longer in duration by about 1-1.5 orders of
magnitude than in the corresponding MRI bursts for LMSs,
given that the typical duration of the bursts for the LMSs is on
the order of 100 yr (for LMSs, see further in E. I. Vorobyov
et al. 2020a). In addition, the accreted mass during individual
bursts in YIMSs increases compared to LMSs, rising from a
few tens of Jupiter masses to up to hundreds of Jupiter masses,
as mentioned earlier. This is in agreement with the simpler one-
dimensional (1D) models of V. G. Elbakyan et al. (2021). We
also note that the photospheric luminosity rises with time for
YIMSs (see the Hertzsprung—Russell (HR) diagram in Figure 1
of M. Vioque et al. 2018), which leads to luminosity bursts of
smaller relative amplitude at later times, unlike the lower-mass
cousins. The magnitude of the luminosity bursts is on average
higher for young intermediate-mass stellar objects than for
LMSs, reaching and exceeding 10°L.. In addition to the
above, the photospheric luminosity Ly, of a YIMS of final
mass 4.5 M., (by 1 Myr) is about 10-500 times higher than that
of a LMS of mass 0.7 M., as the radius of such a YIMS is
approximately 1.35-3.35 times larger than R, and the T is
about 1.5-2.9 times higher than T ,. Note that, in FEOSAD,
Ly on and stellar radius R, are calculated using the stellar
evolution tracks inferred with the STELLAR code of
H. W. Yorke & P. Bodenheimer (2008; see more details in
E. I. Vorobyov et al. 2020b).

To clearly analyze the burst mechanism and demonstrate the
link between the physical characteristics, we zoom in on a
single episodic accretion outburst. Figure 4 shows a detailed
two-dimensional (2D) spatial representation of the disk
characteristics to help understand how the burst is triggered
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Figure 4. The evolution of an outside-in MRI outburst as it rises and decays back to the quiescent phase as presented in intensity maps as obtained from Model-YIMS.
Evolution of the gas surface density ¥, (in units of log,, g cm~?2), grown dust surface density 4, (in units of log,, g cm~2), small dust surface density Xy 5 (in units
of log,, g cm~2), midplane temperature Tyyp (in units of kelvin), vertically integrated midplane pressure P (in units of log;, dyne cm™!), ionization fraction (x), and
turbulent viscosity (awis) distribution over a region of 20 x 20 au® in the midplane of the disk. The last two panels present the temporal evolution of the mass-
accretion rate onto the star (M) and total luminosity (Lot = Lacc + Ly) along with the contribution from the photospheric luminosity (L) at the sink—disk interface as
an outburst develops and decays. The vertical dashed lines mark the time instances corresponding to those of the above 2D intensity maps of the disk characteristics.

within the inner region of a PPD as a single accretion burst characterized by a spiral pattern in gas (X,) and rings with gaps
develops and decays. The outburst progresses in an outside-in in the grown dust (X4,,). Such a layout in the gas and grown
fashion (see Figure 9). The disk structure in the inner region is dust spatial morphology is indeed observed in several PPDs,
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spanning from tens to hundreds of au as observed in molecular
line emission (G. P. Rosotti et al. 2020; J. Huang et al. 2023;
J.-E. Lee et al. 2023), dust-scattered light (T. Muto et al. 2012;
M. Benisty et al. 2015, 2017; G. A. Muro-Arena et al. 2020;
S. B. Brown-Sevilla et al. 2021), and in millimeter dust
continuum (S. M. Andrews et al. 2018; F. Long et al. 2018;
L. A. Cieza et al. 2021). It is likely caused by efficient dust drift
toward local pressure maxima (T. Birnstiel et al. 2016;
E. I. Vorobyov et al. 2020a). In our GI-dominated model, the
pressure maximum is formed within ~1.5-4 au of the inner
disk because of the spatially varying rate of mass transport due
to gravitational torques (E. I. Vorobyov et al. 2024). The mass
transport rate is strongest in the intermediate and outer disk
regions where the Q parameter is lowest and weakens in the
inner several au, where the Q parameter sharply rises (see
Figure 2). This effectively creates a bottleneck and a dead zone,
similar in characteristics to the classic dead zone caused by the
varying strength of MRI turbulence in the layered-disk model
(C. F. Gammie 1996).

The higher concentration of dust in the massive dust ring
makes the region optically thicker, which in turn slowly warms
the gas in its vicinity and assists the process of triggering the
MRI (see Appendix A.3, for further details). The heating is
provided by residual viscosity with o = 1077 and adiabatic
compression as the matter inflows along the spiral arms,
creating a bottleneck effect until the thermal collisions begin to
ionize the alkaline metals within the dead zone. Indeed, in the
quiescent phase the ionization fraction is at its lowest (<10~'2),
but during the burst it increases by several orders of magnitude.
The midplane temperature T, rises from a few hundred kelvin
in the preburst stage to over a few thousand kelvin during the
burst (refer to Figure 10 for the radial profiles of the
azimuthally averaged disk quantities at these respective time
instances as shown in Figure 4). When the MRI is first
triggered in the vicinity of the dust ring around 4-5 au, the asc
value also jumps to 107!, as suggested by three-dimensional
(3D) simulations of this phenomenon by Z. Zhu et al. (2020).
The MRI front then propagates to both sides, but mostly
inward, until it reaches the inner computational boundary at
0.5 au. At this time instance My sharply increases, manifesting
the onset of the accretion burst. The predominantly outward-in
triggering of the burst in GI-supported disks was also reported
in J. Bae et al. (2014, its development is described in more
detail in their Section 3), and may have observational
manifestations (G. Bourdarot et al. 2023; Z. Guo et al. 2024,
S. Nayakshin & V. Elbakyan 2024).

The process described above enhances rapid transport of the
inner disk gas onto the star owing to sharply increased
turbulent viscosity in an outside-in fashion. This phenomenon
can be defined as MRI-triggered but GI-sustained bursts. The
bursts lead to the complete destruction of the dust-ring-like
structures which were formed earlier in the dead zones. The
grown dust that was accumulated in the ring is first converted
into small dust, the latter then transported onto the star along
with gas because both are dynamically linked. The conversion
of grown to small dust occurs because water-ice mantles melt
when the temperature rises during the burst and the dust
aggregates break into monomers (D. Schoonenberg et al.
2017). We note that the recent analysis of the dust spectral
index in V883 Ori, a young LMS in outburst, implied that icy
dust mantles can survive the heating events provided by the
burst if water ice is a certain fraction of the solid matrix
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(A. Houge et al. 2024). This effect requires further invest-
igation, which goes beyond the scope of the present paper.
Nevertheless, the dead zones are replenished and the dust rings
start to form again soon after the burst ends (see Figure 4).

3.2. Prospects of Streaming Instability

In this section, we focus on the dust growth, dust evolution,
and prospects of planetesimal formation in PPDs around
YIMSs, and present a comparison study on the development of
SIin LMSs. Dust rings formed in our GI-controlled disk model
may be favorable sites for planetesimal formation via SI. The
SI is essentially a runaway situation that may occur when
spatially varying gradients of gas pressure are present in the
disk. Once the dust-to-gas ratio increases due to the ensuing
traffic jam of drifting dust particles, the back-reaction friction
force from the dust onto the gas becomes strong enough to
accelerate the gas to orbit at near-Keplerian speed. This reduces
the headwind on the dust particles and slows down their inward
drift (see further in T. Birnstiel et al. 2016). This altered flow
then further enhances the dust concentration in those specific
regions (A. N. Youdin & J. Goodman 2005). Without direct
modeling of the SI, due to the limitations on higher resolution
and modeling of the vertical structure of gas and dust dynamics
in our current work, we postprocess the probable SI
development in our model disk by taking into account the SI
criteria obtained in focused multidimensional numerical
simulations of gas-dust disks.

We investigate favorable sites for the development of SI in
our model disk using the following criteria as presented in
C.-C. Yang et al. (2017, hereafter the Yang criterion):

log &gy > 0.10 (log St)
+0.20log St — 1.76 (St < 0.1), (1)

log &40, = 0.30 (log St)*
4+ 0.59 log St — 1.57 (St > 0.1), 2)

where £y = Yot/ 2 is the ratio of the total dust surface
density to that of gas and St = Qg is the Stokes number, in
which Qy is the Keplerian orbital frequency and f, is the dust
stopping time (see Equation (A15)). By definition, #, is the
timescale over which the change in the relative velocity of a
dust particle due to the drag force with the surrounding gas
equals the value of velocity itself. We further check the
development of SI in our model disk using the criterion
(A. N. Youdin & J. Goodman 2005)

_ pd,gr
Pe

¢ > 1.0, 3)

i.e., the volume density of the grown dust in the disk midplane
Pa.er Must be greater than or equal to that of the gas p,. Here,
the volume densities of gas and grown dust are calculated using
the corresponding local vertical scale heights H, and Hgy. The
former is found from the assumption of the local vertical
hydrostatic equilibrium, while the latter is derived using the
expression Hy = Hy/owisc/(anise + St) (T, Birnstiel et al.
2016). In our numerical treatment, when St < v, Such as
during an outburst, H, serves as the upper limit for Hy despite
the respective jump in s going from an initial turbulent
viscosity of about 10™* to a maximum value of 0.1.
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Conversely, in the quiescent regime where St > auise, Hyg
approximately drops as Hy+/yisc/St. We combine the two
criteria (as shown in Equations (1), (2), and (3)) to employ a
stricter constrain for finding the SI-prone regions (where both
the criteria are fulfilled) in our model disk.

The dust properties and the spacetime delineation of SI activity
throughout the long-term evolution of the disk in model-YIMS
is presented in Figure 5, along with a direct comparison of the
corresponding characteristics in mode1-LMS. The first panel of
Figure 5 shows the spacetime map of the total dust surface density
for both models along with the enhanced dust rings. Indeed, for
both models, we examined the SI activity across all azimuths
(refer to the second panel of Figure 5) along the dust rings as SI is
a local phenomenon. For the case of the disk around a YIMS, the
occurrence of SI is limited to the initial time period of disk
evolution comprising several hundred thousand years and is
spatially localized to the inner disk region within 10 au. In the late
evolution after 0.35Myr, the SI occurrence in YIMSs is
significantly suppressed as compared to that of around a LMS.
Such suppression of the SI in PPDs around a YIMS is related to
the systematic drop in the ratio of surface densities &p, (se€
further in Figure 6). Indeed, we checked the ( criterion
(A. N. Youdin & J. Goodman 2005; refer to Equation (3)) and
it is fulfilled in the dust rings around the YIMS until the end of
simulations. However, the Yang criterion (Equations (1) and (2))
is not ubiquitously satisfied due to insufficient {,, required to
exceed the threshold to trigger SI activity, as opposed to the case
around a LMS. In our model, the Stokes number is calculated at
the amax (refer to Equation (A15)). For both models, within the
dust rings, the Stokes number increases above 1.0 due to the
combined effect of a larger ay,x due to dust growth and a
decrease in the midplane temperature of the dead zone.

The reasons for the observed difference in SI activity
between LMSs and YIMSs can be manifold. As noted in
P. Pinilla et al. (2013) and P. Pinilla et al. (2022), the drift
velocity of dust in a PPD scales as v o< L>,l</ 4/ \/E . In
model-LMS, the stellar luminosity L, decreases and the
stellar mass M, saturates after the initial short period of burst
activity. The resulting dust drift velocity declines as the disk
evolves, thus assisting dust concentration in the dead zone.
Conversely, the base stellar luminosity in model-YIMS
increases sharply with time, and in particular after 0.35 Myr,
owing to the increasing photospheric luminosity as the YIMS
makes the left turn on the HR diagram. The stellar mass,
however, grows slowly after 0.35 Myr. As a result, the dust
drift velocity increases, which makes it more difficult for dust
to become concentrated in the dead zone and reduces §45,. We
note that dust settling in the dead zone may be efficient in both
LMSs and YIMSs, so that the Youdin—~Goodman criterion on
the ratio of volume densities is fulfilled.

Furthermore, the evolution of the dead zone is affected by
the burst activity, leading to the periodic destruction and
rebuilding of the dead zone, a process that also reduces the rate
of dust accumulation within the innermost disk regions (see
Figure 7). However, the adverse effect of the bursts on the SI
activity is more severe for YIMSs than for LMSs because the
former have many more bursts than the latter and the burst
activity lasts longer (see Figure 3). Finally, the extent of the
dead zone in model-YIMS is greater than in model-LMS
because the disk of the former is more massive, making
cosmic-ray ionization less efficient (see Figure 11). Conse-
quently, dust is spread over a larger surface area of the dead
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zone in mode1-YIMS, and thus the ratio of dust to gas surface
densities is systematically lower as opposed to model-LMS.

Our analysis is confirmed by considering the instantaneous
and time-integrated dust-to-gas mass ratios qp, in the dead
zone for model-YIMS and model-LMS shown in Figure 6.
The time-integrated &4, is found by first calculating the time-
integrated masses of dust and gas and then taking their ratio.
For the YIMS, both quantities decline after r ~ 0.35 Myr,
causing a sudden drop in the SI activity at these later times, in
agreement with the suggested increase in the radial dust drift
velocity. Sharp drops in the instantaneous ratio manifest the
destructive effects of the bursts when the dead zone is
destroyed and the large amounts of dust that have accumulated
are driven onto the star (see Figure 7). For the LMS, both ratios
generally increase with time, especially after the burst activity
is subsided (¢ > 0.05 Myr), promoting and sustaining the SI
activity.

Figure 7 portrays the time evolution of the SI development
within the inner region of a PPD from the preburst phase until
the postburst phase in model-YIMS. From the spatial
distribution of &gp,, St, and ¢, we determine the SI-prone
zones within the inner disk, shown by the contour lines. In the
preburst stage, the SI-prone regions are mostly localized in the
vicinity of the dust ring. However, as the burst is triggered, the
physical conditions become unfavorable for the development of
the SI. In particular, the Stokes number drops significantly
because most of the grown dust is converted into monomers
with a size of several microns. The ratio ¢ consequently drops
as well. The emptying of gas and dust from the MRI-active
region during the burst completes the termination of the SI. In
the postburst stage, the dust rings reform, dust regrows to its
original size, and the SI-prone regions appear again. The
bottom panel in Figure 7 demonstrates that protostellar mass
accretion is enriched with dust, reinforcing the scenario of dust
ring destruction and accretion onto the star.

Frequent bursts, as observed in the early evolution of our
model, may impede the feasibility of planetesimal formation
via SI even though the inner disk is formally prone to develop
the SI. This can occur if the time between bursts is shorter than
the characteristic time of planetesimal formation via the SI.
Figure 8 shows a quantitative comparison between the
quiescent period, Tquiescent> and the approximate mass-weighted
growth timescale of the SI, Ts; (see Equation (4)), alongside
estimates of the instantaneous Ms; for model-YIMS and
model-LMS. Here, Tquiescent Presents the duration between
two successive FU Ori outbursts of significant magnitude. A
threshold of a 40%-60% increase in the disk midplane
temperature relative to its quiescent period value, along with
continuously surpassing the ionization temperature of alkaline
metals (~1000 K), are chosen as criteria to define the bursts in
this study. Dust-gas coupled hydrodynamic simulations in the
shearing-box approximation suggest that the timescale of
development for the SI is typically of the order of 100-1000
times the local orbital period (J. B. Simon et al. 2016;
C.-C. Yang et al. 2017). In our work, we calculate the mass-
weighted SI growth timescale as follows:

_ > (Mg *tgy)
2iMs;
where Mg, = X , (SD) *AA! t§; = 2nF /Qf, F = 500, and Q

and AA’ represent the (Keplerian) orbital speed and the area for
that respective cell in the computational grid, respectively. In

Iy , “
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Figure 5. Development of SI-prone zones within a PPD as seen from the spacetime profiles of total dust surface density ¥4 ., the region in red presenting the SI-prone
zones within the dust rings (where both the C.-C. Yang et al. 2017 criterion as well as A. N. Youdin & J. Goodman 2005 criterion are satisfied), the ratio of volume
densities of grown dust to gas { = pq.gr/ P, the dust-to-gas mass ratio (§gog = 30t/ Xg), and the Stokes number St. Left (a) and right (b) columns show the cases for
model-YIMS and model-LMS, respectively.

our calculation, Mg; is estimated based on the grown dust mass We see that in the early evolution phase, the quiescent period
available for the proposed SI activity as fulfilled by the {4, is significantly shorter or only marginally comparable to the SI
criterion as well as the ( criterion (as shown in Equations (1), growth timescale, which gives the SI almost little to no chance
(2), and (3)). to grow within the dead zone of the inner disk in this early
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Figure 6. Temporal evolution of the instantaneous (red dashed line) and time-
integrated (green dashed—dotted line) dust-to-gas mass ratios in the dead zone
of the disk. The black solid horizontal line represents the initial canonical dust-
to-gas mass ratio of 1072 The top and bottom panels show the cases for
Model-YIMS and Model-LMS, respectively.

evolution time period. The vertical green dashed line in
Figure 8 represents the time instant when the quiescent period
becomes longer than the SI timescale. The time when Tguiescent
becomes longer than Tg; and frequent bursts cannot anymore
prohibit the SI development is 7 =~ 0.35 Myr for mode1-YIMS.
Despite the longer duration of the quiescent period after
~0.35 Myr in this model, planetesimal formation via SI is
inefficient at these later times due to fast dust drift velocities
and insufficient 4., as discussed earlier. For model-LMS,
however, planetesimal formation can commence as early as
t =~ 0.05Myr and continue throughout the entire evolution
period. This result supports the idea that planetesimal formation
via SI may be difficult in YIMSs, which is consistent with the
observed dearth of planets around stars with M, > 3.0 M. A
similar comparison of these two timescales was investigated by
K. Kadam et al. (2022) for low-mass protostars, and showed
that Tquiescene €xceeded Tgp already in the Class 1 stage
(~0.1 Myr). Moreover, disk conditions continue to be favor-
able for SI during the first 1.0 Myr of disk evolution, thus
promoting planet formation around LMSs.

4. Discussion

Our results show the long-term history of episodic accretion in
PPDs around YIMSs and the prospects of first-generation
planetesimal formation, especially without the requirement for a
preexisting planet to carve out pressure traps. A comparative
study is also conducted on SI activity in PPDs around LMSs.
The unique advantage of using the FEOSAD code is that it can
self-consistently globally study the formation and evolution of a
PPD starting from the collapse phase of a magnetized prestellar
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cloud core without considering the typical assumption of a
minimum-mass solar nebula (F. C. Adams 2010) as an initial
condition, and is thus able to include increasingly complex
physics. Our current framework also considers the coevolution
of dynamically coupled dust-gas, including its back-reaction on
gas and dust growth. As a result, it provides insights that are
difficult to attain through 1D simulations using simplified
viscous-disk models (J. E. Pringle 1981) or 3D simulations that
are restricted to a short duration or cover only a partial region of
the PPD disk, such as when using a shearing box.

In this work, we focused on the formation of GIl-induced
dust rings within the innermost few au of the PPD around a
YIMS. While being initially susceptible to the SI, these rings
appear to be unsuitable environments for planetesimal forma-
tion. First, continual MRI ignition destroys inner dust rings by
accreting matter onto the star from the outside-in. This
temporarily shuts down development of the SI. Second, most
of the SI activity is limited to the initial 0.35 Myr of disk
evolution, but during this time period the duration of the
quiescent phase between the bursts is shorter than or
comparable to the characteristic time of planetesimal formation
via SI (refer to Figure 8(a)). This may also reduce the efficiency
of planetesimal formation in the PPDs of YIMSs. In the later
evolution, an increase in the dust drift velocity makes dust
concentration in the rings less efficient, thus suppressing the SI
activity. Finally, some fraction of dust may be sublimated
during the bursts, as our preliminary estimates suggest (see
Appendix D). These factors when taken together can explain
the dearth of planets around stars with masses above 3 M,
whereas planetesimal formation in disks around LMSs does not
suffer from these adverse effects to the extent sufficient to shut
down the process, a conclusion also reached in K. Kadam et al.
(2022). Our calculation shows that for LMSs planetesimal
formation can proceed after ¢ ~ 0.05 Myr onwards (refer to
Figure 8(b)).

According to our preliminary analysis, though SI activity is
significantly suppressed in YIMSs, it may however occur
within 3—4 au (refer to second row of Figure 5). At such
distances from the central YIMS, the paucity of planets around
stars more massive than about 3 M, may be a selection effect
since the radial velocity effect becomes smaller as the mass of
the host star increases, and transits are also more difficult to
measure against brighter background. However, the observed
sharp drop at about 3 M., rather than a smooth transition from
detection to no detection, can potentially indicate a physical
effect, and our study proposes one possible physical solution.

Our simulations are performed for a moderately supercritical
massive prestellar core with the evolution of the magnetic field
under the flux-freezing approximation. Because of the high
computational cost, nonideal MHD effects (ambipolar diffusion
and ohmic dissipation) have been excluded, but they might be
important in the optically thick and cold environments of PPDs
(for the LMSs, see N. J. Turner et al. 2014). The diffusion and
dissipation of the magnetic field in the innermost regions of a
PPD can alter the radial extent of the dead zone by reducing
Ymrr (the gas column density of the MRI-active region) and
MRI turbulence, which in turn may affect the frequency of
MRI outbursts.

In this work, we estimated the mass-weighted SI timescale
(Tsp)) to require 500 times the orbital period (refer to
Equation (4)). The choice of such a factor of 500 is often
obtained based on analysis from shearing-box simulations
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Figure 7. SI development within the dust rings before and after an outside-in MRI outburst emerges as presented in 2D spatial maps of (top to bottom) the grown dust
surface density X4 g, (in units of log;y g cm~2), the ratio of volume densities of grown dust to gas ¢ = Pd.gr/ pe» the Stokes number St, the total dust (grown+small)-to-
gas mass ratio Eqzg = X ot/ Lg» giVeN B ot = La,gr + Ld,s» the maximum size of dust grains @max (in units of log;, cm), and the phase space of &4, Vs. St, showcasing
the development of SI over a region of 20 x 20 au” as obtained from Model-YIMS. In the 2D map of ¥4, the green contours refer to the SI-prone zones according to
the C.-C. Yang et al. (2017) criterion only, whereas the contours in red belong to SI-prone zones where the Yang criterion (Equations (1) and (2)) as well as the
A.N. Youdin & J. Goodman (2005) criterion (Equations (3)) are satisfied simultaneously. In the phase-space diagram of St vs {4,,, the green and blue scattered dots
represent the distribution of regions prone to SI following the Yang criterion only and Youdin—-Goodman criterion only, respectively. The black dashed curve marks
the critical condition for the onset of SI as per Equations (1) (for St < 0.1) and (2) (for St > 0.1). The black dashed vertical line is a dividing line set at St = 0.1. The
overlaid red dots correspond to the SI-prone regions where both criteria are fulfilled. The bottommost panel shows the temporal evolution of the mass-accretion rate
onto the star and the dust-to-gas mass-accretion rate onto the star at the sink—disk interface as an outside-in MRI outburst progresses. The vertical dashed lines mark
time instances corresponding to the above 2D intensity maps.

(C.-C. Yang et al. 2017) that treat the SI activity as a standalone and additional time may be required to rebuild the sufficient
process without considering the global PPD evolution. enhancement in 45, and ¢, and for dust to regrow to the proper
However, the episodic burst activity may alter the SI timescale. size and Stokes number (E. I. Vorobyov et al. 2022) within the
Indeed, a burst destroys the SI-prone zones in the inner disk, dead zone such that it can further trigger SI activity.
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Figure 8. Comparison between the quiescent period Tquiescent (i.€., time between significant outbursts) to the approximate growth timescale of the streaming instability
Ty overlaid with the grown dust mass (in units of My,) available for the development of SI in the disk as fulfilled by the {4, criterion as well as the  criterion (as
shown in Equations (1), (2), and (3)). The left (a) and right (b) panels show the cases for Mode1-YIMS and Model-LMS, respectively.

In our current study, FEOSAD calculates the optical depth as
Yd.otka, Where 2y o, is the column density of dust and &, is the
mean opacity taken from D. Semenov et al. (2003) and scaled
per unit mass of dust. Although dust sublimation is not
explicitly realized in the model, Semenov et al.'s opacities take
into account the effects of dust sublimation, resulting in a sharp
drop in opacities above ~1000K. We also note that their
opacities do not depend on dust growth, and more accurate
computations on dust-growth-dependent opacities are required
to confirm the effect. In addition to this, the possible
enhancement in the X-ray luminosity of the accreting YIMS
during an outburst by several orders of magnitude (A. Liebhart
et al. 2014) may affect the structure of the innermost dead zone
and following outburst characteristics.

5. Conclusions

In this study, we present the results of numerical simulations
using dynamically coupled gas-dust global MHD disk models,
which account for disk self-gravity and examine the long-term
evolution of a PPD around a YIMS since the collapse of the
prestellar cloud core. Gravitationally unstable disk models with
globally suppressed but episodically triggered MRI in the inner
disk are considered. The focus of the study is concentrated on
the ensuing episodic MRI-triggered accretion bursts and
prospects of planet formation via SI in the dust rings within
the PPD. A comparison study with the SI activity in the disks
of LMSs was also carried out. We summarize the key findings
of this study as follows.

1. Accretion bursts are ubiquitous in YIMSs, in particular in
the embedded stages of their evolution. These MRI-
triggered but Gl-sustained bursts are typically ~10 times
longer than in their LMS counterparts.

. Massive concentrations of gas and dust form within the
inner disk of a YIMS owing to the radially varying
efficiency of mass transport via GI, with dust often
shaped into rings. These rings, while initially susceptible
to the SI, tend to be destroyed over time due to frequent
accretion bursts and dust sublimation. The time between
the bursts is initially shorter than the timescale of SI
growth, further reducing the efficiency of planetesimal
formation in the quiescent interburst periods.
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3. In the later disk evolution of a YIMS, when the burst
activity subsides and the quiescent periods become longer
than the SI growth timescale, an increased dust drift
velocity owing to the growing stellar luminosity makes
dust concentration in the inner disk less efficient. A larger
extent of the dead zone in the disks of YIMSs compared
to that around LMSs also leads to smaller ratios of dust-
to-gas surface densities, thus significantly reducing the SI
activity in the disks of YIMSs.

. Conditions for the development of SI in disks around
LMSs appear to be less affected by luminosity bursts and
the variations in the dust drift velocity, implying efficient
planetesimal formation throughout most of the initial
1.0 Myr of disk evolution.

Our results suggest that the likelihood for planetesimal
formation around YIMSs is significantly reduced, in agreement
with the observed dearth of planets around these objects.
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Appendix A
Numerical Methods
A.l. Numerical Equations for Gaseous Component

The equations of mass continuity, momentum conservation,
and energy transport are solved in the thin-disk approximation,
which can be written as follows:

0%,
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respectively, where the subscripts p and p’ refer to the planar
components (r, ¢) in polar coordinates, Y, is the gas surface
density, v, = v,/ + v(b& is the gas velocity in the disk plane,
\p = 70/0r + dr=10/0¢ is the gradient along the planar
coordinates of the disk, and P is the vertically integrated gas
pressure. The ideal gas equation of state is used to calculate
the vertically integrated gas pressure, P = (y — 1)e, with
~v = 7/5. The gravitational acceleration in the disk plane,
8 = g7+ gw?ﬁ, takes into account self-gravity of the disk by
solving for the disk gravitational potential using the Poisson
integral (see details in J. Binney & S. Tremaine 2008;
E. L. Vorobyov et al. 2024). The term g, is the gravitational
acceleration due to the central protostar, which only has a radial
component. The viscous stress II tensor is defined as
Il =2%v(Vy — (V -v)1/3), where v is the kinematic
viscosity, I is the unit tensor, and Vv is the symmetrized
velocity gradient tensor (see Section 2 and Appendix B of
E. I. Vorobyov & S. Basu 2009, and also in E. I. Vorobyov &
S. Basu 2010). The term f, is the drag force per unit mass
between dust and gas, and X4, is the surface density of grown
dust (see details in Appendix A.2). The code is written in the
thin-disk limit, complemented by a calculation of the gas
vertical scale height (H,) using an assumption of local
hydrostatic equilibrium in the gravitational field of the disk
and star, as described in E. I. Vorobyov & S. Basu (2009). The
resulting model has a flared structure (because the disk vertical
scale height increases with radius), which guarantees that both
the disk and envelope receive a fraction of the irradiation
energy from the central protostar. Here, B, is the vertically
constant but radially and azimuthally varying z-component of
the magnetic field within the disk thickness. The planar
components of the magnetic field are BS = BF + B} ,
where the “+” corresponds to the component at the top surface
of the disk. Furthermore, e is the internal energy per unit
surface area, and I" and A represent the cooling and heating
rates as discussed later in Equations (AS5) and (AO0),
respectively.
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Coming to the magnetic field physics (see also Section 2.3 in
E. I. Vorobyov et al. 2020b), the planar component of the
magnetic field at the top surface of the disk is denoted by B},,+

and the midplane symmetry is assumed such that B, = fB; .
In Equation (A2), the last two terms on the right-hand side are
the Lorentz force (including the magnetic tension term) and the
vertically integrated magnetic pressure gradient. The magnetic
tension term arises formally due to the Maxwell stress tensor,
which can be intuitively understood as the interaction of an
electric current at the disk surface (see also Figure 1 of I. Das &
S. Basu 2021). The discontinuity in the tangential field
component gives rise to surface current, while there is no
current within the disk. In the adopted thin-disk approximation,
the magnetic field and gas velocity have the following nonzero
components in the disk: B = (0, 0, B,) and v = (v, v, 0),
respectively. The vertical component of the magnetic field is
calculated by explicitly solving the induction equation in the
ideal MHD regime:

OB, 1{0 0
= | ZLevB)+ L))
ot r(@r (rvBo) + o1 % Z))

(A4)

wherein the advection of B, is considered. The diffusive effects
of ohmic dissipation and ambipolar diffusion are neglected due
to high computational cost. The total magnetic field can be
written as the gradient of a scalar magnetic potential ®y,, and
the planar component of the magnetic field (B;r ) is calculated
by solving the Poisson integrals (see details in E. I. Vorobyov
et al. 2020b) with a source term (B, — Bo)/(2m), where By is the
constant background magnetic field with a value of 107> G.

The heating and cooling rates, I" and A, respectively, are
based on the analytical calculations of the radiation transfer in
the vertical direction (R. Dong et al. 2016). The equation for
the cooling rate is

4
87’p OSB Tmp

= , (AS5)
1 + 27']) + 1.5TRT]>

where T, = Pu/RE, is the midplane temperature, ;1 = 2.33
is the mean molecular weight, R is the universal gas constant,
and ogg is the Stefan—Boltzmann constant. Here,
Tp = 0.583kp and Tr = 0.524,kr represent the Planck
and Rosseland optical depths to the disk midplane, where xp
and kg are the Planck and Rosseland mean opacities taken from
D. Semenov et al. (2003) and scaled to the unit mass of dust.
The optical depths in the calculations are proportional to the
total dust surface density (X4 o).

The heating function takes into account the stellar irradiation
at the disk surface as well as background blackbody irradiation.
The heating function per unit surface area of the disk is

o STPUSBTiir
14 2%+ 1.5%m

(A6)

where T, is the irradiation temperature at the disk surface and
Fire (r)

4 _ 74
Tirr - Tbg +
0SB

(AT)

Here, Ty, represents the temperature of the background
blackbody irradiation, and Fi.(r) = Ly cos~,,/ (4nr?) is the
radiation flux (i.e., energy per unit surface area per unit time)
absorbed by the disk surface at a radial distance r from the
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central star having a stellar luminosity L. The L, is a sum of
the accretion luminosity L+ yer = 0.5 GMyM /Ry arising from
the gravitational energy of accreted gas plus the photospheric
luminosity Ly p, due to gravitational compression and
deuterium burning in the stellar interior. Here, M, M., and
R, are the mass-accretion rate onto the star, the stellar mass,
and the radius of the star, respectively. Furthermore, ;. is the
incidence angle of radiation that arrives at the disk surface with
respect to the normal at a radial distance r (see Equation (10) of
Section 2.1 of E. I. Vorobyov et al. 2020b). The resulting
model has a flared structure, wherein the disk vertical scale
height increases with radius. Both the disk and the envelope
receive a fraction of the irradiation energy from the central
protostar. The adopted opacities in the numerical model of
FEOSAD do not take dust growth into account.

A.2. Numerical Equations for Dust Components

The dust in the numerical model of FEOSAD is based on two
components, small dust and grown dust (see E. I. Vorobyov et al.
2018, 2020b, for more details). In our numerical model, small dust
has a grain size of ay,, < a < ay, and grown dust corresponds to
a size of ay <a < amy Wwhere app =35 x 1073 um,
a, = 1.0 um. Here, an.x is a dynamically varying maximum
radius of the dust grains, which depends on the efficiency of the
radial dust drift and the rate of dust growth. Small dust is
dynamically coupled with the gas as it is sub-micron sized dust
grains by definition. Whereas, the grown dust dynamics is
regulated by friction with gas and the total gravitational potential
of the star, gas, and dust components. All dust grains combined
are assumed to have a material density of p; = 3.0¢g cm 2. The
equations of continuity and momentum conservation for small and
grown dust components in the pressure-free limit are as follows:

S g.sm
8dty + Vp . (Zd,sm Vp) = —S(@max), (A8)

O e
aj’g + V- Cagr p) = S (@max), (A9)

;%(Ed,gr up) + [V : (Ed,grup@)up)]p
= 2d,gr(gp +g) + Zd,g:fi, + S(@max) Vo> (A10)

where g ¢m and X4, are defined as the surface densities of
small and grown dust, respectively. The term u,, describes the
planar components of the grown dust velocity, and S (a@nax) 1S
the rate of conversion from small to grown dust per unit surface
area and is a function of the fragmentation size of the dust. The
rate of small to grown dust conversion S (am,y) is derived from
the assumption that the size distributions of both dust
populations can be described by a power law with a fixed
exponent of —3.5 (see Section 2.2 of E. I. Vorobyov et al.
2020b). The term fj, is the drag force per unit mass due to the
back-reaction on the gas due to dust as mentioned earlier in
Appendix A.l. The drag force is calculated using the
Henderson drag force coefficient (C. B. Henderson 1976),
which is valid both in the Epstein and Stokes regimes of dust
dynamics (see O. P. Stoyanovskaya et al. 2020; E. I. Vorobyov
et al. 2023, for details). We note that, following Z. Zhu et al.
(2012), we have added a small pressure to the dust fluid, which
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is equal to 0.001% that of the local gas pressure. This is done to
smooth delta shocks that may appear in a zero-pressure dust
fluid when dust-to-gas friction becomes small for large Stokes
numbers, but its effect on dust drift is negligible. The evolution
of the maximum radius that the grown dust can achieve obeys a
continuity equation:

00 max

+ (up *Vp)amx = D, (A11)
where the growth rate D represents the coagulation and can be
written in the monodisperse dust growth approximation as

D— pdvrel
Ps

(T. Birnstiel et al. 2012). Here, pq is the total dust volume
density and v, is the relative dust collision velocity derived
following the closed-form expressions for turbulent eddies
introduced by C. W. Ormel & J. N. Cuzzi (2007):

3Oévisc
Veel = ,| == Gs»
\ St + St

where St is the Stokes number. This expression accurately
captures the behavior of the dust collision velocity at small and
large Stokes numbers. When calculating the volume density of
grown dust, we take into account dust settling by calculating the
effective scale height of grown dust Hy via the corresponding
gas scale height H,, o5 parameter, and the Stokes number as

(A12)

(A13)

Qlyisc
Hy=H, | —————, Al4
¢ ¢ Qyisc + St ( )
where the Stokes number is defined as
Q max
St — —KAAmax ) 4 (A15)
ngS

where Qy is the Keplerian orbital frequency and ¢, is the dust
stopping time. Note that dust particles with Stokes number
St < 1 adapt to the gas velocity on timescales much shorter
than the orbital timescale, while the dust particles with Stokes
number St > 1 perform several orbits before the drag forces
significantly alter their velocity. The scale height of small dust
is assumed to be equal to that of the gas.

Furthermore, the maximum size of am.x is limited by the
fragmentation barrier:

2
Zngﬁ.ag

2
3P, Otyisc €5

(A16)

Afrag =
(T. Birnstiel et al. 2016), where vg,, is the fragmentation
velocity, namely, a threshold value of the relative velocity of
dust particles at which collisions result in fragmentation rather
than coagulation. In our model, Vg, 18 set to 5m s 'and Cg 18
the local sound speed. The growth rate D is set to zero when
amax €xceeds ag,,. We note that if the fragmentation barrier is
reached and dust growth halts @pax = @frae, the local conditions
in the disk can change such that the value of the fragmentation
barrier decreases (for instance, if the gas density decreases or
temperature rises). If this occurs, an.x is adjusted accordingly
to the new value of ag,,. We note that the so-called drift barrier
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is accounted for self-consistently via the computation of the
grown dust dynamics (see further details in E. I. Vorobyov
et al. 2024).

A.3. Magnetorotational Instability, Adaptive Viscosity, and
Ionization Fraction

The MRI acts in the presence of the magnetic field and
causes turbulence in the weakly ionized gas in the shearing
Keplerian disk (S. A. Balbus & J. F. Hawley 1998). The effects
of the turbulence generated by the MRI can be described by a
viscosity (N. I. Shakura & R. A. Sunyaev 1973), and turbulent
viscosity generated by the MRI is traditionally thought to play
a major role for the mass and angular momentum transport in
protostellar/protoplanetary disks.

The development of the MRI requires a certain ionization
level. The Galactic cosmic rays are the primary source of
ionization, which are external to the disk and penetrate the disk
from both above and below. The disk in this picture is thought
to be accreted through a magnetically layered structure
(C. F. Gammie 1996; P. J. Armitage et al. 2001) as shown in
Figure 5.2 of 1. Das (2022), wherein most accretion occurs via
the MRI-active surface layers and a magnetically dead zone
may be formed at the midplane if the total disk column density
exceeds ~200 gcmfz. The effective ;. averaged over the
disk's vertical column may reach 107°—1072 in disks with
sustained MRI to match the observed mass-accretion rates
(A. Brandenburg et al. 1995; J. M. Stone et al. 1996;
P. J. Armitage et al. 2001).

This layered-disk model has recently been brought into
question, following observations of efficient dust settling in
PPDs (G. P. Rosotti 2023) and numerical magnetohydrody-
namics simulations with nonideal MHD effects included
(X.-N. Bai & J. M. Stone 2013; O. Gressel et al. 2015).
According to these findings, the MRI may be effectively
suppressed across most of the disk's extent, and we set s to a
low value of 10~*, meaning that turbulent viscosity provides
only residual accretion via a thin surface layer of the disk.

There are, however, situations when the MRI may still play
an important role. If the temperature of the inner disk rises
above 1000 K, the alkali metals (e.g., potassium) become
thermally ionized, providing sufficient ionization for activation
of the MRI across the entire vertical column of the disk, which
in turn leads to an accretion burst. In the numerical setup of
FEOSAD, we account for this possibility by considering the
adaptive o parameter. The kinematic viscosity v = s CH, is
parameterized using the usual N. I. Shakura & R. A. Sunyaev
(1973) prescription. To simulate accretion bursts, we redefine
Qisc as a density-weighted average which follows

2Mri amr1 + Yaz

Qlyisc = s

2mri + Xy

(A17)

where Y\ is the gas column density of the MRI-active layer
and X4, is that of the magnetically dead layer at a given radial
distance, so that ¥, = Yy + Xg.. The values of apygr; and oy,
in Equation (A17) correspond to the strength of the turbulence
in the MRI-active layer and the MRI-dead layer, respectively.
Across the disk the constant background turbulent viscosity
aMRy 18 set equal to 10~*. However, if the thermal ionization
exceeds xy3 = 107'°, which occurs during the MRI burst,
apmp 18 then set to 0.1. The latter value is motivated by 3D
numerical hydrodynamics simulations of triggering of the MRI

14

Das, Vorobyov, & Basu

(Z. Zhu et al. 2020). Because of the nonzero residual viscosity
arising from hydrodynamic turbulence driven by Maxwell
stress in the active layer, a very small value of 107> is
considered for ay, (S. Okuzumi & S. Hirose 2011). The depth
of the dead zone in terms of the a.;s parameter can now be
determined by the balance between X\g; and >, using
Equation (A17). The value of >y is not set to be constant, as
in many studies of MRI bursts (J. Bae et al. 2014; K. Kadam
et al. 2022), but is defined as

if Zg < Yt then Xygrp = Eg and X4, = 0, (A18)

if Eg 2 Ve then Yyrr = Yo and Xg, = Zg — Derit
(A19)

where the critical gas surface density > for the development
of the MRI is obtained by equating the timescale of MRI
growth to the timescale of MRI damping due to ohmic
dissipation (see details in E. I. Vorobyov et al. 2020b), and is
expressed as

1/4 .2 —2
St = [(E) e Ten me<0v>e“] B2H}2?, (A20)

2 e?

where e is the charge of the electron, m. is the mass of
the electron, (oV)en = 2 x 1077 cm’s™ " is the slowing-down
coefficient (L. Spitzer 1978) for the electron—neutral collisions,
and c is the speed of light.

The ionization fraction x = n,/n, is determined from the
balance of collisional, radiative recombination, and recombina-
tion on dust grains. This is expressed as

(1 = x)€ = apx®ng + agxny, (A21)

where £ is the ionization rate, which is composed of a cosmic-
ray ionization rate and ionization rate by radionuclides
(T. Umebayashi & T. Nakano 2009), n, is the number density
of neutrals, oy is the total rate of recombination onto the dust
grains, and a; is the radiative recombination rate, having a form
o, = 207 x 107" T 2em’s™! (L. Spitzer 1978). In the
regions where the gas temperature exceeds several hundred
kelvin, an additional term is added to the ionization fraction x
from Equation (A21), which is the thermal ionization
calculated by considering the ionization of potassium, the
metal with the lowest ionization potential. The cosmic
abundance of potassium is set to 107 for these calculations.
For further details, including the calculation of the total
recombination rate on dust grains aq, we refer the reader to
E. I. Vorobyov et al. (2020b). Equation (A18) demonstrates
that a sharp increase in X, triggers a burst if the ionization
fraction x experiences a sharp rise as well.

A.A4. Initial and Boundary Conditions

The initial profiles of the gas surface density %, and angular
velocity €2 of the prestellar core have the following forms:

roX0
Ny = — (A22)
\/rz =+ r02
¥ 2 r 2
0= 290(—0) 1+ (—) -1, (A23)
r ro
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consistent with an axially symmetric core collapse
(S. Basu 1997). Here, > and (), are the gas surface density
and angular speed at the center of the core, ry = JA cs2 /(mGXp)
is the radius of the central plateau, where c; is the local sound
speed in the core, and r is the radial distance from the center. The
dimensionless parameter A corresponds to the density perturba-
tion, and is set to 2, making the core unstable to collapse
(see E. I. Vorobyov et al. 2020b, for more details). The initial
dust-to-gas ratio is set to 1:100, where all the dust is in the form
of small sub-micron-sized dust grains that are fully coupled with
the gas component. The gas temperature of the initial prestellar
core is set to T=20K and a uniform background vertical
magnetic field of strength, By, is set to 10 °G. The spatially
uniform mass-to-magnetic flux ratio A = QnJG )X, /B, is set
equal to 10.0, and remains constant during the entire disk
evolution in the adopted ideal MHD limit. The initial prestellar
cores with a supercritical mass-to-flux ratio, i.e., A > 1, are
understood to form through ambipolar diffusion (neutral-ion
drift)-driven gravitational collapse.

The inner boundary in FEOSAD represents a circular sink
cell with a radius of 0.52 au. Placing the inner boundary much
farther out (at several au) could eliminate the part of inner disk
that may be dynamically important since it is where the GI-
induced MRI outbursts take place. The mass exiting the inner
disk is divided between the sink cell, the star, and the jet, with
the ratio set to 5%:85.5%:9.5%. This means that most of the
matter quickly lands on the star after crossing the sink—disk
interface, though smaller amounts are ejected with the jets and
kept in the sink cell. In this realization, the sink cell is
characterized by its own surface density of gas and dust, which
allows setting an inflow—outflow boundary condition, wherein
the matter is allowed to flow freely from the disk to the sink
cell and vice versa. This type of boundary condition allows
reducing the artificial drop in gas density at the inner disk edge
which often forms in outflow-only boundary conditions
because of the lack of compensating backflows during wave-
like motions triggered, for example, by spiral density waves or
the Coriolis force. The angular velocity at the inner boundary is
extrapolated according to the Keplerian pattern of rotation, and
the radial velocity is set equal to the corresponding value of the
innermost active disk cell. The flow of matter to and from the
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sink cell also carries magnetic flux, hence the inner boundary
condition also modifies the vertical component of the magnetic
field B, based on the amount of magnetic flux transported. The
outer boundary of the computational domain is taken as a
standard free outflow, where the material is only allowed to
leave (no inflow) the computational domain. More details can
be found in E. I. Vorobyov et al. (2018) and E. I. Vorobyov
et al. (2020a).

Appendix B
Propagation of an Qutside-in Outburst

Figure 9 showcases the propagation of an outburst in an
“outside-in” fashion. It illustrates a 2D spatial representation of
the disk characteristics within the inner region of a PPD to help
understand how a single outburst develops, with a focus that
zooms in on the rise of the outburst. As the burst progresses,
the structure in the inner region of the PPD is characterized by a
spiral pattern in gas () and in the total dust surface density
(Zq0p- The midplane temperature, T, rises to over a few
thousand kelvin during the outburst. The viscous timescale, which
measures the time it takes for matter to be transported from the
disk to the star, drops by roughly 5 orders of magnitude within the
innermost region of the PPD, implying the rapid transport of the
inner disk gas onto the star owing to sharply increased turbulent
viscosity. An episodic outburst can potentially crush the accretion
funnels, leading to accretion occurring through a boundary layer.
The mean and burst accretion rates for YIMSs are higher than
those of LMSs by up to an order of magnitude (for LMSs, see
further in E. I. Vorobyov et al. 2020b; K. Kadam et al. 2022, etc.).

Figure 10 shows the azimuthally averaged radial profiles of
disk variables for a gas-dust+MHD disk at specific time
instances as a single outburst develops and decays, similar to
those epochs shown in Figure 4. In our GI-dominated model, a
spatially varying rate of mass transport due to gravitational
torques results in a bottleneck and dead zone in the inner disk.
This leads to spatially varying density gradients, yielding local
pressure maxima that cause the dust to concentrate locally into
rings. The increased dust concentration within the massive dust
rings makes the region optically thicker, gradually warming the
nearby gas and aiding the initiation of MRI once the midplane
temperature rises from a few hundred kelvin in the pre-outburst
stage to over a few thousand kelvin during the outburst.
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Figure 9. The progression of an outside-in MRI outburst as obtained from Model-YIMS. From top to bottom, evolution of the gas surface density (¥,) and total dust
surface density (X in units of log,, g cm~2, midplane temperature (Thwp) in units of log, (K), viscous timescale (fyisc) in units of log,, yr over a region of
20 x 20 au” in the midplane of the disk. The bottom panel represents the temporal evolution of mass accretion onto the star at the sink—disk interface as a single burst
develops and decays, with a focus that zooms in on the rise of the outburst. The vertical dashed lines mark time instances corresponding to the above 2D
intensity maps.

16



THE ASTROPHYSICAL JOURNAL, 983:163 (20pp), 2025 April 20

Das, Vorobyov, & Basu

o W gmrrrmry g i memari T L et y g Ty g T Ty g T Ty
) 2 1 11 1 ¥ 1 ¥ 13 1 LI | 1
E w0 r 1F 1 ir 1r 1F 1K ir 1
A | i 1 [ 1 [ [ [ [
2 10 1 ir ir ir ir L 1 1
i 204500 Myl__4 ¢ D.205610 My q ?205635 Myr! q onﬁooq Myr' 1 ?20650 " ? 0700 B 0.207500 My " 920800 Myr
10-1 At iy ol S il P iy, 5 il ¥ Soartateieh i L207000 MyRL AT i ittt Bifrms
£ 0E ir E 3 r " E E
=] 3 L
L 10 b r b 1 r h b r| b r| 7
=2 .l L ] L} L ! L | L] LI "
5107 ir ir b r Tr L b b
iR | T MUY Y PYYYY. [ vl b Bt oot Sk Bt st o Ghod Bl vt Gl Bl ot o Ghd Bl it Bl YRR W Y.
. 1 1r K 1r qr k| 1r Ll b
E . L | ¥ Lo L LI | L] L} L
T | L ] B Lo L L] L] L "
o uwir r r r r r I
E X 1 ] [ 1 [ ! [ [ L
3 1058l ol o Blul Bl vl v e Bl wvonnd o Bl il - PRIV ERPRTTT. I PV R IITT M. ol
o E E ir 3 1F E
T E E 1 F F 1 F E
= r r 1: r 2 1rF E
pottunl 4 oveonmd vovd Do vovend vl CGud woseenad by Cod o vl v vonnnd Cod o vwvrnad o i wal v vl v Lud v oveend v veveed Gud b ovvennd s
€ 101 ] ] ] 1B ] [
=} r nr | T r 1r 1
o " L L L q L
§1u“ - E - e - g r 5 5
o
= 100 | " | 1 h | 1 ul ul s T sl 4l
107f= 4 r =1 - 1 F - -4 F -
x 107 — = - - ~ - = =
1o-tsbud L ML i Cindil 4 I B
g ir 4 1. r 1 r 1 l' 1
£ 1 £ ' ! : g : [ :
g 107 ir r 1 r 1 r ir 1
LN e 1 ' oo B T AT
qo-5Buul Al oMl 4 ouiud ool el v Bud v Lol I Vs ¥/ I, Bk M0l o iond Bk M CSG
! -9
10 b b 1 r 1 r b 1 K a1 b
5
o 10712 E ar ar ar 1 1 a1 r E
‘E, ] i L L 1 | L i‘ 1 L
Q@ p-tsBunl il oy 1 T R RTTT! B il ool o ul 1 ._L.u;.l Pl PENERTIN N wl 4 vasunl 5o
10 107 107 107 10 - ‘fﬂ 10° 107 107 107 107 107 107 107 107 107 107 107 IDT 2 107 107 107
r{(au) r (au) r (au) r (au) r {au) r(au) r (au) r (au)

Figure 10. The azimuthally averaged radial profiles of the disk characteristics as at the respective time instances shown in the intensity maps of Figure 4. From top to
bottom, the evolution of the gas surface density %, the grown dust (X4 4,) and small dust surface density (34), the midplane temperature Ty, (in units of kelvin), the
vertically integrated pressure (P), the ionization fraction (x), turbulent viscosity (cvisc), and the gas volume density (p,) within the disk over a region of 100 au. The
gray shaded areas around the respective thick black curves show the azimuthal scatter at a given radial distance.

Appendix C
Tracer of Dead Zone within Protoplanetary Disk

Figure 11 shows spacetime diagrams of the azimuthally
averaged ionization fraction. For Model-YIMS, Gl-sustained
MRI-triggered bursts occur within 10-12 au, whereas for
Model-LMS, the bursts are confined within 5—6 au. In these

r (au)

0.1 0.2 03 04 05 06 0.7 0.8 09 1.0
t (Mvr)

considered cases, the outer boundary of the dead zone
represented by the contour line corresponding to x = 10719
lies just outside the dust rings. The extent of the dead zone in
model-YIMS is greater than in mode1-LMS. By the timeline
of 1 Myr, the dead zone boundary is located at r =~ 60 au for
Model-YIMS and r = 25 au for Mode1-LMS.

0.1 0.2 03 04 05 0.6 0.7 0.8 09 1.0
t (Mvr)

Figure 11. Spacetime maps of azimuthally averaged ionization fraction (in logarithmic units) overlaid with a x = 10~'° contour line representing the dead zone
boundary. The left and right panels show the cases for Mode1-YIMS and Model-LMS, respectively.
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Appendix D
Dust Sublimation

The dust temperature in the innermost disk regions may rise
above the threshold for dust sublimation. This effect is
considered in FEOSAD via the dust opacity (D. Semenov
et al. 2003), which sharply decreases above this threshold.
Dust, however, is not physically removed from the system. To
evaluate the effect of dust sublimation, we postprocessed our
model searching for disk regions where dust can sublimate. To
establish the dust evolution under extreme temperatures, we
used the ggCHEM astrochemistry code,” which simulates
phase transitions based on equilibrium chemistry using detailed
thermochemical data of heavy-element condensation and
sublimation within the innermost region of a PPD (P. Woitke
et al. 2018). The dashed lines in Figure 12 display the dust
depletion factor, feyap, as a function of temperature and density,
namely, the factor showing the decrease in the local mass of
dust as the temperature rises and dust sublimates. Dust
experiences two major episodes of sublimation: around
1100200 K, when silicate and carbon refectory species
sublimate, and around 1400-1500 K, when most refractory
species (e.g., Al,O3) sublimate. Above 1600K, dust is
basically nonexistent.

For comparison purposes, we also plot in Figure 12 the dust
depletion factor from S. Nayakshin & V. Elbakyan (2024),
defined following R. Kuiper et al. (2010) as

1 T - Tevap
= — — —arctan| ——— |, D1
Jevap 2 ( 100 K @
where
Tovap = 2000 K pf_,j-o“”, (D2)

and the volume density of gas p, (in grams per cubic
centimeter) is obtained from the corresponding gas surface
density and the gas disk scale height, with the assumption of
local hydrostatic equilibrium. As can be seen, Equations (D1)
and (D2) reproduce only the basic behavior of the more
accurate ggCHEM model.

We update these equations to achieve a better agreement as
follows:

T — Tmel .
TKI)’ if T < Toyap, (D3)

7 https://github.com/pw31/GGchem
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Figure 12. Dust depletion factor as a function of local temperature and density.
The dashed lines show the values obtained from the ggChem model (P. Woitke
et al. 2018), while the dashed—dotted and solid lines provide the fits from
S. Nayakshin & V. Elbakyan (2024) and the present work. See Figure 5 of
M. Li et al. (2020).

feva :fmelt X exp _m ’ if 7> EV&P’ (D4)
P 10K

where

Therr = 1900 K pg‘”’”, (D5)

and

Tovap = 2500 K pg'oz. (D6)
Equations (D3)-(D6) can reproduce the step-like decrease in
Jevap With rising temperature to a better degree of accuracy.

We found that the dust-evaporation-prone zones are sporadic
and mostly coexist with the appearance of MRI outbursts until
the end of the simulation. To provide more details on dust
evaporation during MRI bursts, we analyze it as an outburst
emerges and decays, as shown in Figure 13. The dust depletion
fraction is shown for the respective time instances along with
the total dust surface density. Clearly, dust is supposed to
sublimate during the bursts in an inner region up to 5-7 au. We
note that some of this to-be-sublimated dust may end up being
accreted during the burst. The effect of dust sublimation should
be considered in future simulations of accretion bursts to assess
the relative fractions of accreted and sublimated dust.
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Figure 13. MRI outburst progression and decay as presented in 2D maps of total dust surface density, midplane temperature, and fraction of dust reduction due to dust
evaporation as obtained from Model-YIMS. The bottom panel shows the temporal evolution of the mass-accretion rate onto the star at the sink—disk interface, and the
vertical dashed lines mark time instances corresponding to the 2D intensity maps.
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