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Abstract

Primordial, or Population III (Pop III), supernovae (SNe) were the ?rst nucleosynthetic engines in the Universe,
forging the heavy elements required for the later formation of planets and life. Past studies suggest that the rise of
planet formation was gradual, and did not peak until about half of the present age of the Universe, after cosmic
mean metallicities exceeded a critical value. However, Pop III pair-instability (PI) SNe, which can eject over
100 M⊙ of metals, locally enriched gas to metallicities of up to 1 Z⊙ at Cosmic Dawn, just 100 Myr after the Big
Bang. Here we show that planetesimals, the precursors of terrestrial planets, can form around low-mass, long-
lived stars in the debris of such explosions, before the ?rst galaxies and far earlier than previously thought. We
modeled the collapse of a dense core with a Jeans mass of just 1–2 M⊙ from a PI SN remnant and found that a
protoplanetary disk formed with several Earth masses of planetesimals 0.5–1.0 au from their parent star, within its
water snow line. The disk has H2O mass fractions that are only a factor of a few less than in the solar system
today, raising the possibility of enrichment of the ?rst planets in the Universe with water in direct analogy to Earth
in the solar system.

Uni!ed Astronomy Thesaurus concepts: Population III stars (1285); Exoplanet formation (492); Protoplanetary
disks (1300); Early universe (435); Primordial galaxies (1293)

Materials only available in the online version of record: animation

1. Introduction

Pop III stars ended the cosmic Dark ages at z ∼ 25 and
began to chemically enrich the Universe with the heavy
elements required for the later formation of planets and life
(D. Whalen et al. 2008; A. Heger & S. E. Woosley 2010;
C. C. Joggerst et al. 2010). In large-scale numerical
simulations this process is gradual, with cosmic metallicities
rising slowly over time. For this reason, previous studies found
that the rise of planet formation was gradual, and did not peak
until cosmic mean metallicities exceeded a critical value at
about half of the present age of the Universe (J. L. Johnson &
H. Li 2012; P. Behroozi & M. S. Peeples 2015; E. Zackrisson
et al. 2016). However, cosmological simulations in large boxes
do not resolve local metal mixing or cooling in supernova
(SN) remnants or the formation of clumps from which
protoplanetary systems can emerge on scales of ≲1000 au
(e.g., D. J. Whalen et al. 2025).

It is now known that pair-instability SNe (PI SNe; Z. Barkat
et al. 1967; G. Rakavy & G. Shaviv 1967) of 120–260 M⊙ Pop
III stars can eject over 100 M⊙ of metals (A. Heger &
S. E. Woosley 2002; C. C. Joggerst & D. J. Whalen 2011;
Y. Yoshii et al. 2022; Q.-F. Xing et al. 2023), enriching local
gas to metallicities of up to ∼1 Z⊙ at z ∼ 20 and producing

dense cloud cores that can collapse and form new stars in only
a few Myr (M. A. Latif & D. Schleicher 2020). Less energetic
core-collapse (CC) SNe that expel 0.1–0.3 M⊙ of metals can
enrich local gas to ∼10−4 Z⊙ on timescales of 50–100 Myr
(B. D. Smith et al. 2015; G. Chiaki & J. H. Wise 2019). New
cosmological simulations show that oxygen from the explosion
can produce H2O mass fractions of up to 10−4 and Jeans
masses of only 1–2 M⊙ in such cores, raising the possibility of
low-mass, long-lived star formation in water-rich environ-
ments among the ?rst generation of stars in the Universe
(D. J. Whalen et al. 2025). We have now performed
simulations that reveal for the ?rst time that water-rich
protoplanetary disks with planetesimals, the precursors of
rocky planets, could form at Cosmic Dawn, billions of years
earlier than previously thought. We brieHy describe our
protoplanetary disk simulations in Section 2 and discuss disk
evolution and planetesimal growth in Section 3. We conclude
in Section 4 with the prospects for the formation of planets
with water at z ∼ 20 and their detection in low-metallicity
surveys today.

2. Numerical Model

The formation of the dense metal-enriched core in the PI SN
remnant at z ∼ 17 in cosmological environments is described
in detail by D. J. Whalen et al. (2025). Here, we describe how
we follow its collapse into a protoplanetary disk with
FEOSAD (formation and evolution of a star and its disk;
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E. I. Vorobyov et al. 2018, 2023), a two-dimensional (r, f)

protoplanetary disk code that has been optimized for low-
metallicity environments (R. Matsukoba et al. 2022). It solves the
continuity, momentum, and energy equations of hydrodynamics
for the gas and dust disk subsystems in the thin-disk limit, in
which motion is restricted to the disk midplane and vertically
integrated disk hydrodynamic quantities are evolved. The basic
equations, dust growth scheme, and dust-to-planetesimal conver-
sion method are described in the Appendix.

We approximate the inner 1.0 M⊙ of the PI SN core, the
Jeans mass of this enclosed gas, by surface density and angular
velocity pro?les that have a compact central plateau and
further out are inversely proportional to radius, which is
typical of vertically integrated, gravitationally contracting
clouds (W. B. Dapp & S. Basu 2009). The central density and
radius of the model core are ∼108 cm−3 and 9200 au,
respectively, and the radius of the central plateau is 200 au.
The particular form of these pro?les has a minor effect on the
properties of the protostellar disk for a given mass (E. I. Vor-
obyov 2012). The initial ratio of rotational to gravitational
energy in the core is taken to be β = 0.2%, which is lower than
the 1%–5% usually assumed for massive primordial cores
(R. Riaz et al. 2023; P. Sharda et al. 2025), but in line with
simulations of metal-poor cores with metallicity �10−4 Z⊙
(e.g., S. Chon et al. 2024). Smaller values of β may result from
ef?cient magnetic braking while larger values lead to the
formation of binaries, which is the subject of a separate study.

Following the ef?ciency of metal to dust conversion in the
solar neighborhood, we assume that half the metals in the core
deplete onto dust grains, so we set the initial dust-to-gas ratio
= ×4 10

d2g
init 4. This corresponds to a metallicity Z = 0.08
Z⊙, slightly higher than that in the core but at the low end of
metallicities of similar dense clumps in PI SN remnants
(M. A. Latif & D. Schleicher 2020). Dust-to-gas mass ratios in
galaxies in the local Universe at similar metallicities appear to
be on average lower by a factor of several (A. Rémy-Ruyer
et al. 2014), but with a large scatter that includes our values.
The effect of stronger metal depletion and thus lower

d2g
init is

considered in Section 3.4. The initial distribution of radii of
dust grains in the core varies from 0.005 to 1.0 μm and the
slope of the dust size distribution is ?xed at p = 3.5 (see
Appendix A.2). Cosmological galaxy formation models
usually begin with a log-normal distribution (D. Narayanan
et al. 2026), but dust shattering due to mutual collisions
recovers a power-law distribution with p ≈ 3.3 (R. McKinnon
et al. 2018). A similar process can operate in a high-redshift
protoplanetary disk when dust growth is halted and dust grains
are shattered at the collisional barrier in the inner several tens
of astronomical units. Initial species mass fractions and gas
and dust temperatures were obtained from a one-zone model of
prestellar clouds for the metallicity of the PI SN core
(K. Omukai et al. 2005).

The numerical simulations start from the gravitational
collapse of the slowly rotating model core. When the gas
density exceeds ∼1011 cm–3 we introduce a point-mass
gravitating star in the center of the collapsing cloud. The star
accretes from a circumstellar disk, which forms as a result of
angular momentum conservation when the inner infalling
layers of the core reach the centrifugal barrier. The evolution
gradually continues into the embedded phase, where the
accreting star is surrounded by a rotationally supported
accretion disk along with the remaining infalling envelope.

All materials from the envelope land on the outer edge of the
disk under the thin-disk approximation, consistent with
trajectory calculations of infalling matter in three-dimensional
envelopes by R. Visser et al. (2009). We end the simulation
after ∼0.1 Myr, when about 50% of the core has accreted on
the star-plus-disk system. The numerical resolution is
400 × 256 cells on the polar grid (r, f) with a logarithmically
spaced grid in the radial direction. The numerical resolution
near the inner computational boundary is ∼10−2 au and it
decreases to ≈1.3 au near the disk’s outer edge (r = 50 au).

3. Results

We show the formation and evolution of the protoplanetary
disk in Figure 1. The protostar forms 24 kyr after the onset of
collapse and the disk forms ∼1.0 kyr later as spinning-up and
inspiralling material in the PI SN core reaches the centrifugal
barrier near the protostar. In this early stage of evolution, infall
rates exceed accretion rates onto the protostar, so the disk
grows in mass and radius. By just 21 kyr after protostar
formation, the disk develops a compact but clear spiral
structure, a signature of the onset of the gravitational
instability (GI). As the disk size increases, the spiral pattern
becomes more pronounced.
By the end of the simulation the star has reached 0.4 M⊙

but its ?nal mass will grow, given the initial core mass of
1.0M⊙ and the likelihood of additional mass accretion from
immediate surroundings. The mass of the gas disk is about
50%–60% that of the star. The dust mass in the disk rises to
∼ 15 M⊕ owing to mass supply from the parent cloud but
then saturates. It levels off because luminosity bursts brighter
than a few tens of L⊙ appear in the disk 40 kyr after the
formation of the protostar, as explained below in Section 3.3,
and evaporate the dust by heating it above the sublimation
threshold. The evaporated dust mass increases with time,
mirroring the occurrence of the bursts.

3.1. Onset of the GI

The GI transports mass radially inward via gravitational
torques (E. I. Vorobyov & S. Basu 2007; A. Riols et al. 2017).
The susceptibility of the disk to the GI is shown in the top
panels of Figure 2 by the radial distribution of the Toomre Q-
parameter at t = 30 kyr and 40 kyr after protostar formation,
when major episodes of planetesimal formation take place (see
Section 3.4). The Q-parameter is de?ned as

=
+

Q
c

G
, 1

s

g d

˜

( )
( )

where = +c c 1s s d2g˜ is the sound speed modi?ed for the
presence of dust (E. I. Vorobyov et al. 2018), ξd2g is the local
dust-to-gas ratio, Σg and Σd are the surface densities of gas and
dust (both components), Ω is the angular velocity of the gas,
and G is the gravitational constant. Since azimuthal averaging
of the Q-parameter may be misleading, the Q-values in each
cell along the azimuth (at a given distance r) are plotted.
Regions of the disk from a few to a few tens of astronomical
units are prone to the GI because Q-values there systematically
fall below the threshold value of 3 (V. L. Polyachenko
et al. 1997).
To quantify the ef?ciency of mass transport by gravitational

torques in protoplanetary disks, we calculate the effective
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αGI parameter:

=

G

P

, 2
r

d

d r

GI
ln

ln

( )

where P is the gas pressure at the disk midplane and Grf is the
(r, f)-component of the gravitational stress tensor in the plane
of the disk (A. Riols & H. Latter 2018),

=G
Gr r

1

4
, 3r ( )

where Φ is the gravitational potential in the disk, whose
calculation is described in the Appendix. Using αGI to evaluate
the ef?ciency of mass and angular momentum transport by
gravitational torques is justi?ed for our disk because the disk-
to-star mass ratio is suf?ciently high, �0.2 (see Figure 1 and
E. I. Vorobyov 2010).
As shown in the bottom left panel of Figure 2, αGI is

smallest near the inner 1.0 au of the disk but larger in its outer
regions, so mass transport is strongest in the intermediate and
outer regions and weakest in the inner few astronomical units.
This gradient in αGI creates a bottleneck in the inner several
astronomical units where mass transport is reduced and the GI

Figure 1. Formation and evolution of the disk. Top: gas surface densities (in log g cm−2) for the inner 200 au of the disk are shown at 13, 21, 30, 40, 50, and 60 kyr
after protostellar birth in (a)–(f). Bottom: star and disk gas masses after the birth of the protostar (g) and evaporated and remaining dust masses in the disk (h).
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is suppressed by high temperatures and strong shear
(E. I. Vorobyov et al. 2024). Toomre Q ≫ 1 in the inner
disk have also been found in other global disk formation
simulations (K. Tomida et al. 2017; T. Y. Steiman-Cameron
et al. 2023).

Reynolds stresses present another mechanism that can
ef?ciently transport mass and angular momentum in proto-
planetary disks, as was recently shown by, e.g., A. A. Ahmad
et al. (2026). Following their work, we calculated the Reynolds
torque Tr

R and the Reynolds αR as

= =

P

T v v
T

; , 4r r

r

d

d r

R
g R

R

ln

ln

( )

where the brackets denote azimuthal averaging, δvr and δvf are
deviations of the instantaneous radial and azimuthal velocities
of the gas vr and vf from the corresponding azimuthally
averaged velocities 〈vr〉 and 〈vf〉, and P is the vertically
integrated gas pressure. As shown in the bottom right panel of
Figure 2, the trend in the radial distribution of αR follows that
of αGI, with smallest values in the inner several astronomical
units and highest ones near the disk’s outer edge, where the
velocity Huctuations due to spiral arms are strongest (see
Figure 1). This behavior can be expected for gravitoturbulent
disks with velocity Huctuations mainly generated by the GI.

A region with reduced mass and angular momentum
transport forms in the inner disk, characterized by enhance-
ments in local gas density and pressure as shown in Figure 3.
This "dead zone" has characteristics similar to those in layered
disk models (C. F. Gammie 1996), except that the dead zone
here is due to the suppression of the GI, not the suppression of
magnetorotational instability (MRI, but see Section 3.4). A
detailed comparison of MRI-suppressed and GI-suppressed
dead zones was made by E. I. Vorobyov et al. (2024). We note
that αGI and αR are negligible prior to the formation of the disk
(t < 25 kyr) and beyond the disk outer edge at later evolution

times because the spatial distribution of matter there is nearly
axisymmetric, the gravitational torques are small, and the
Huctuations in the How are minimal. Also, αGI and αR exceed
the background αvisc = 10−4 in our model (which is nonzero
due to assumed low-level hydrodynamic turbulence) by
several orders of magnitude everywhere except in the inner-
most regions of the disk. The αGI pro?le in our disk is similar
to those in other recent simulations (W. Xu & P. J. Armitage
2023), which is an independent con?rmation of the physics in
our model. The occurrence of the GI-suppressed dead zone is
not due to simpli?ed initial conditions in the cloud core.
Numerical models with and without turbulence in the core
show the development of gravitational instability in the disk
soon after its formation (K. Tomida et al. 2017; M. R. Bate
2018; J. Wurster & B. T. Lewis 2020), which has the general
property of being stronger in the outer part of the disk and
weaker at smaller distances.

3.2. Dust Accumulation/Streaming Instability

As shown in Figure 3(a), gas accumulates in the inner several
astronomical units because of the bottleneck effect. Together
with peak temperature (panel (c)), this creates the maximum gas
pressure visible in panel (e). Panels (d) and (f) show that dust in
the bulk of the disk grows to radii greater than 1.0 mm and that
its Stokes number exceeds 10−2, so it decouples from the gas
and begins to ef?ciently drift inward. However, this inward
drifting dust is effectively trapped in the GI-suppressed dead
zone, just as dust is captured in the MRI-suppressed dead zones
(M. Flock et al. 2015; P. Pinilla et al. 2016), leading to a local
dust enhancement that in turn promotes dust growth to radii
�1.0 cm via mutual collisions. Approximately 20 kyr after disk
formation, the dust-to-gas mass ratio and the Stokes number
exceed 0.01 and 0.1, respectively, so conditions in the inner disk
become favorable to the development of the streaming
instability (Equations (A19) and (A20)), converting dust grains

Figure 2. Top: radial pro?les of the Toomre Q-parameter at 30 kyr (a) and 40
kyr (b) after protostellar birth. The horizontal dashed line marks the threshold
value of 3 , below which the gravitational instability develops. Bottom:
effective αGI parameter (c) and Reynolds αR parameter (d) for the disk. The
values of αGI and αR are lowest in the innermost regions of the disk and
highest near its outer edge, which is outlined by the black line. Note that αGI

and αR are higher than αvisc throughout most of the disk.

Figure 3. Evolution of disk properties over time. Azimuthally averaged gas
surface densities, dust surface densities, gas temperatures, maximum dust
grain radii, vertically integrated gas pressures, and Stokes numbers for the disk
are shown in (a)–(f), respectively. The black line in panel (a) outlines the GI-
suppressed dead zone in the inner disk as de?ned by αGI < 5 × 10−3. The
black line in panel (c) marks radii in the disk where temperatures fall below
the CMB Hoor at z = 17, about 49 K.
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of centimeter radius into planetesimals, the main building
blocks of planets.

Figure 4 shows the global structure of the disk and its inner
several astronomical units, where the dead zone is located and
the process of dust-to-planetesimal conversion according to
Equation (A21) takes place. A narrow ring of dust with ξd2g as
high as 6 × 10−3 is visible at ∼0.5 au, while the planetesimals
are spread around the dust ring in an annulus with a width of
∼0.5 au. The ring of planetesimals is broader because the dust
ring slightly migrated in and out as the disk evolved. As shown
in Figure 3, dust grains in the inner disk grow to radii much
larger than 1.0 mm and Stokes numbers become greater than
0.01, thus overcoming the barriers on dust grain radius and
Stokes number for the development of the streaming instability
in the dead zone (D. Carrera & J. B. Simon 2022, see also
Appendix A.4).

The black contour in Figure 4(a) marks the water snowline
in the disk midplane at 40 kyr (Section 3.6). The planetesimals
in our model form interior to the snowline and thus are
expected to be water-de?cient. We note that water is expected
to be more abundant in the protoplanetary core (D. J. Whalen
et al. 2025) than assumed above, in which case the radial
position of the snowline can shift somewhat inwards.

Dust is converted to planetesimals but their dynamics are
not computed in this work as it would require combining
FEOSAD with N-body codes. The subsequent conversion of
planetesimals to planetary cores may depend on the subtleties
of planetesimal dynamics and their mass spectrum. Never-
theless, we show in the next section that the total mass of
planetesimals in our disk is suf?cient to form a rocky planet
with mass similar to that of Mars or Earth. This can occur via

oligarchic growth of colliding planetesimals (E. Kokubo &
S. Ida 2000; J. Chambers 2006), especially if the growth
process of the most massive "oligarchs" is promoted with
accretion of pebbles (M. Lambrechts & A. Johansen 2014),
which form abundantly in our model as shown in Section 3.5.

3.3. Luminosity Bursts

As mentioned earlier in Section 3, dust evaporation is
correlated with luminosity bursts that develop in the disk 40 kyr
after protostellar birth. They are caused by episodic increases in
protostellar accretion rate, M , like those routinely observed in
the Milky Way (M. Audard et al. 2014; W. J. Fischer et al.
2023), but they have also been predicted to occur during the
formation of low-metallicity protoplanetary disks (K. Kadam
et al. 2021; R. Matsukoba et al. 2021; R. S. Klessen &
S. C. O. Glover 2023). Outbursts in protostars today, known as
FU Orionis-type objects, are thought to be caused by various
disk instabilities, planet–disk interactions or close stellar Hybys
(see M. Audard et al. 2014 for a review). Here, the bursts
originate from strong, spiral-like gas density perturbations in the
innermost disk, like the one visible in Figure 5(a), that are due
to brief episodes of the gravitational instability. These episodes
are accompanied by an increase in turbulent viscosity and local
heating, as shown in panels (c) and (e). After a few orbital
periods the perturbation is spread over the entire azimuth,
warming the innermost disk to above 1000 K as seen in panel
(d). As a result,M rises sharply by factors of 10–100. This burst
mechanism is unique to low-metallicity disks and will receive
more attention in follow-up studies.
The gravitational energy of this accreted matter is

transformed into heat and radiated away as accretion
luminosity, =

* *
L GM M R0.5acc / , where M* and R* are the

mass and radius of the protostar. The accretion luminosity
during the bursts greatly exceeds that of the photosphere,
which is powered by deuterium burning and compressional
heating. As shown in the bottom plot in Figure 5, luminosity
bursts regulate the conversion of dust to planetesimals by
heating the inner disk and evaporating dust. The sublimated
dust mass exceeds that of the dust remaining in the disk after
∼50 kyr of evolution. Some of the dust vapor is accreted onto
the protostar with the gas but some may return as submicron
dust seeds as the disk cools after the burst, but they are not
included in our simulation.

3.4. Total Planetesimal Mass

We show total planetesimal masses, Mplt, for our ?ducial
model with vfrag = 5.0 m s−1 and = ×4 10

d2g
init 4 in Figure 6.

Mplt is found by integrating the rate of planetesimal formation,
Equation (A21), over time and disk extent. Mplt reaches ∼6
M⊕ in our ?ducial run before leveling off at t ≈ 37 kyr due to
dust evaporation by luminosity bursts. This short epoch of
planetesimal formation implies that their material is only
weakly affected by long-term chemothermal processes. The
streaming instability depends on the dust size distribution and
the maximum dust size, which is set by the disk conditions in
our model (Appendix A.2) and may also depend on several
free parameters, such as the fragmentation velocity and the rate
of turbulence. Assuming a lower vfrag = 3.0 m s−1 reduces
?nal planetesimal mass to ∼1.5 M⊕, while using the more
recent streaming instability criteria of R. Li & A. N. Youdin
(2021) reducesMplt to ∼5M⊕. We also consider the possibility

Figure 4. Gas, dust, and planetesimal surface densities, alongside the dust-to-
gas mass ratio ξd2g. Gas densities and ξd2g are shown 40 kyr after the formation
of the protostar in (a) and (b), respectively, and (c)–(e) show the dust and
planetesimal densities and ξd2g in the central 4 au of the disk, respectively. The
black line marks the water snowline in (a). The initial =log 3.4d2g is
shown in yellow. A movie of the gas and dust densities in the disk as a
function of time, together with the dust-to-gas mass ratio normalized to the
initial value, can be viewed in the supplementary online material.
(An animation of this ?gure is available in the online article.)
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that turbulent αvisc is modi?ed for the presence of GI, which
can generate signi?cant gravitoturbulence (A. Riols et al.
2017), so that the effective α-parameter becomes the sum of
αvisc and αGI (see Figure 3), but this only slightly reduces the
total planetesimal mass. Lowering the initial dust-to-gas mass
ratio

d2g
init to 2 × 10−4 (stronger metal depletion) suppresses

planetesimal formation at t < 40 kyr because luminosity
bursts begin at earlier times, but it resumes after the bursts
subside, forming 3.5M⊕ by 80 kyr, which is only a factor of
1.7 lower than in the ?ducial model with = ×4 10

d2g
init 4.

Additional models testing the boundary conditions and
gravitational potential solver are discussed in Appendix A.5.

Finally, we note that spiral arms at these early stages of disk
evolution may not be ef?cient sites of dust trapping
(E. I. Vorobyov et al. 2024), unlike at later times when the

effect can be strong (K. Rice et al. 2025). High densities and
temperatures in young disks effectively lower the Stokes
number of dust grains below 0.1 in the vicinity of spiral arms
(see Figure 3), making dust trapping ef?cient only around the
corotation radius (E. I. Vorobyov et al. 2018). The lack of dust
spirals in young embedded disks found by the eDisks survey
seems to corroborate this point (N. Ohashi et al. 2023). Since
numerical constraints required us to resolve the inner regions
of the disk at the expense of the outer ones, our conclusions
may change when higher resolution can be applied at greater
radii or the disk can be evolved to later times. Also, the
conversion of dust into planetesimals in spiral arms at the
expense of the inner regions has only been shown to happen in
disks at solar metallicities and for as long as the particle size
distribution extends to St ∼ 1.0 (H. Baehr et al. 2025; K. Rice
et al. 2025). We note that a few clumps, which can be sites of
ef?cient planetesimal formation, appear in spiral arms
(Figure 1) but they are quickly torn apart by tidal interactions
with the spirals (Z. Zhu et al. 2012a). Had they survived, they
might have produced subsolar-mass companions, but planete-
simal formation around the primary already occurs by the disk
fragmentation epoch. The companion scenario merits further
study with higher numerical resolution.

3.5. Pebbles

We can estimate the mass reservoir of pebbles in the disk in
the same manner as A. Topchieva et al. (2024) by ?rst
assuming that pebbles are dust particles with radii apeb,0 �
0.5 mm. This lower limit is motivated by the typical sizes of
chondrules, 0.1–1.0 mm (K. Metzler et al. 2019). Second, we
stipulate that pebbles are larger than dust grains with radius
a St0 that have St0 = 0.01 locally in the disk, meaning that they
can decouple dynamically from gas and be accreted by a
protoplanetary core. These two conditions de?ne the minimum
radius of pebbles to be

=

>

a
a a a

a a a

, if ,

, if .
5

St St

St

peb,min
peb,0

peb,0 peb,0

0 0

0

( )

Once apeb,min is constrained, the mass of pebbles is found in
each computational cell by calculating the mass of dust in the

Figure 5. Top: the origin of luminosity bursts. The central 3 au of the disk just
before ((a), (c), and (e)) and during ((b), (d), and (f)) a protostellar accretion
burst. Rows from top to bottom show gas surface densities, gas temperatures,
and turbulent dynamical viscosities. The arrow indicates a local density
disturbance that produces viscous heating in the inner disk. Bottom: total
luminosities (accretion plus photospheric) and evaporated dust masses as a
function of time from protostellar birth.

Figure 6. Total planetesimal masses for the ?ducial model (solid black) and
parameter study models. The latter include the models with vfrag = 3.0 m s−1

(solid red), = ×2 10
d2g
init 4 (solid blue), with the streaming instability criteria

from R. Li & A. N. Youdin (2021) (dashed green), MRI with solar metallicity
excitation criteria (cyan), and gravitoturbulence (pink).
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[a a:peb,min max] bin for the assumed slope of the dust size
distribution, p = 3.5. Previous studies have examined the
effects of variations in St0 = 0.01 and apeb,0 = 0.5 mm
(A. Topchieva et al. 2024). As shown in Figure 7, the
protoplanetary disk has on average several M⊕ of pebbles,
which increases the likelihood of pebble-assisted formation of
planetary cores in the debris of the PI SN explosion (see, e.g.,
T. C. H. Lau et al. 2022).

3.6. Snowline

The water snowline in the disk midplane is calculated by
?nding the radial position at which the partial and saturated
water pressures are equal (S. Okuzumi et al. 2016). The partial
water pressure is calculated assuming a constant water mass
fraction of 10−4, as found for the dense core by D. J. Whalen
et al. (2025). We note that this fraction may change locally due
to (i) radial transport of water ice on the surface of dust grains
and (ii) chemical reactions involving cosmic rays and
ultraviolet radiation. The former is a more dominant mech-
anism than chemical reactions in solar-metallicity disks
(R. A. Booth & J. D. Ilee 2019), while the latter may affect
the water abundance in the upper rare?ed layers of the disk
(N. Arulanantham et al. 2025), but only on timescales
>1.0 Myr (C. Eistrup et al. 2018, although cosmic-ray Huxes
among the ?rst generation of stars were small, as discussed in
Section 3.7). Future simulations dedicated to both mechanisms
will shed light on their relative importance in low-metallicity
disks. The saturated pressure of water vapor is approximated
by the Arrhenius form,

= +P
L

T
Aexp dyn cm , 6sat

H2O
H2O

2 ( )

where T is the gas temperature, LH2O = 6070 K is the heat of
sublimation, and AH2O = 30.86 is a dimensionless constant.
We show the snowline in the disk at 40 kyr in Figure 4(a),
where it can be seen to enclose the planetesimals.

3.7. Magnetorotational Instability

The MRI can drive turbulence that destroys dead zones and
prevents planetesimal formation in magnetically active disks
(K. Kadam et al. 2022). Magnetic ?elds could be present in our
disk, even in the absence of metals. Turbulent subgrid
dynamos can, in principle, build up disordered magnetic ?elds
that are later ordered and ampli?ed by rotation in primordial

disks (J. Schober et al. 2012; M. A. Latif & D. R. G. Schleicher
2016; P. Sharda et al. 2020). However, the degree to which
those ?eld lines would be coupled to gas in the disk and ramp up
turbulence via the MRI is much less certain, for several reasons.
Ohmic resistivity and ambipolar diffusion reduce the coupling
of magnetic ?elds to gas and dampen the MRI (O. Gressel
et al. 2015).
Thermal ionization fractions in our disk due to alkali

elements would be 13 times lower than those in disks at solar
metallicity because our disk is at 0.08 Z⊙, and smaller
ionization fractions exacerbate ohmic resistivity and ambipolar
diffusion, further dampening the MRI. The odd–even effect in
PI SNe, in which even-numbered elements are preferentially
synthesized over odd-numbered elements during the explosion
(A. Heger & S. E. Woosley 2002), suppresses the abundances
of alkali elements in the disk by another two orders of
magnitude, even further reducing thermal ionization fractions
and weakening the MRI. Finally, there are few sources of
nonthermal ionization such as cosmic rays because SNe were
sparse in the primordial Universe. The PI SN remnant in which
the disk formed likely produced some, but with Huxes that
were certainly lower than those in the Galaxy today. These
points are corroborated by recent work that found the
frequency of MRI bursts in magnetically layered disks to be
greatly reduced at low metallicities (K. Kadam et al. 2021).
We ran a model that approximated the effect of the MRI by

setting αvisc = 10−2 where temperatures in the disk exceed
1300 K (J. Bae et al. 2014) and thermal ionizations become
important, and αvisc = 10−4 everywhere else. As shown in
Figure 6, we found that ∼0.7 M⊕ of planetesimals still form in
the disk, so the MRI reduces but does not prevent planetesimal
formation. Given that our approximation to the MRI assumes
solar metallicity by not taking into account the much lower
potassium fractions in the PI SN, it is truly a maximum upper
limit to its impact on planetesimal masses here.

3.8. Cosmic Microwave Background

Although we assumed a temperature T = 10 K for the cloud
core, the cosmic microwave background (CMB) would in
reality impose a temperature Hoor TCMB = 2.73(1 + z) K (∼49
K at z = 17) on it because CMB photons would heat it to this
temperature if metals or dust cool it below this value.
However, as shown in Figure 3(c), gas in the disk less than
20–30 au from the central star rarely falls to the CMB Hoor
because the low metallicity of our disk prevents ef?cient
cooling. Consequently, the CMB has little effect on the
dynamics of the disk or planetesimal formation in our
simulations although the true infall rates onto the disk may
have been somewhat higher at early times.

4. Conclusion

Local chemical enrichment by Pop III SNe likely led to
planet formation at Cosmic Dawn, before the ?rst galaxies and
far earlier than previously thought. In the PI SN cloud core we
study here, the main prerequisites for planet formation at
z ∼ 17 are ful?lled: dust growth to radii �1.0 cm, dust
enhancement above the dust-to-gas mass ratio of 1:100, onset
of the streaming instability, and conversion of dust to
planetesimals. D. J. Whalen et al. (2025) considered the
simplest case of a single massive star in a primordial halo, so
there were no other Pop III stars in the vicinity of the

Figure 7. Dust and pebble masses in the disk as a function of time in the
?ducial model.
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protoplanetary disk when it formed, and no other halos with
stars within 1 kpc of the host halo. Had other stars formed in
the halo, they would have been several hundred parsecs from
the protoplanetary disk because it formed in the expanding PI
SN blast front. Their ionizing UV Hux would likely have had
only a minor effect on the disk and its water mass fractions
because the intervening gas was heavily enriched by metals
and dust that would have attenuated the photons. Also, because
the dense cloud core forms in hydrodynamical instabilities in
the outgoing blast front, the reverse shock in the PI SN
remnant does not destroy dust or molecules in the disk because
it never reaches it.

The low metallicity of the parent star could Hag it as a
potential primordial planetary system, but by itself this would
not be conclusive because similar metallicities would arise in
early galaxies at later times. However, if the telltale “odd–
even” nucleosynthetic imprint of a PI SN were found in the
star it would make a compelling case for the disk to have
formed at Cosmic Dawn (A. Heger & S. E. Woosley 2002).
Furthermore, because luminosity bursts terminate planetesimal
formation in the ?rst several tens of thousands of years they
should be composed of material that is mostly unprocessed by
disk chemothermal processes and may, e.g., have peculiar
isotopic compositions. Planets forming from these planetesi-
mals could be detected as worlds around ancient metal-poor
stars in the Galactic halo in future exoplanet surveys such as
PLATO (C. Boettner et al. 2024), since 0.4 M⊙ stars from that
era would still be on the main sequence today. Although the
protoplanetary disk in our simulation forms at z ∼ 17, others
like it could have formed at even earlier times. Dynamical
heating (J. H. Wise et al. 2019) and supersonic baryon
streaming motions (A. Stacy et al. 2011; A. T. P. Schauer
et al. 2017) can produce cosmological halos that partially
contain the PI SN at z ∼ 20–25 so water-rich protoplanetary
disks with planetesimals might have formed only 50–100 Myr
after the Big Bang.

As shown in Figure 4, the water snowline lies at several
astronomical units from the protostar, with radial variations
due to luminosity bursts. Since the planetesimals in our model
form within the snowline, they are water-de?cient. However,
with water mass fractions of ∼10−4 in the disk (only a factor
of a few less than in the solar system today; D. J. Whalen et al.
2025), planetary cores forming from the water-de?cient
planetesimals could later be enriched by water via accretion
of asteroids from beyond the snowline that were created by
other means (G. Andama et al. 2024; L. E. J. Eriksson et al.
2025), in direct analogy to how the Earth was enriched by
water at early times (Z. Wang & H. Becker 2013; A. H. Peslier
et al. 2017). The possibility that rocky worlds with oceans may
have formed among the ?rst generation of stars in the Universe
upends decades of thought on the cosmic origins of life.
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Appendix
Numerical Method

FEOSAD evolves the gaseous component of the disk with
the continuity, momentum, and energy equations in the thin-
disk approximation:

+ =
t

v 0, A1
g

g· ( ) ( )

+

= + +P

t
v v v

g f , A2

g g

g d,gr

( ) · ( )

· ( )

+ = +P
e

t

ev v v : , A3· ( ) ( · ) ( ) ( )

where Σg is the gas surface density, = +v v r vr
ˆ ˆ is the gas

velocity in the disk plane, P is the vertically integrated gas
pressure, f is the drag force per unit mass between gas and
dust, e is the internal energy per surface area, and Λ is the sum
of the cooling and heating terms pertinent to protoplanetary
disks at low metallicity. The ?rst and last terms on the right-
hand side of Equation (A3) are compressional and viscous
heating, respectively.
The gravitational acceleration in the disk plane g accounts

for gas and dust self-gravity and the gravity of the central star
after it is formed. The gravitational potential of the gas and
dust components is calculated with the convolution method
(J. Binney & S. Tremaine 1987; E. I. Vorobyov et al. 2024).
This method does not require explicit smoothing lengths,
which are often employed to avoid the singularity in the
gravitational potential calculations (e.g., C. Baruteau &
F. Masset 2008), but has an implicit smoother proportional
to the size of the grid cell. The explicit smoothing-length
method can achieve a slightly better accuracy in computing the
gravitational potential if the proper choice of the smoothing
factor is applied, but our approach is more stable because there
is no universal formula to ?nd the best-?t smoothing length.
Validation tests and advantages and disadvantages of our
method for the gravitational potential are discussed in the
Appendix of E. I. Vorobyov et al. (2024), and the ?nal
planetesimal masses produced by both methods are compared
in Figure 6.
To compute the viscous stress tensor Π, we parameterize the

kinematic viscosity with the usual α-parameter approach with
α = 10−4 throughout the entire domain. Low-level turbulence
can be driven by (magneto)hydrodynamic instabilities that are
unresolved in our global disk simulations and it supplies dust
grains with the velocity dispersion needed for grain-to-grain
collisions and dust growth. We note that αvisc should be
distinguished from the α due to GI, αGI, which is introduced in
Section 3.1 to gauge the ef?ciency of mass transport by spiral
density waves in the disk. As shown by E. I. Vorobyov &
S. Basu (2009), the dynamics of gravitationally unstable disks
for such low α values is almost totally dominated by disk self-
gravity and associated gravitational torques. Our code also
uses arti?cial viscosity to smooth shock fronts over two grid
cells, but its effect on disk evolution is negligible compared to
turbulent viscosity caused by gravitational instability, as
shown by E. I. Vorobyov & S. Basu (2007).
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A.1. Chemistry and Cooling/Heating

The term Λ in Equation (A3) accounts for the cooling and
heating processes in low-metallicity disks:

= + + +Q Q Q Q H2 , A4cont mole chem metal g( ) ( )

where Qcont is the rate of energy change due to (i) radiative
continuum cooling of gas and dust from the disk surface, (ii)
collisional transfer of energy between gas and dust, and (iii)
disk heating by stellar and background irradiation, Qmole is the
H2 and HD line cooling rates, Qchem is the chemical cooling–
heating rate (through chemical reactions), and Qmetal is cooling
by ?ne-structure line emission of O I (63 μm) and C II (158 μm).
Heating by stellar irradiation is calculated taking the disk Haring
into account as described by E. I. Vorobyov & S. Basu (2009).
The incidence angle of stellar radiation is computed using the
radial variation of the gas scale height Hg, which is calculated
based on the assumption of local hydrostatic equilibrium in the
gravitational ?eld of the central star and disk. The disk aspect
ratio Hg/r lies between 0.05 and 0.2, justifying the thin-disk
assumption. All constituents of Qtot are volumetric cooling or
heating rates; a factor of 2H converts volumetric rates into
vertically integrated quantities.

The net rate of internal energy change due to radiation
transport is

µ= +Q J4 , A5cont em P,g g P,d d[ ( ) ] ( )

where κP,g and κP,d are the mean Planck opacities of gas and
dust. Their values are taken from D. Semenov et al. (2003) but
scaled down to the low metallicities considered here,
Z = 0.08 Z⊙ (?ducial model) and Z = 0.04 Z⊙ (one of the
parameter study models, see Section 3.4). A uniform scaling
factor is applied to the gas opacities but we use the local dust-
to-gas mass ratio to scale down the dust opacities, an approach
that allows us to consider the effects of local deviations in the
dust-to-gas mass ratio on the dust optical depth. Dust growth
lowers the dust opacities at temperatures of 100–1000 K
(C. Dominik et al. 2021), typical of the inner disk regions,
which may favor the formation of planetesimals because of
less ef?cient dust sublimation (Appendix A.2), fewer MRI
bursts (Section 3.7), and a more ef?cient SI (Section 3.2).

The emission coef?cient is

µ = +T T , A6em P,g g g
4

P,d d d
4( ) ( )

where Tg and Td are the gas and dust temperatures. The gas and
dust volumetric densities ρg and ρd are calculated from their
surface density counterparts and the corresponding vertical
scale heights and Tg = eμ(γ − 1)/(ΣgR), where the time- and
space-variable mean molecular weight μ and ratio of speci?c
heats γ account for nonideal effects. The dust temperature is
found from the energy balance on dust grains due to thermal
emission, absorption of stellar ultraviolet radiation by dust
grains, and collisional exchange of energy between dust grains
and gas (K. Omukai et al. 2010):

=B T J , A7dP,d P,d col( ) ( )

where Γcol is the heating rate of dust through collisions with
gas particles (D. Hollenbach & C. F. McKee 1979). Our

method therefore permits decoupling of the gas and dust
temperatures in the regimes of low density and metallicity.
The mean intensity used in Equations (A5) and (A7)

accounts for the incident radiation Hux on the disk surface and
is determined from a simple diffusion approximation that self-
consistently accounts for optically thick and thin disk regions
(K. E. I. Tanaka & K. Omukai 2014; Y. N. Pavlyuchenkov
et al. 2023):

=
+ +

J
B T

1 2 3
, A8

irr

P
2

P R

( )

( )
( )

/

where τP and τR are the mean Planck and Rosseland optical
depths to the disk midplane. The irradiation temperature
includes contributions from both the accretion and photo-
spheric luminosities of the star and also background irradia-
tion,

= + *T T
L

r4
cos . A9irr

4
bg
4

2 irr ( )

Here, σ is the Stefan–Boltzmann constant, L* is the stellar
luminosity, and cos

irr
is the incidence angle of radiation

arriving at the disk surface (with respect to the normal) at
radial distance r. The background temperature Tbg is equal to
the initial temperature of the cloud.
For the metal ?ne-structure cooling term (Qmetal), we do not

solve the full nonequilibrium C/O chemistry in the present
disk simulations. We adopt the simpli?ed thermochemical
prescription used by E. I. Vorobyov et al. (2020) and R. Mat-
sukoba et al. (2022), which is based on the minimum model
of K. Omukai et al. (2005). In this prescription, metal cooling
is computed from the ?ne-structure lines of C+ ions and
O atoms. The adopted solar-neighborhood abundances are
y(C II) = 9.27 × 10−5 and y(O I) = 3.57 × 10−4 relative to
hydrogen nuclei, and these values are scaled down linearly to
the metallicity of our ?ducial model Z = 0.08 Z⊙. The
molecular line cooling term includes only H2 and HD line
cooling. Molecular line cooling by CO and H2O is not
included because it is important mainly at densities lower than
those in the disk regions studied here.
We also evolved a time-dependent nonequilibrium chemical

network with 27 reactions to determine mass fractions for the
eight species (H, H2, H

+, H−, D, HD, D+, and e−) that govern
primordial heating and cooling and contribute to molecular
line emission. Our network includes the main H2 formation
channels: the H− channel, formation on dust grains, and three-
body reactions. Updates to the energy equation due to Λ are
performed with a Newton–Raphson root-?nding method,
complemented with bisection when Newton–Raphson itera-
tions diverge. The other terms in Equation (A3) are evolved
with a time-explicit scheme. More details on disk cooling and
heating are given by E. I. Vorobyov et al. (2020) and
R. Matsukoba et al. (2022).

A.2. Dust Dynamics/Growth

The dust in our model is partitioned into two populations: (i)
small dust, which are grains with radii µ= ×a 5 10 mmin

3 to
a* = 1 μm, and (ii) grown dust from a* to a maximum value
a
max, which is variable in space and time. Dust in both

populations is distributed in radius according to a simple
power law N(a) = Ca− q, where N(a) is the number of dust
particles per unit dust radius, C is a normalization constant,
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and the index q = 3.5, which is kept constant during the
evolution of the disk for simplicity. We evolve separate
continuity equations for the grown and small dust ensembles.
However, the momentum equation is solved only for the
grown dust, because small dust is assumed to be dynamically
linked to the gas. The hydrodynamics equations for the two-
population dust ensemble in the zero-pressure limit are

+ =
t

v S a , A10
d,sm

d,sm max· ( ) ( ) ( )

+ =
t

u S a , A11
d,gr

d,gr max· ( ) ( ) ( )

+

= + +

t
u u u

g f S a v, A12

d,gr d,gr

d,gr d,gr max

( ) · ( )

( ) ( )

where Σd,sm and Σd,gr are the surface densities of small and
grown dust, respectively, and u are the planar components of
the grown dust velocity. Gas and dust are dynamically coupled
not only by gravity but also by friction f, which is calculated
with the Henderson friction coef?cient (C. B. Henderson 1976)

as tested in astrophysical contexts by O. P. Stoyanovskaya
et al. (2020) and implemented in FEOSAD by E. I. Vorobyov
et al. (2023). This approach allows us to treat drag forces while
avoiding discontinuities between the Epstein (free molecular
How) and Stokes (continuous-medium How) regimes. In the
former, the mean free path of hydrogen molecules

amfp max, while in the latter amfp max (see Figure 1 of
O. P. Stoyanovskaya et al. 2020).

Small dust can turn into grown dust as the disk forms and
evolves. FEOSAD accounts for dust growth in the framework
of the monodisperse dust growth model (T. Birnstiel et al.
2012). The term S amax( ) that enters the equations for the dust
component is the conversion rate between small and grown
dust populations, de?ned as =S a tmax d,sm( ) / , where

=

=

+

+

+

a da a da

a da

.

A13

n n

n

a

a
q n

a

a
q

a

a
q

d,sm d,sm
1

d,sm

d,gr
3

d,sm
3

3

n

n

min

max

1

min

max

1

( )

Here, indices n and n + 1 denote the current and next
hydrodynamic times, respectively, andΔt is the hydrodynamic
time step. Our dust growth scheme is constructed so as to
preserve the total dust mass in each computational cell and
also continuity at a* by writing the conversion rate of small to
grown dust as amax increases. This scheme effectively assumes
that dust growth smooths out any discontinuity in the
distribution of dust radius at a* that may appear due to
differential drift of small and grown dust populations. This
scheme is discussed in greater detail by E. I. Vorobyov et al.
(2022).

To ?nd S amax( ), the time evolution of a
max in each

computational cell due to collisional growth and advection
of dust has to be calculated. The equation describing the

dynamical evolution of amax is

+ = D
a

t
u a , A14p p

max
max( ) ( )

where the rate of dust growth due to collisions and coagulation
is computed in the monodisperse approximation (T. Birnstiel
et al. 2012),

=D
u

. A15
d rel

s

( )

This rate includes the total volume density of dust ρd, the dust
material density ρs = 3.0 g cm−3, and the relative velocity of
particle–particle collisions de?ned as = +u u urel th

2

turb

2 1 2( ) / ,
where uth and uturb account for the Brownian and turbulence-
induced local motion, respectively. In particular, the dust-to-
dust collision velocity due to turbulence is obtained from the
turbulent eddy model of C. W. Ormel & J. N. Cuzzi (2007),

=
+

v
St St

c
3

, A16turb
visc

1
s ( )

where cs is the sound speed and St is the Stokes number
de?ned as St = tstopΩK. Here, ΩK is the Keplerian frequency
and tstop is the stopping time for grains with a

max. The
expression for tstop using the Henderson friction coef?cient is
given by E. I. Vorobyov et al. (2023). Equation (A16)

correctly reproduces a drop in vturb at large St. When
calculating the volume density of dust, we account for dust
settling by determining the effective scale height of grown dust
Hd from the corresponding gas scale height Hg, the αvisc

parameter, and the Stokes number:

=
+

H H
St

. A17d g
visc

visc

( )

The dust growth is limited by the fragmentation barrier,
de?ned as the maximum radius of dust grains afrag that can be
attained via mutual collisions of dust particles, and by the drift
barrier, which is treated self-consistently when solving the
dynamical equations for the dust component. The fragmenta-
tion velocity is set equal to 5.0 m s−1. Laboratory experiments
provide a range of values from ∼1.0 m s−1 for bare silicates to
�10 m s−1 for icy grains (J. Blum & G. Wurm 2008).
However, recent data suggest that silicates may be stickier than
usual at higher temperatures. In particular, the fragmentation
velocity may increase manyfold above 1000 K (C. Pillich
et al. 2021). Since the main focus of our study is on the inner
several astronomical units where temperatures approach this
regime, we have chosen vfrag = 5.0 m s−1. Effects on total
planetesimal mass due to variations in vfrag are further
discussed in Section 3.4.
Dust temperatures in the innermost regions of the disk can

exceed the threshold for evaporation. To account for this effect
we reduced the dust density exponentially in regions where
dust is sublimated. The threshold temperature is de?ned as

= ×T 1900 K , A18d,sub g
0.0195[ ] ( )

where ρg is the volume density (in g cm−3
) obtained from the

corresponding gas surface density and the gas disk scale height
Hg under the assumption of local hydrostatic equilibrium. With
this de?nition of Td,sub, most dust evaporates above 1200 K, in
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agreement with the ggChem model of dust sublimation and
condensation (P. Woitke et al. 2018). Once evaporated, the
dust is removed from the system without being reconstituted at
later times.

A.3. Integration Scheme, Sink Particles, and Protostellar
Evolution

The hydrodynamic equations for gas and dust are integrated
with the method of ?nite volumes (J. M. Stone &
M. L. Norman 1992) with dust treated as a pressureless Huid
(E. I. Vorobyov et al. 2022), and gas and dust are advected
with third-order-accurate piecewise-parabolic interpolation
(P. Colella & P. R. Woodward 1984), which ensures low
numerical diffusion. Updates to gas and dust velocity due to
mutual friction (including backreaction of dust on gas) are
performed with a fully implicit scheme that was extensively
tested (O. P. Stoyanovskaya et al. 2018). To ease time-step
limitations imposed by the Courant condition, a sink cell with
a radius of 0.3 au was excised from the center of the grid. We
adopt free inHow–outHow boundary conditions (BCs) at the
innermost grid cell, which allows material to How from the
mesh into the sink and vice versa. These BCs are discussed in
greater detail by E. I. Vorobyov et al. (2018), and they perform
better than standard outHow BCs because they allow for a
compensating How from the sink to the mesh when oscillatory
motions are present in the innermost zone (Z. Zhu et al.
2012b). The effects of BCs on ?nal planetesimal masses are
discussed in Appendix A.5.

Matter passing into the sink is assumed to land on the
protostar, which gains mass accordingly. The photospheric
luminosity of the protostar is determined with precomputed
stellar evolution tracks from the STELLAR code at the given
metallicity (T. Hosokawa & K. Omukai 2009) using the
time-dependent stellar age and mass. Photospheric and
accretion luminosities affect the thermal balance of the disk
via stellar irradiation. Matching the metallicity of the
protostar to that of the gas from which it forms is important
because photospheric temperatures and luminosities are
sensitive to the internal opacities of the star, with lower
metallicities producing hotter and more compact objects that
are more ef?cient at evaporating dust near the center of the
disk. We performed tests that showed that assuming higher
metallicities for the protostar than for the disk led to
signi?cant overestimates of dust masses, and thus ?nal
planetesimal masses. Time-dependent stellar evolution cal-
culations coupled to the disk evolution were not employed in
this study. Possible variations in the internal photospheric
luminosity that arise in fully coupled simulations due to
variable protostellar accretion are expected to affect the
temperature in the outer, irradiation-dominated regions of
the disk, but are of lesser signi?cance in the inner optically
thick regions.

A.4. Planetesimal Formation

Dust is converted to planetesimals under the assumption that
the streaming instability is the primary mechanism for planete-
simal production in protoplanetary disks (A. N. Youdin &
J. Goodman 2005). Resolution limits and the use of vertically
integrated disk quantities make it dif?cult for FEOSAD to
directly model the development of the streaming instability, so
we adopt criteria derived from numerical studies of its growth to

determine where planetesimals form in the disk (C. C. Yang
et al. 2017):

+ <St St Stlog 0.10 log 0.20log 1.76 0.1 ,

A19

d2g
2( ) ( )

( )

+ >St St Stlog 0.30 log 0.59log 1.57 0.1 ,

A20

d2g
2( ) ( )

( )

where ξd2g = Σd/Σg is the dust-to-gas mass ratio and St is the
Stokes number. We also considered the more recent instability
criteria from R. Li & A. N. Youdin (2021). These conditions
are complemented by the requirement that the volume density
of dust in the disk midplane, ρd, be equal to or greater than that
of the gas, ζ = ρd/ρg� 1.0 (A. N. Youdin & J. Goodman
2005). We also require that dust grains be larger than 5.0 mm,
following high-resolution simulations that suggest that grains
larger than 1.0 mm are needed to produce planetesimals via the
streaming instability (D. Carrera & J. B. Simon 2022). The
value of ρd is obtained from the surface density of dust Σd,gr

via the dust disk scale height Hd, which scales with turbulent
αvisc and St as shown in Equation (A17). We note that the use
of subgrid models for the streaming instability is a widespread
practice because of dif?culty with resolving the process in
long-term global disk simulations (J. Drążkowska et al. 2016;
T. C. H. Lau et al. 2022).
Dust is converted to planetesimals in regions satisfying

these criteria with an approach similar to that of J. Drążkowska
et al. (2016). The conversion rate is de?ned as

= SI , A21plts d,gr( ) ( )

where Σd,gr(SI) is the surface density of grown dust in regions
prone to the streaming instability and χ is the ef?ciency of
dust-to-planetesimal conversion,

=

F2
, A22

K
( )

where F is the characteristic number of local orbital periods
that are required to form planetesimals, set here equal to 500 in
accordance with C. C. Yang et al. (2017). According to
D. Carrera & J. B. Simon (2022), dust grain radii should be
substantially larger than 1 mm for the streaming instability to
develop in dead zones. In Equation (A21) ψ accounts for this
effect by considering only the fraction of the total dust mass
that exceeds the critical threshold dust radius, athr = 1.0 cm:

=

*

a da

a da
. A23

a

a
p

a

a
p

3

3

thr

max

max
( )

We note that ψ is set to zero if <a amax thr, thus terminating
dust to planetesimal conversion. Figure 8 shows that the
streaming instability can develop in our model disk according
to the criteria laid out in Equations (A19) and (A20) and by
R. Li & A. N. Youdin (2021).

A.5. Boundary Conditions and Gravitational Potential
Calculations

We show the effect of inner BCs on the mass of
planetesimals Mplt in Figure 9. In one test, we adopted the
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wave damping boundary condition at the sink–disk interface
(Z. Zhu et al. 2012b) instead of the inHow–outHow boundary
condition of FEOSAD by allowing matter to How only from
the disk to the sink and limiting this outHow velocity to be no
more than 10 times the radial velocity in a steady-state viscous
disk. In this model, Mplt reached ∼ 10 M⊕, twice that of the
?ducial case. In another test, we introduced explicit smoothing
to the disk gravitational potential (T. W. A. Müller et al. 2012)

instead of the implicit smoothing in FEOSAD (E. I. Vorobyov
et al. 2024), using ε = 1.2H for the value of explicit smoother
(T. W. A. Müller et al. 2012), where the local gas disk scale
height H = 0.05r. Mplt only fell by a factor of 1.3.
Consequently, the formulation of the inner BCs and disk
gravitational potential does not affect our conclusions.

ORCID iDs

Eduard I. Vorobyovaa https://orcid.org/0000-0002-
6045-0359
Daniel J. Whalenaa https://orcid.org/0000-0001-6646-2337
Muhammad A. Latifaa https://orcid.org/0000-0003-
2480-0988
Ryoki Matsukobaaa https://orcid.org/0009-0006-6613-5751
Takashi Hosokawaaa https://orcid.org/0000-0003-3127-5982
Devesh Nandalaa https://orcid.org/0000-0003-1927-4397

References

Ahmad, A. A., Commerçon, B., Lynch, E., et al. 2026, A&A, 707, A97
Andama, G., Mah, J., & Bitsch, B. 2024, A&A, 683, A118
Arulanantham, N., Salyk, C., Pontoppidan, K., et al. 2025, AJ, 170, 67
Audard, M., Ábrahám, P., Dunham, M. M., et al. 2014, in Protostars and

Planets VI, ed. H. Beuther et al. (Univ. Arizona Press), 387
Bae, J., Hartmann, L., Zhu, Z., & Nelson, R. P. 2014, ApJ, 795, 61
Baehr, H., Rice, K., Yang, C.-C., & Hall, C. 2025, ApJ, 995, 39
Barkat, Z., Rakavy, G., & Sack, N. 1967, PhRvL, 18, 379
Baruteau, C., & Masset, F. 2008, ApJ, 678, 483
Bate, M. R. 2018, MNRAS, 475, 5618
Behroozi, P., & Peeples, M. S. 2015, MNRAS, 454, 1811
Binney, J., & Tremaine, S. 1987, Galactic Dynamics (Princeton Univ. Press)
Birnstiel, T., Klahr, H., & Ercolano, B. 2012, A&A, 539, A148
Blum, J., & Wurm, G. 2008, ARA&A, 46, 21
Boettner, C., Viswanathan, A., & Dayal, P. 2024, A&A, 692, A150
Booth, R. A., & Ilee, J. D. 2019, MNRAS, 487, 3998
Carrera, D., & Simon, J. B. 2022, ApJL, 933, L10
Chambers, J. 2006, Icar, 180, 496
Chiaki, G., & Wise, J. H. 2019, MNRAS, 482, 3933
Chon, S., Hosokawa, T., Omukai, K., & Schneider, R. 2024, MNRAS,

530, 2453
Colella, P., & Woodward, P. R. 1984, JCoPh, 54, 174
Dapp, W. B., & Basu, S. 2009, MNRAS, 395, 1092
Dominik, C., Min, M., & Tazaki, R. 2021, OpTool: Command-line driven tool

for creating complex dust opacities, Astrophysics Source Code Library,
ascl: 2104.010

Drążkowska, J., Alibert, Y., & Moore, B. 2016, A&A, 594, A105
Eistrup, C., Walsh, C., & van Dishoeck, E. F. 2018, A&A, 613, A14
Eriksson, L. E. J., Menon, S., Carrera, D., Lyra, W., & Burkhart, B. 2025,

MNRAS, 542, 641–655
Fischer, W. J., Hillenbrand, L. A., Herczeg, G. J., et al. 2023, ASPC, 534, 355
Flock, M., Ruge, J. P., Dzyurkevich, N., et al. 2015, A&A, 574, A68
Gammie, C. F. 1996, ApJ, 457, 355
Gressel, O., Turner, N. J., Nelson, R. P., & McNally, C. P. 2015, ApJ, 801, 84
Heger, A., & Woosley, S. E. 2002, ApJ, 567, 532
Heger, A., & Woosley, S. E. 2010, ApJ, 724, 341
Henderson, C. B. 1976, AIAAJ, 14, 707
Hollenbach, D., & McKee, C. F. 1979, ApJS, 41, 555
Hosokawa, T., & Omukai, K. 2009, ApJ, 703, 1810
Joggerst, C. C., Almgren, A., Bell, J., et al. 2010, ApJ, 709, 11
Joggerst, C. C., & Whalen, D. J. 2011, ApJ, 728, 129
Johnson, J. L., & Li, H. 2012, ApJ, 751, 81
Kadam, K., Vorobyov, E., & Basu, S. 2022, MNRAS, 516, 4448
Kadam, K., Vorobyov, E., & Kóspál, Á. 2021, ApJ, 909, 31
Klessen, R. S., & Glover, S. C. O. 2023, ARA&A, 61, 65
Kokubo, E., & Ida, S. 2000, Icar, 143, 15
Lambrechts, M., & Johansen, A. 2014, A&A, 572, A107
Latif, M. A., & Schleicher, D. 2020, ApJL, 902, L31
Latif, M. A., & Schleicher, D. R. G. 2016, A&A, 585, A151
Lau, T. C. H., Drążkowska, J., Stammler, S. M., Birnstiel, T., &

Dullemond, C. P. 2022, A&A, 668, A170
Li, R., & Youdin, A. N. 2021, ApJ, 919, 107
Matsukoba, R., Tanaka, K. E. I., Omukai, K., Vorobyov, E. I., &

Hosokawa, T. 2022, MNRAS, 515, 5506
Matsukoba, R., Vorobyov, E. I., Sugimura, K., et al. 2021, MNRAS,

500, 4126
McKinnon, R., Vogelsberger, M., Torrey, P., Marinacci, F., & Kannan, R.

2018, MNRAS, 478, 2851
Metzler, K., Hezel, D. C., & Nellesen, J. 2019, ApJ, 887, 230
Müller, T. W. A., Kley, W., & Meru, F. 2012, A&A, 541, A123
Narayanan, D., et al. 2026, OJAp, 9, 59986

Figure 8. Streaming instability phase space. (a) The ratio of the surface
densities of grown dust to gas, ξd2g, as a function of the Stokes number. The
pink and dashed black lines mark the critical values above which the streaming
instability develops according to C. C. Yang et al. (2017) and R. Li &
A. N. Youdin (2021), respectively. (b) The ratio of the volume densities of
grown dust to gas, ζ, as a function of Stokes number. The solid black line
indicates the critical values for the streaming instability according to R. Li &
A. N. Youdin (2021). The data of our model are overlaid with ?lled circles,
with blue ones ful?lling in addition the criterion on the ratio of volume
densities.

Figure 9. Total planetesimal masses for the ?ducial model (black), the model
with the wave damping BCs (red), and the model with explicit smoothing of
the disk gravitational potential (blue).

12

The Astrophysical Journal Letters, 1007:L51 (13pp), 2026 August 20 Vorobyov et al.

https://orcid.org/0000-0002-6045-0359
https://orcid.org/0000-0002-6045-0359
https://orcid.org/0000-0001-6646-2337
https://orcid.org/0000-0003-2480-0988
https://orcid.org/0000-0003-2480-0988
https://orcid.org/0009-0006-6613-5751
https://orcid.org/0000-0003-3127-5982
https://orcid.org/0000-0003-1927-4397
https://doi.org/10.1051/0004-6361/202558019
https://ui.adsabs.harvard.edu/abs/2026A&A...707A..97A/abstract
https://doi.org/10.1051/0004-6361/202348899
https://ui.adsabs.harvard.edu/abs/2024A&A...683A.118A/abstract
https://doi.org/10.3847/1538-3881/addd01
https://ui.adsabs.harvard.edu/abs/2025AJ....170...67A/abstract
https://ui.adsabs.harvard.edu/abs/2014prpl.conf..387A/abstract
https://doi.org/10.1088/0004-637X/795/1/61
https://ui.adsabs.harvard.edu/abs/2014ApJ...795...61B/abstract
https://doi.org/10.3847/1538-4357/ae1a73
https://ui.adsabs.harvard.edu/abs/2025ApJ...995...39B/abstract
https://doi.org/10.1103/PhysRevLett.18.379
https://ui.adsabs.harvard.edu/abs/1967PhRvL..18..379B/abstract
https://doi.org/10.1086/529487
https://ui.adsabs.harvard.edu/abs/2008ApJ...678..483B/abstract
https://doi.org/10.1093/mnras/sty169
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.5618B/abstract
https://doi.org/10.1093/mnras/stv1817
https://ui.adsabs.harvard.edu/abs/2015MNRAS.454.1811B/abstract
https://doi.org/10.1051/0004-6361/201118136
https://ui.adsabs.harvard.edu/abs/2012A&A...539A.148B/abstract
https://doi.org/10.1146/annurev.astro.46.060407.145152
https://ui.adsabs.harvard.edu/abs/2008ARA&A..46...21B/abstract
https://doi.org/10.1051/0004-6361/202451537
https://ui.adsabs.harvard.edu/abs/2024A&A...692A.150B/abstract
https://doi.org/10.1093/mnras/stz1488
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.3998B/abstract
https://doi.org/10.3847/2041-8213/ac6b3e
https://ui.adsabs.harvard.edu/abs/2022ApJ...933L..10C/abstract
https://doi.org/10.1016/j.icarus.2005.10.017
https://ui.adsabs.harvard.edu/abs/2006Icar..180..496C/abstract
https://doi.org/10.1093/mnras/sty2984
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3933C/abstract
https://doi.org/10.1093/mnras/stae1027
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530.2453C/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530.2453C/abstract
https://ui.adsabs.harvard.edu/abs/1984JCoPh..54..174C/abstract
https://doi.org/10.1111/j.1365-2966.2009.14616.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.1092D/abstract
http://ascl.net/2104.010
https://doi.org/10.1051/0004-6361/201628983
https://ui.adsabs.harvard.edu/abs/2016A&A...594A.105D/abstract
https://doi.org/10.1051/0004-6361/201731302
https://ui.adsabs.harvard.edu/abs/2018A&A...613A..14E/abstract
https://ui.adsabs.harvard.edu/abs/2023ASPC..534..355F/abstract
https://doi.org/10.1051/0004-6361/201424693
https://ui.adsabs.harvard.edu/abs/2015A&A...574A..68F/abstract
https://doi.org/10.1086/176735
https://ui.adsabs.harvard.edu/abs/1996ApJ...457..355G/abstract
https://doi.org/10.1088/0004-637X/801/2/84
https://ui.adsabs.harvard.edu/abs/2015ApJ...801...84G/abstract
https://doi.org/10.1086/338487
https://ui.adsabs.harvard.edu/abs/2002ApJ...567..532H/abstract
https://doi.org/10.1088/0004-637X/724/1/341
https://ui.adsabs.harvard.edu/abs/2010ApJ...724..341H/abstract
https://doi.org/10.2514/3.61409
https://ui.adsabs.harvard.edu/abs/1976AIAAJ..14..707H/abstract
https://doi.org/10.1086/190631
https://ui.adsabs.harvard.edu/abs/1979ApJS...41..555H/abstract
https://doi.org/10.1088/0004-637X/703/2/1810
https://ui.adsabs.harvard.edu/abs/2009ApJ...703.1810H/abstract
https://doi.org/10.1088/0004-637X/709/1/11
https://ui.adsabs.harvard.edu/abs/2010ApJ...709...11J/abstract
https://doi.org/10.1088/0004-637X/728/2/129
https://ui.adsabs.harvard.edu/abs/2011ApJ...728..129J/abstract
https://doi.org/10.1088/0004-637X/751/2/81
https://ui.adsabs.harvard.edu/abs/2012ApJ...751...81J/abstract
https://doi.org/10.1093/mnras/stac2455
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.4448K/abstract
https://doi.org/10.3847/1538-4357/abdab3
https://ui.adsabs.harvard.edu/abs/2021ApJ...909...31K/abstract
https://doi.org/10.1146/annurev-astro-071221-053453
https://ui.adsabs.harvard.edu/abs/2023ARA&A..61...65K/abstract
https://doi.org/10.1006/icar.1999.6237
https://ui.adsabs.harvard.edu/abs/2000Icar..143...15K/abstract
https://doi.org/10.1051/0004-6361/201424343
https://ui.adsabs.harvard.edu/abs/2014A&A...572A.107L/abstract
https://doi.org/10.3847/2041-8213/abbdad
https://ui.adsabs.harvard.edu/abs/2020ApJ...902L..31L/abstract
https://doi.org/10.1051/0004-6361/201527266
https://ui.adsabs.harvard.edu/abs/2016A&A...585A.151L/abstract
https://doi.org/10.1051/0004-6361/202244864
https://ui.adsabs.harvard.edu/abs/2022A&A...668A.170L/abstract
https://doi.org/10.3847/1538-4357/ac0e9f
https://ui.adsabs.harvard.edu/abs/2021ApJ...919..107L/abstract
https://doi.org/10.1093/mnras/stac2161
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515.5506M/abstract
https://doi.org/10.1093/mnras/staa3462
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.4126M/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.4126M/abstract
https://doi.org/10.1093/mnras/sty1248
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.2851M/abstract
https://doi.org/10.3847/1538-4357/ab58d0
https://ui.adsabs.harvard.edu/abs/2019ApJ...887..230M/abstract
https://doi.org/10.1051/0004-6361/201118737
https://ui.adsabs.harvard.edu/abs/2012A&A...541A.123M/abstract
https://doi.org/10.33232/001c.159986
https://ui.adsabs.harvard.edu/abs/2026OJAp....959986N/abstract


Ohashi, N., et al. 2023, ApJ, 951, 8
Okuzumi, S., Momose, M., Sirono, S.-i., Kobayashi, H., & Tanaka, H. 2016,

ApJ, 821, 82
Omukai, K., Hosokawa, T., & Yoshida, N. 2010, ApJ, 722, 1793
Omukai, K., Tsuribe, T., Schneider, R., & Ferrara, A. 2005, ApJ, 626, 627
Ormel, C. W., & Cuzzi, J. N. 2007, A&A, 466, 413
Pavlyuchenkov, Y. N., Akimkin, V. V., Topchieva, A. P., & Vorobyov, E. I.

2023, ARep, 67, 470
Peslier, A. H., Schönbächler, M., Busemann, H., & Karato, S.-I. 2017, SSRv,

212, 743
Pillich, C., Bogdan, T., Landers, J., Wurm, G., & Wende, H. 2021, A&A,

652, A106
Pinilla, P., Flock, M., Ovelar, M. d. J., & Birnstiel, T. 2016, A&A, 596,

A81
Polyachenko, V. L., Polyachenko, E. V., & Strel’Nikov, A. V. 1997, AstL,

23, 483
Rakavy, G., & Shaviv, G. 1967, ApJ, 148, 803
Rémy-Ruyer, A., Madden, S. C., Galliano, F., et al. 2014, A&A, 563, A31
Riaz, R., Schleicher, D. R. G., Bovino, S., Vanaverbeke, S., & Klessen, R. S.

2023, MNRAS, 518, 4895
Rice, K., Baehr, H., Young, A. K., et al. 2025, MNRAS, 539, 3421
Riols, A., & Latter, H. 2018, MNRAS, 474, 2212
Riols, A., Latter, H., & Paardekooper, S. J. 2017, MNRAS, 471, 317
Schauer, A. T. P., Regan, J., Glover, S. C. O., & Klessen, R. S. 2017, MNRAS,

471, 4878
Schober, J., Schleicher, D., Federrath, C., et al. 2012, ApJ, 754, 99
Semenov, D., Henning, T., Helling, C., Ilgner, M., & Sedlmayr, E. 2003,

A&A, 410, 611
Sharda, P., Federrath, C., & Krumholz, M. R. 2020, MNRAS, 497, 336
Sharda, P., Menon, S. H., Gerasimov, R., et al. 2025, MNRAS, 541, L1
Smith, B. D., Wise, J. H., O’Shea, B. W., Norman, M. L., & Khochfar, S.

2015, MNRAS, 452, 2822
Stacy, A., Bromm, V., & Loeb, A. 2011, ApJL, 730, L1
Steiman-Cameron, T. Y., Durisen, R. H., Boley, A. C., et al. 2023, ApJ,

958, 139
Stone, J. M., & Norman, M. L. 1992, ApJS, 80, 753
Stoyanovskaya, O. P., Okladnikov, F. A., Vorobyov, E. I.,

Pavlyuchenkov, Y. N., & Akimkin, V. V. 2020, ARep, 64, 107

Stoyanovskaya, O. P., Vorobyov, E. I., & Snytnikov, V. N. 2018, ARep,
62, 455

Tanaka, K. E. I., & Omukai, K. 2014, MNRAS, 439, 1884
Tomida, K., Machida, M. N., Hosokawa, T., Sakurai, Y., & Lin, C. H. 2017,

ApJL, 835, L11
Topchieva, A., Molyarova, T., Akimkin, V., Maksimova, L., & Vorobyov, E.

2024, MNRAS, 530, 2731
Visser, R., van Dishoeck, E. F., Doty, S. D., & Dullemond, C. P. 2009, A&A,

495, 881
Vorobyov, E. I. 2010, NewA, 15, 24
Vorobyov, E. I. 2012, ARep, 56, 179
Vorobyov, E. I., Akimkin, V., Stoyanovskaya, O., Pavlyuchenkov, Y., &

Liu, H. B. 2018, A&A, 614, A98
Vorobyov, E. I., & Basu, S. 2007, MNRAS, 381, 1009
Vorobyov, E. I., & Basu, S. 2009, MNRAS, 393, 822
Vorobyov, E. I., Elbakyan, V. G., Johansen, A., et al. 2023, A&A, 670, A81
Vorobyov, E. I., Matsukoba, R., Omukai, K., & Guedel, M. 2020, A&A,

638, A102
Vorobyov, E. I., Skliarevskii, A. M., Guedel, M., & Molyarova, T. 2024,

A&A, 687, A192
Vorobyov, E. I., Skliarevskii, A. M., Molyarova, T., et al. 2022, A&A,

658, A191
Wang, Z., & Becker, H. 2013, Natur, 499, 328
Whalen, D., van Veelen, B., O’Shea, B. W., & Norman, M. L. 2008, ApJ,

682, 49
Whalen, D. J., Latif, M. A., & Jessop, C. 2025, NatAs, 9, 741
Wise, J. H., Regan, J. A., O’Shea, B. W., et al. 2019, Natur, 566, 85
Woitke, P., Helling, C., Hunter, G. H., et al. 2018, A&A, 614, A1
Wurster, J., & Lewis, B. T. 2020, MNRAS, 495, 3807
Xing, Q.-F., et al. 2023, Natur, 618, 712
Xu, W., & Armitage, P. J. 2023, ApJ, 946, 94
Yang, C. C., Johansen, A., & Carrera, D. 2017, A&A, 606, A80
Yoshii, Y., Sameshima, H., Tsujimoto, T., et al. 2022, ApJ, 937, 61
Youdin, A. N., & Goodman, J. 2005, ApJ, 620, 459
Zackrisson, E., Calissendorff, P., González, J., et al. 2016, ApJ, 833, 214
Zhu, Z., Hartmann, L., Nelson, R. P., & Gammie, C. F. 2012a, ApJ, 746, 110
Zhu, Z., Nelson, R. P., Dong, R., Espaillat, C., & Hartmann, L. 2012b, ApJ,

755, 6

13

The Astrophysical Journal Letters, 1007:L51 (13pp), 2026 August 20 Vorobyov et al.

https://doi.org/10.3847/1538-4357/acd384
https://ui.adsabs.harvard.edu/abs/2023ApJ...951....8O/abstract
https://doi.org/10.3847/0004-637X/821/2/82
https://ui.adsabs.harvard.edu/abs/2016ApJ...821...82O/abstract
https://doi.org/10.1088/0004-637X/722/2/1793
https://ui.adsabs.harvard.edu/abs/2010ApJ...722.1793O/abstract
https://doi.org/10.1086/429955
https://ui.adsabs.harvard.edu/abs/2005ApJ...626..627O/abstract
https://doi.org/10.1051/0004-6361:20066899
https://ui.adsabs.harvard.edu/abs/2007A&A...466..413O/abstract
https://ui.adsabs.harvard.edu/abs/2023ARep...67..470P/abstract
https://ui.adsabs.harvard.edu/abs/2017SSRv..212..743P/abstract
https://ui.adsabs.harvard.edu/abs/2017SSRv..212..743P/abstract
https://doi.org/10.1051/0004-6361/202140601
https://ui.adsabs.harvard.edu/abs/2021A&A...652A.106P/abstract
https://ui.adsabs.harvard.edu/abs/2021A&A...652A.106P/abstract
https://doi.org/10.1051/0004-6361/201628441
https://ui.adsabs.harvard.edu/abs/2016A&A...596A..81P/abstract
https://ui.adsabs.harvard.edu/abs/2016A&A...596A..81P/abstract
https://ui.adsabs.harvard.edu/abs/1997AstL...23..483P/abstract
https://ui.adsabs.harvard.edu/abs/1997AstL...23..483P/abstract
https://doi.org/10.1086/149204
https://ui.adsabs.harvard.edu/abs/1967ApJ...148..803R/abstract
https://doi.org/10.1051/0004-6361/201322803
https://ui.adsabs.harvard.edu/abs/2014A&A...563A..31R/abstract
https://doi.org/10.1093/mnras/stac3310
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518.4895R/abstract
https://doi.org/10.1093/mnras/staf714
https://ui.adsabs.harvard.edu/abs/2025MNRAS.539.3421R/abstract
https://doi.org/10.1093/mnras/stx2455
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.2212R/abstract
https://doi.org/10.1093/mnras/stx1548
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471..317R/abstract
https://doi.org/10.1093/mnras/stx1915
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.4878S/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.4878S/abstract
https://doi.org/10.1088/0004-637X/754/2/99
https://ui.adsabs.harvard.edu/abs/2012ApJ...754...99S/abstract
https://doi.org/10.1051/0004-6361:20031279
https://ui.adsabs.harvard.edu/abs/2003A&A...410..611S/abstract
https://doi.org/10.1093/mnras/staa1926
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497..336S/abstract
https://doi.org/10.1093/mnrasl/slaf043
https://ui.adsabs.harvard.edu/abs/2025MNRAS.541L...1S/abstract
https://doi.org/10.1093/mnras/stv1509
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452.2822S/abstract
https://doi.org/10.1088/2041-8205/730/1/L1
https://ui.adsabs.harvard.edu/abs/2011ApJ...730L...1S/abstract
https://doi.org/10.3847/1538-4357/acff6d
https://ui.adsabs.harvard.edu/abs/2023ApJ...958..139S/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...958..139S/abstract
https://doi.org/10.1086/191680
https://ui.adsabs.harvard.edu/abs/1992ApJS...80..753S/abstract
https://ui.adsabs.harvard.edu/abs/2020ARep...64..107S/abstract
https://ui.adsabs.harvard.edu/abs/2018ARep...62..455S/abstract
https://ui.adsabs.harvard.edu/abs/2018ARep...62..455S/abstract
https://doi.org/10.1093/mnras/stu069
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439.1884T/abstract
https://doi.org/10.3847/2041-8213/835/1/L11
https://ui.adsabs.harvard.edu/abs/2017ApJ...835L..11T/abstract
https://doi.org/10.1093/mnras/stae597
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530.2731T/abstract
https://doi.org/10.1051/0004-6361/200810846
https://ui.adsabs.harvard.edu/abs/2009A&A...495..881V/abstract
https://ui.adsabs.harvard.edu/abs/2009A&A...495..881V/abstract
https://doi.org/10.1016/j.newast.2009.05.007
https://ui.adsabs.harvard.edu/abs/2010NewA...15...24V/abstract
https://ui.adsabs.harvard.edu/abs/2012ARep...56..179V/abstract
https://doi.org/10.1051/0004-6361/201731690
https://ui.adsabs.harvard.edu/abs/2018A&A...614A..98V/abstract
https://doi.org/10.1111/j.1365-2966.2007.12321.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.381.1009V/abstract
https://doi.org/10.1111/j.1365-2966.2008.14376.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.393..822V/abstract
https://doi.org/10.1051/0004-6361/202244500
https://ui.adsabs.harvard.edu/abs/2023A&A...670A..81V/abstract
https://doi.org/10.1051/0004-6361/202037841
https://ui.adsabs.harvard.edu/abs/2020A&A...638A.102V/abstract
https://ui.adsabs.harvard.edu/abs/2020A&A...638A.102V/abstract
https://doi.org/10.1051/0004-6361/202349104
https://ui.adsabs.harvard.edu/abs/2024A&A...687A.192V/abstract
https://doi.org/10.1051/0004-6361/202141932
https://ui.adsabs.harvard.edu/abs/2022A&A...658A.191V/abstract
https://ui.adsabs.harvard.edu/abs/2022A&A...658A.191V/abstract
https://doi.org/10.1038/nature12285
https://ui.adsabs.harvard.edu/abs/2013Natur.499..328W/abstract
https://doi.org/10.1086/589643
https://ui.adsabs.harvard.edu/abs/2008ApJ...682...49W/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...682...49W/abstract
https://ui.adsabs.harvard.edu/abs/2025NatAs...9..741W/abstract
https://doi.org/10.1038/s41586-019-0873-4
https://ui.adsabs.harvard.edu/abs/2019Natur.566...85W/abstract
https://doi.org/10.1051/0004-6361/201732193
https://ui.adsabs.harvard.edu/abs/2018A&A...614A...1W/abstract
https://doi.org/10.1093/mnras/staa1340
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.3807W/abstract
https://doi.org/10.1038/s41586-023-06028-1
https://ui.adsabs.harvard.edu/abs/2023Natur.618..712X/abstract
https://doi.org/10.3847/1538-4357/acb7e5
https://ui.adsabs.harvard.edu/abs/2023ApJ...946...94X/abstract
https://doi.org/10.1051/0004-6361/201630106
https://ui.adsabs.harvard.edu/abs/2017A&A...606A..80Y/abstract
https://doi.org/10.3847/1538-4357/ac8163
https://ui.adsabs.harvard.edu/abs/2022ApJ...937...61Y/abstract
https://doi.org/10.1086/426895
https://ui.adsabs.harvard.edu/abs/2005ApJ...620..459Y/abstract
https://doi.org/10.3847/1538-4357/833/2/214
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..214Z/abstract
https://doi.org/10.1088/0004-637X/746/1/110
https://ui.adsabs.harvard.edu/abs/2012ApJ...746..110Z/abstract
https://doi.org/10.1088/0004-637X/755/1/6
https://ui.adsabs.harvard.edu/abs/2012ApJ...755....6Z/abstract
https://ui.adsabs.harvard.edu/abs/2012ApJ...755....6Z/abstract

	1. Introduction
	2. Numerical Model
	3. Results
	3.1. Onset of the GI
	3.2. Dust Accumulation/Streaming Instability
	3.3. Luminosity Bursts
	3.4. Total Planetesimal Mass
	3.5. Pebbles
	3.6. Snowline
	3.7. Magnetorotational Instability
	3.8. Cosmic Microwave Background

	4. Conclusion
	Appendix. Numerical Method
	A.1. Chemistry and Cooling/Heating
	A.2. Dust Dynamics/Growth
	A.3. Integration Scheme, Sink Particles, and Protostellar Evolution
	A.4. Planetesimal Formation
	A.5. Boundary Conditions and Gravitational Potential Calculations

	References

