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Abstract

Inside-out planet formation (IOPF) is a theory of in situ formation via pebble accretion of close-in Earth to super-
Earth mass planets at the pressure maximum associated with the dead zone inner boundary (DZIB), whose
location is set initially by thermal ionization of alkali metals at ∼1200 K. With midplane disk temperatures
determined by viscous accretional heating, the radial location of the DZIB depends on the accretion rate of the
disk. Here, we investigate the ability of pebbles to be trapped at the DZIB as a function of the accretion rate and
pebble size. We discuss the conditions that are needed for pebble trapping to become efficient when the accretion
rate drops to ∼10−9 M⊙ yr−1 and the resulting DZIB is at ∼0.1 au, which is the expected evolutionary phase of
the disk at the onset of IOPF. This provides an important boundary condition for IOPF theory, i.e., the properties
of pebbles when planet formation begins. We find for our fiducial model that typical pebble sizes of ∼0.5 mm are
needed for pebble trapping to first become efficient at DZIBs near 0.1 au. This model may also provide an
explanation for the first emergence of the transition disk phase in protoplanetary disks with accretion rates of
∼10−9 M⊙ yr−1.

Unified Astronomy Thesaurus concepts: Exoplanet formation (492); Protoplanetary disks (1300); Super Earths
(1655); Astrophysical dust processes (99)

1. Introduction

Among all the exoplanets discovered by Kepler, a significant
portion of them are Earth to super-Earth-sized in multiplanet
systems on aligned orbits that are smaller than that of Mercury.
These “systems with tightly packed inner planets” (STIPs) may
reveal a dominant mode of planet formation in our Galaxy.
There are currently two main scenarios to explain STIP
formation: (1) migration of planets formed in the outer disk
(e.g., W. Kley & R. P. Nelson 2012; C. Cossou et al. 2013,
2014; B. Bitsch et al. 2015; A. Emsenhuber et al. 2021); and (2)
formation in situ (e.g., B. Hansen & N. Murray 2012, 2013;
E. Chiang & G. Laughlin 2013; S. Chatterjee & J. C. Tan 2014).

It has been noted that the migration scenario can have
difficulties concentrating planets close enough to match
observed STIPs (D. S. McNeil & R. P. Nelson 2010). Also,
migrating planets tend to become trapped in orbits of low-
order mean motion resonances, which is not a particular
feature of STIPs (C. Baruteau et al. 2014; D. C. Fabrycky et al.
2014). The discovery that STIPs planets have masses and sizes
consistent with rocky cores (when revealed after evaporation
of their H/He atmospheres; J. G. Rogers & J. E. Owen 2021),
also suggests a formation location inside the water ice line and
thus relatively close to the host star.

The first proposed in situ formation models started with high
concentrations of protoplanets inside 1 au, distributed with a
power-law radial profile, e.g., scaled from the minimum mass
solar nebula. These protoplanets then go through dynamical

collisional growth (B. Hansen & N. Murray 2012, 2013).
However, the initial condition of such models may be subject to
some difficulties, such as early triggering of gravitational
instability (S. N. Raymond & C. Cossou 2014; H. E. Schlichting
2014; see also E. Chiang & G. Laughlin 2013). In addition, the
dynamic effects of gas on protoplanets during their growth tend
to produce planets with masses decreasing steeply with orbital
radius, which is different from the relatively flat scaling seen in
STIPs (M. Ogihara et al. 2015).

Inside-out planet formation (IOPF; S. Chatterjee & J. C. Tan
2014, hereafter Paper I) is a different type of in situ formation
model, involving the sequential formation of planets fed by
pebble accretion with pebbles supplied from the outer disk and
assumed to be trapped at the pressure maximum associated with
the dead zone inner boundary (DZIB) with an inner magnetor-
otational instability (MRI)-active region (S. A. Balbus &
J. F. Hawley 1991). In the IOPF model, the DZIB is set initially
by thermal ionization of alkali metals and/or thermionic emission
from dust grains at temperatures of about 1200 K that provide
sufficient ionization to activate the MRI (S. Mohanty et al. 2018,
hereafter IOPF Paper V; see also M. Jankovic et al. 2021, 2022).
Once the first planet grows to be massive enough to open a
shallow gap in the disk, then the local gas density decreases, the
ionization fraction increases, and the MRI spreads outward,
causing the DZIB to retreat. However, the pressure maximum still
exists, likely just a few tens of Hill radii away from the first planet
(X. Hu et al. 2016, hereafter IOPF Paper III). The process of
pebble trapping at the pressure maximum then repeats, and the
above planet formation process repeats, thus building up a system
of close-in planets sequentially from the inside out.

A key feature of the IOPF model is that there is a
characteristic planetary core mass of a few Earth masses,
which is set by the condition needed for gap opening in the
disk, and that these cores are built of volatile-poor material.
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Both of these predictions were later confirmed by the analysis
of J. G. Rogers & J. E. Owen (2021). Note also that these
planetary cores are expected to be able to accrete a primordial
H/He atmosphere with a few percent of the total planetary
mass, which causes them to appear as sub-Neptunes. Only the
planets that later lose this atmosphere, expected to be via
photoevaporation, then appear as super-Earths.

Another feature of the IOPF model is a high flux of pebbles
delivered to the inner disk, which, via astrochemical modeling,
are predicted to deliver large amounts of water ice that
becomes gas phase water where disk temperatures reach
≳170 K, with implications for the C/O ratio of primordial
atmospheres that form via gas accretion (A. Cevallos Soto
et al. 2022, hereafter IOPF Paper VII). This prediction has
been confirmed by recent James Webb Space Telescope
observations of protoplanetary disks (A. Banzatti et al. 2023).

Concentrating pebbles at the DZIB is the first step of IOPF,
and the status of the disk at this stage is crucial for determining
the locations and masses of the first and subsequent planets.
X. Hu et al. (2018, hereafter IOPF Paper IV) studied pebble
evolution in disks extending out to 30 au that feed inner disk
regions and explored disk parameters such as accretion rate, m,
and viscosity in the DZIB region, α, finding that to match the
locations and masses of observed planets requires accretion
rates m M10 yr9 1 and DZIB viscosities α ∼ 10−4.

The location of dust and pebbles in protoplanetary disks
under the influence of already formed single or multiple
planets has been studied extensively (e.g., Z. Zhu et al. 2012;
C. Baruteau & Z. Zhu 2016; P. Pinilla et al. 2016; R. Dong
et al. 2017). The disk profile under perturbation in these disks
is well-defined by planet–disk dynamics. This is not the case
for the initial DZIB in the IOPF model, which is yet to form a
planet. Observationally, the inner disk profile is difficult to
constrain due to its small physical scale (∼0.1 au). Previous
studies on dust traps created by changes in the viscosity (e.g.,
K. Kretke & D. N. C. Lin 2007; K. A. Kretke et al. 2009;
K. Kretke & D. N. C. Lin 2010) are based on a prescribed α
profile without considering the detailed physics of the MRI.

IOPF Paper V solved for the 2D structure of the inner disk
assuming a steady-state, viscously heated α-disk, and with α
determined self-consistently (via vertical averaging) from
considerations of the MRI and nonideal MHD effects.
M. Jankovic et al. (2021) and M. Jankovic et al. (2022)
presented more detailed models of DZIBs, including effects of
dust on the ionization fraction. M. Cecil & M. Flock (2024)
have presented numerical simulations of DZIBs, including
how they vary in response to accretion disk instabilities.

Our goal in this study is to examine how disk properties and
their evolution, i.e., changes in disk structure caused by
declining accretion rates, affect the trapping of pebbles at the
DZIB, which is needed for the onset of IOPF. In Section 2, we
introduce the physical model of our evolving protoplanetary
disk and discuss the basic physics of pebble radial drift and
trapping. We then examine the particular conditions for
trapping at the DZIB, especially constraints on the size
distribution of pebbles, and discuss the mass fraction of
pebbles that is expected to be trapped at this location. In
Section 3, we summarize our conclusions and discuss the
implications of these results for the onset of planet formation
in the IOPF scenario, as well as the emergence of the transition
disk phase of protoplanetary disks.

2. Physical Model

2.1. Disk Structure

In Paper IV, we followed the evolution of pebbles from an
outer scale of 30 au to the inner region at 0.1 au, but used a
disk model that assumed a constant value of the Shakura–
Sunyaev α viscosity parameter. Now we include a change in
viscosity associated with the DZIB in the inner regions. In
particular, we utilize the α profile around the DZIB derived in
Paper V, here implemented via polynomial fits.

The basic idea is to find out how evolving disk properties
affect the ability of pebbles to be trapped at the DZIB, leading
to pebble ring formation. As the disk evolves, i.e., as the
accretion rate declines, the location of the pressure maximum
caused by the α transition associated with the DZIB moves
inward. From Paper V, we have three snapshots of the radial
profiles of disk midplane α viscosity for the following
accretion rates: m M10 yr8 1= , m M10 yr9 1= , and
m M10 yr10 1= . These radial profiles are shown in the
bottom panel of Figure 1.

We next calculate other physical disk properties from 0.02
to 30 au at 140 logarithmically spaced positions, following the
same method as in Paper IV. The physical structure is solved
first in the inner region as an active disk, i.e., dominated by
viscous heating. Then, we calculate a transition radius where
stellar irradiation heating dominates accretion heating. The
midplane temperatures of the active and passive disk models
(based on E. I. Chiang & P. Goldreich 1997) are compared,
and the hotter one is chosen as the actual value. The radial
profiles of several physical quantities of the disk models, i.e.,
gas mass surface density (Σ), midplane temperature (T),
midplane opacity (κ), disk aspect ratio (h/r), and enclosed
mass in solids (Md(<r)), are shown in the other panels of
Figure 1.

The model properties in the vicinity of the DZIB are
summarized in Table 1. The region of the disk that is of
particular interest for the trapping of pebbles is that just inside
the pressure maximum of the DZIB. As a result of the α
transition, the pressure gradient is positive just inside of DZIB,
so the gas has a super-Keplerian motion that acts to drive
pebbles outward. As α reaches a plateau in the innermost
region, the pressure gradient reverts to its typical negative
value, and we define δrDZIB as the radial extent of the region
with a positive pressure gradient. On the other hand, gas radial
velocity inward always tries to drag pebbles toward the star.
Thus, very small particles that are well coupled to the gas
always move inward regardless of the variation of the pressure
gradient. For a given disk structure, there is a minimum pebble
size that will be trapped at the DZIB.

Note that as the accretion rate decreases, both the gas radial
velocity and pressure gradient at the DZIB decrease. A smaller
pressure gradient means pebbles have a smaller drift velocity
with respect to the gas disk. The gas radial velocity also drops.
This trend of reduced inward gas velocity makes it more
difficult for gas drag to move pebbles inward. A detailed
analysis of the trapping size and accretion rate will be
presented in the following section.

2.2. Pebble Drift

The radial drift of larger grains in protoplanetary disks can
be divided into two parts: the drift relative to gas and the
imposed inward drift due to viscous gas drag, i.e., dragged
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inward by radial gas flow. To describe these effects, we utilize
the equation from T. Takeuchi & D. N. C. Lin (2002):

v v v
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where cs is the sound speed, vK is the local Keplerian orbital
velocity, τfric ≡ ΩKtfric is the dimensionless friction timescale,
and ΩK is the orbital angular frequency. For pebbles of a
certain size, the other two parameters, kP and vr,g, constrain
how the pebbles concentrate at a pressure maximum. Here, kP
is the power-law index of the pressure radial profile, i.e., when

expressed as P P r r k
0 0 P( )/= . At the local pressure maximum

of the DZIB, kP = 0, i.e., there is no radial gradient of
midplane gas pressure. Inside the pressure maximum, kP takes
negative values. Finally, vr,g is the radial velocity of gas due to
viscous evolution.

In the inner part of the protoplanetary disk, the midplane
temperature is dominated by viscous heating powered by
accretion, so the gas radial velocity is (Paper I, Equation (12),
note the differences in normalization of α and rau):
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where γ ≡ 1.4γ1.4 with fiducial normalization to a value of 1.4
for H2 with rotational modes excited, μ = 2.33mH is the mean
molecular mass, κ ≡ κ1010 cm2 g−1 is the disk mean opacity
(with fiducial normalization here appropriate for inner disk
conditions; but note that we will more generally use tabulated
opacities from Z. Zhu et al. 2009), σSB is the Stefan–
Boltzmann constant, m* ≡ m*,1M⊙ is the stellar mass with
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Figure 1. Structural profiles of IOPF disk models used in this paper, assuming dead zone α = 10−4 for accretion rates of 10−8, 10−9, and 10−10 M⊙ yr−1. All models
are for a one solar mass central star. From top to bottom, the rows show: gas mass surface density (Σg); midplane temperature (T); midplane opacity (κ; assumed to
be vertically constant); disk aspect ratio (h/r); enclosed mass in solids (Md(<r)), i.e., initially assumed to be dust, summed in the disk from r1200K out to radius r for a
solid to gas mass ratio of fs = 0.01; disk viscous α profile. Note the difference in location and width of the α transition zones.

Table 1
Model Properties at and near the DZIB for Disks with Different Accretion

Rates

m rDZIB δrDZIB vr,g,DZIB
d P

d r

ln

ln

a

(M⊙ yr−1) (au) (au) (cm s−1)

10−8 0.73 0.65 au 2.35 1.14
10−9 0.23 0.2 au 1.38 0.935
10−10 0.066 �0.05 0.892 0.748

Note. This is the maximum positive pressure gradient in the vicinity of the
DZIB, i.e., just inside the pressure maximum.
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fiducial normalization of 1 M⊙, *f r r1r / , r* is the
stellar radius, and r0.1au ≡ r/(0.1 au). The gas radial velocity
increases with the accretion rate m and decreases with radius r,
with both scalings following a 2/5 power-law dependence.

The disk aspect ratio, h/r = cs/vK, is an important metric of
disk structure that can be related to pebble radial drift. It can be
written in the form (Paper III, Equation (30)):
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The inner disk, where viscous heating sets the temperature
structure, is quite thin, exhibiting a small flaring index of 0.05.

2.3. Pebble Trapping at the DZIB

For the fastest-drifting pebbles (τfric = 1) at 0.1 au, adopting
the fiducial parameters such that kP = 51/20 = 2.55 in a disk
with constant α and κ, we obtain v 2.04drift × and
v 0.97 cm sdrag 4

4 5 1/ . Although these two characteristic
velocity scales differ by several orders of magnitude, the drift
velocity becomes negligible near pressure maxima where
kP ≃ 0. As a consequence of the inward motion of the gas, the
radial drift of pebbles must be directed outward relative to the
gas flow, occurring in regions where kP is slightly negative.
Furthermore, the value of α in this region is expected to
change quite rapidly as one leaves the dead zone. The opacities
may also vary, e.g., due to the beginnings of dust destruction.
The assumption of τfric = 1 will also be invalid for the majority
of pebbles, as gas densities are high and pebbles are more
coupled with gas flow. With the disk profiles and drift
equations, we can numerically calculate the minimum pebble
size to be trapped at DZIB.

In Figure 2, we show a “pebble radial drift map” near the
DZIB, i.e., illustrating how pebble radial drift velocity varies
with pebble size and radial location, for three different values
of disk accretion rate, m. In the bottom panels, the width of the
DZIB region, i.e., from the pressure maximum to the location
of maximum positive gradient, becomes much narrower in the
low-m cases. However, the pressure gradient remains at a
similar level, i.e., d P d rln ln 1/ . There are two factors at
play: first, the pressure gradient is evaluated in logarithmic
space of P and r; second, the disk temperature always
increases when r gets smaller, neutralizing some of the effect
of the jump in the magnitude of α. In the following analysis,
we will assume the value of kP stays constant with different m
and values of dead zone α. Figure 2 also shows radial
profiles of vr,p for pebbles of fixed size across the DZIB
regions. We see that the minimum size of pebbles to be
trapped at the DZIB becomes smaller with lower m. However,
the magnitude of the change is modest. For the highest
accretion rate, m M10 yr8 1= , the minimum size is
0.10 cm. This size is 0.063 cm for m M10 yr9 1= and
0.035 cm for m M10 yr10 1= .

From Equation (1), inside the pressure maximum of the
DZIB, where gas orbits at super-Keplerian speeds, there is a
competition between the tailwind-induced outward radial drift
and inward radial gas drag. For pebbles to be trapped, they
need to be larger than a certain size to become decoupled from
the inward radial gas drag and start to experience significant

outward motion due to the super-Keplerian gas tailwind. The
location of the DZIB, i.e., where the disk reaches a
temperature of about 1200 K, is estimated as (Paper I,
Equation (11) and Paper IV, Equation (13)):

*
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where fDZIB is a dimensionless parameter of order unity
accounting for potential differences from a pure viscous disk
model.

Thus, evaluating the condition for pebble trapping, i.e., vr,
p > 0 at r = rDZIB, i.e., |vdrift|> |vdrag|, we find requires the
following condition on pebble radius:
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where ρp,3 is the pebble density normalized to 3 g cm−3. Note
that here we have adopted the Epstein drag regime. The
midplane density at 0.1 au is (Paper I, Equation (2) and
Paper III, Equation (31)):
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The mean free path λ = 1/(nH2σH2), with the number density
nH2 = ρg/μ and the cross section of the molecule
H2σH2 = 2× 10−15cm2, so we have the upper limit on the
size of pebbles in the Epstein regime (Paper I, Equation (10)):
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Note that this upper limit scales with r33/20, so at rDZIB, it
increases to ∼0.6 cm, an order of magnitude greater than ap,

trap. More complete comparisons between these two sizes are
shown in the top panels of Figure 3.

Equation (5) includes a weak dependence on opacity. However,
this can be approximated as a constant, since it takes values κ =
7.93, 8.33, 9.11 cm2 g−1 when m M10 , 10 , 10 yr8 9 10 1= ,
respectively. The main result is that the minimum pebble size
required for trapping at the DZIB shows a dependence on disk
accretion rate as a mp,trap

1 3/ . Thus, as the disk evolves and the
accretion rate declines, a larger and larger fraction of pebbles is
expected to be trapped at the DZIB.

We note that the factor *f r r1r / also varies with m.
However, for a typical value of r* ≃ 3 R⊙, we find that fr =
0.86, 0.75, 0.54 for the cases m M10 , 10 , 10 yr8 9 10 1= ,
so that f 1.11, 1.21, 1.51r

2 3/ = , so it has a weaker effect
compared to that of the declining accretion rate. For
simplicity, we adopt fr = 1 in the function for rDZIB, while

*f r r1r / for all other quantities at rDZIB.
The top panels of Figure 3 show the dependence of ap,trap as

a function of the accretion rate and as a function of the radius
of the DZIB. Note that the accretion rate is expected to decline
as the disk evolves and, associated with this, rDZIB is also
expected to decrease. These panels also show the size of
pebbles that would be subject to the Stokes drag regime, thus
validating the use of the Epstein regime in the derivation of
Equation (5). Other panels in Figure 3 show how accretion rate
and rDZIB vary with each other and how the expected planet
mass formed at the DZIB in the IOPF model (set by shallow

4

The Astrophysical Journal, 999:220 (10pp), 2026 March 10 Hu & Tan



gap opening) varies with these quantities. We note that the
precise definition of the planet mass is introduced later in
Equation (11).

2.4. Pebble Trapping Fraction at the DZIB

To evaluate the mass fraction of pebbles that are trapped
at the DZIB, ftrap, and the complementary leakage fraction,
fleak ≡ 1 − ftrap, we need to consider the size distribution of
the pebbles. Grain and pebble growth processes, mainly
occurring in the outer disk, are expected to lead to a
general increase in pebble size as the disk evolves. For
example, in IOPF Paper IV, it was found that in the fiducial
case of dust evolving via sweep-up growth and pebble–

pebble collisions, the characteristic size of pebbles reaching
the inner ∼1 au achieved (after ∼0.5 Myr of evolution) a
fairly narrow distribution peaked near ∼1 cm in radius.
This characteristic size declined to about 1 mm for locations
in the disk around ∼5 au. These results were quite
insensitive to the choice of α, i.e., varied in the range from
10−4 to 10−3.

Simulations with the DustPy code (S. Stammler &
T. Birnstiel 2022) of dust evolution within a fixed background
gas model of the Paper IV disk, i.e., with m 19 = and
α = 10−4, have been performed by M. Hjält (2024), who also
find that inside 1 au most of solids mass are dominated by the
upper end of the pebble size, with a narrow distribution that is
peaked at ∼0.6 cm (for fragmentation velocity of 1 m s−1).

Figure 2. (a) Top row: map of pebble radial drift velocity plotted in parameter space of disk radius, r, and pebble radial size, ap. Red color is used for inward drift
velocities; blue for outward velocities. From left to right, the panels show results for disks with m M10 yr8 1= , m M10 yr9 1= , and m M10 yr10 1= . All
disks have the same dead zone α = 10−4. The minimum size of pebbles that experience a zone of outward migration (blue) and thus can be trapped near the DZIB
becomes smaller as m decreases, i.e., 0.10 cm at m M10 yr8 1= , 0.063 cm at m M10 yr9 1= , and 0.035 cm at m M10 yr10 1= . (b) Middle row: as (a),
but now showing radial velocity of fixed-size pebbles as a function of the radial location. (c) Bottom row: as (a), but now showing pressure gradient
(d P d r kln ln P/ ) profile near DZIB. All models have similar values kP ≃ −1 in the region just inside the pressure maximum.
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The above results suggest that as the disk evolves to lower
accretion rates, leading to inward motion of the DZIB and
reduction of the minimum size for pebble trapping. The
trapping fraction could dramatically increase once this size
coincides with that of the typical pebble size at the location of
rDZIB.

In Figure 4(a), we show the evolution of the minimum size
of pebbles to be trapped at the DZIB, atrap, as a function of the
disk accretion rate. We also indicate the peak pebble sizes of
three assumed log-normal distributions, peaking at 0.5, 1, and
2 mm and with dispersion σp = 0.2 dex, which are guided by
the results of IOPF Paper IV. Note that this log-normal
distribution is intended to approximate the upper end of the
evolved pebble size distribution; the full width of the large-
grain component that dominates the solid mass is approxi-
mately 1 dex (corresponding to 5σ). In Figure 4(b), we then
show the evolution of the resulting pebble trapping fraction at
the DZIB, ftrap. We see that this fraction rises from near zero
during the early, high-accretion-rate stages to approach unity
by the final low-accretion-rate phase. The precise accretion
rate at which this transition occurs depends on the assumed
pebble size distribution. For pebble sizes of 0.5, 1, and 2 mm,
the transition, defined by ftrap = 0.5, occurs at accretion rates of
∼6× 10−10, 6× 10−9, and 6× 10−8 M⊙ yr−1, respectively.
Keeping this log-normal size distribution, a smaller dispersion
leads to a much sharper transition in trapping efficiency over
the course of disk evolution. For example, adopting
σ = 0.1 dex with a peak size of 1 mm yields a minimum size
of ∼0.5 mm, in which case the trapping efficiency is nearly
zero at m M10 yr8 1= and then rises rapidly to almost
100% by m M10 yr9 1= . In contrast, a broader distribution
with σ = 0.4 dex corresponds to a “full width” spanning
approximately 0.05–20 mm. This wider range produces a
trapping efficiency of ∼15% even at m M10 yr6 1= ,
followed by a much flatter increase that does not approach

unity until m M10 yr10 1. We thus see that the onset of
pebble trapping at the DZIB is quite sensitive to the pebble
size distribution in this location, which thus motivates the need
for improved studies of the processes of pebble growth and
destruction in these environments.

Here, we discuss some additional considerations related to
the pebble size distribution in DZIB regions. One process that
may set a maximum size of pebbles is collisional fragmenta-
tion. The turbulent fragmentation limit on pebble radius is
(T. Birnstiel et al. 2012, Equation (8)):

a f
u

c

2

3
, 8p f

p

f

s
,frag

2

2
( )=

where uf is the fragmentation velocity, and ff is a dimensionless
factor (with fiducial value 0.37) by which the representative
maximum pebble size is smaller than the theoretical limit.
Inserting conditions of the DZIB, we have the following
dependence of the pebble fragmentation limit on accretion
rate:

a
f u

f m12.9 cm. 9p
f f

p
r,frag

,0.37 ,10
2

,3 1.4
5 3 10

8 15
4
5 3

9
1 3( ) ( )

/
/ / /=

There are two parameters that the fragmentation limit is
most sensitive to: fragmentation velocity, uf, and turbulent
viscosity parameter, α. The former has a high uncertainty,
ranging from ∼1 to ∼10 m s−1, based on different pebble
compositions and environments. The α parameter is usually set
to be constant during disk evolution for simplicity and is also
highly uncertain. Overall, we see that the turbulent fragmenta-
tion size limit is generally much larger than the minimum
trapping size. We note that, other factors being equal, it is
expected to decrease as disk evolves as m1 3/ , which is the
same scaling as ap,trap.

Figure 3. (a) Left: evolution of disk and planet properties as a function of the accretion rate. Note that the evolution during planet formation is expected to be from a
high-accretion-rate state (on the right) to a low-accretion-rate state (on the left), as indicated by the arrow at the bottom of the figure. These results assume constant
opacity κ = 10 cm2 g−1 and α = 10−4. Upper panel: minimum size for a pebble to be trapped at the DZIB vs. accretion rate (white solid line). Pebbles in the blue
region are trapped, while those in the red region are dragged inward through the DZIB along with gas accretion. The black solid line is the critical size to enter the
Stokes drag regime (above the line) from the Epstein drag regime (below the line). Middle panel: location of pressure maximum predicted by Equation (4). Lower
panel: mass of the first planet to form in the IOPF model due to shallow gap opening leading to pebble isolation (Equation (11)). (b) Right: as (a), but now shown as a
function of the radial location of the DZIB, which evolves from large to small distances, and with the middle panel showing accretion rate vs. rDZIB.
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If turbulent-driven fragmentation is the main process setting
the size limit of pebbles, then the pebble size distribution is
expected to be reasonably well described by a power law (e.g.,
T. Birnstiel et al. 2015; S. Okuzumi et al. 2016), i.e.,

dm a a da . 10p p p
5 8( ) ( )/

Assuming this power law holds from a minimum grain size
of 0.1 μm up to the fragmentation limit, given the minimum
trapping size, we can then evaluate the mass fraction of
pebbles that is trapped at the DZIB. Under such assumptions,
we find that the trapping fraction does not evolve significantly
with disk accretion rate, e.g., having values ranging from 0.17
to 0.3 for accretion rates between m M10 10 yr10 6 1=
for the case with fragmentation velocity of 10 m s−1. However,
we note the sensitivity of this result to the assumed minimum
grain size, as well as the overall assumption that pebbles have
time to grow to become limited by the fragmentation barrier.

2.5. Impact of Planet Formation Time

The planetary mass required for pebble isolation via shallow
gap opening, i.e., the mass scale of planets forming via IOPF,

is (Paper IV, Equation (15)):
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Then, the mass of the first, i.e., “Vulcan,” planet to form is
evaluated by taking rDZIB as the planet’s location. We obtain

*
M m f m M4.25 . 12p r,1 1.4

35 36
10
5 18

4
2 9

,1
1 6

9
5 9( ) ( )/ / / / /=

Note the differences from Equation (17) in Paper IV, where we
replaced r0.1,au with rDZIB. Because MG,D is only weakly dependent
on orbital radius, Mp,1 retains a similar scaling with m. Thus, we
see that the innermost planet’s mass varies from Mp,1 = 1.18M⊕
for m M10 yr10 1= , to 4.25M⊕ for m M10 yr9 1= , to
15.3M⊕ for m M10 yr8 1= , and that the required gap-opening
mass is significantly larger in the earlier, higher-accretion-rate
phases when the DZIB is further out.

In the models developed in Paper IV, the disk outer boundary
is supplied with dust and pebbles, given the steady-state

10 1a p
(c

m
)

2.0mm
1.0mm

0.5mm
ap, trap

10 10 10 9 10 8 10 7 10 6

m (M /yr)

0.0

0.2

0.4

0.6

0.8

1.0

f tr
ap

2.0mm
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Figure 4. (a) Top panel: minimum trapping size at the DZIB location (red dashed line), shown as a function of the disk accretion rate, with evolution expected to
occur from right to left. The peak pebble sizes of three assumed log-normal distributions (peaking at 0.5, 1, and 2 mm and with dispersion σp = 0.2 dex) are indicated
by the horizontal lines. (b) Bottom panel: evolution of DZIB pebble trapping fraction, ftrap, with disk accretion rate for the three pebble size distributions described
in (a).
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accretion rate and our adopted value of fs = 0.01, and the
fiducial pebble to dust mass ratio is also set to 0.01 for the
injected solids. Due to sweep-up growth, it was found that most
solids are incorporated into pebbles, i.e., f m m 1p p s/= .
Then, the accretion limited pebble supply rate is:

m f f m M

f f m M

10 yr

3.33 10 yr . 13

p p s

p s

11
,0.01 9

1

6
,0.01 9

1 ( )
=

= ×

This implies the formation time of the first Vulcan planet is
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Thus, we see that even when the trapping fraction rises to
unity, the timescale to form the first planet can be ∼1 Myr,
which is a characteristic timescale of disk accretion rate
evolution. However, as discussed in Paper IV, there could be a
phase of boosted pebble supply rate during early phases of disk
evolution, triggered by the time when a significant population
of macroscopic pebbles develops that is able to engage in
efficient sweep-up growth of the small grain dust population.
Typical boost factors in the pebble supply rate in the first
few×105 yr were found to be fp,boost ∼ 10. In the case of
significant enhancements in pebble supply rates, the timescales
implied by Equation (14) should be regarded as upper limits.

The flux of trapped pebbles at the DZIB and local Vulcan
planet formation time given this instantaneous pebble flux is
shown in Figure 5 for the three pebble size distributions (ap,
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Figure 5. (a) Upper panel: effective pebble flux that is trapped at the DZIB as a function of the disk accretion rate for the models with ap,peak = 0.5, 1, 2 mm (green,
orange, blue lines, respectively) and for fp,boost = 1 and 10 (solid and dashed lines, respectively). For the fiducial evolving disk model in which accretion rate declines
by a factor of 10 every 1 Myr, the point at which the time-integrated trapped pebble mass equals the gap-opening mass is indicated by solid and open circles for cases
with fp,boost = 1 and 10, respectively. (b) Middle panel: Vulcan planet formation timescales, t M f mp pform,1 ,1 trap( )/ , i.e., the time to accumulate enough material for a
planet to have enough mass to open a shallow gap in the disk, i.e., with Mp,1 = MG,D, for the same cases shown in (a). Note that these times are based on
instantaneous rates. The solid and open circles mark the stages at which the time-integrated trapped pebble mass equals the gap-opening mass, as described in (a). (c)
Bottom panel: evolution of gap-opening mass, MG,D, at the DZIB, i.e., Mp,1, with disk accretion rate.
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peak = 0.5, 1, 2 mm), the fiducial accretion rate evolutionary
model of IOPF Paper IV (m m e t t

0 0/= , with
t0 = 4.34× 105 yr so that accretion rates decline by a factor
of 10 every 1 Myr), and for cases with fp,boost = 1 and 10.

As expected, we see that the flux of trapped pebbles is
sensitive to the adopted pebble size distribution. For the case
of ap,peak = 0.5 mm, it rises from very low values at early
evolutionary phases, achieving a maximum value when
m M10 yr8 1. For the cases with larger pebble sizes,
much higher fluxes of trapped pebbles are achieved at earlier
stages.

Given the dependence of Mp,1 with accretion rate, the
instantaneous formation times occupy a relatively narrow
range, independent of the adopted pebble size distribution. For
fp,boost = 1, tform,1 ∼ 1–3 Myr. For fp,boost = 10, the formation
times are reduced to ∼0.1–1 Myr.

With an accretion rate that declines by an order of
magnitude per Myr, both rDZIB and the gap-opening mass
Mp,1 evolve during the interval over which the planet
accumulates most of its mass. Figure 5 indicates (solid circles
for fp,boost = 1; open circles for fp,boost = 10) the locations
along the evolutionary tracks when the time-integrated trapped
pebble mass equals the required planetary gap-opening mass at
the current DZIB location.

Figure 6(a) shows the time evolution of the flux of DZIB-
trapped pebbles and times of formation of the Vulcan planets.
Note that t = 0 is defined here as the point in the disk evolution
when the accretion rate is 10−6 M⊙ yr−1. Figure 6(b) shows the
mass versus semimajor axis, i.e., DZIB location at time of
gap opening, for the Vulcan planets. For example, for
ap,peak = 0.5 mm and fp,boost = 1, the Vulcan planet forms with
about 3M⊕ at a location of about 0.2 au. Setting fp,boost = 10
causes this planet to form with ∼10M⊕ at about 0.5 au. Larger
values of ap,peak lead to more massive Vulcan planets at
semimajor axes ≳1 au.

From these results, we conclude that for the model of IOPF
presented here to reproduce observed properties of STIPs, i.e.,

the masses and semimajor axes of their Vulcan (innermost)
planets, requires typical pebble sizes of ∼0.5 mm at the
location of the DZIB. We note that processes that we have not
accounted for in our model, such as DZIB fluctuations induced
on local scales, e.g., by turbulence, or global scales, e.g., by
accretion rate fluctuations, including bursts, may lead to
reduced trapping efficiency of pebbles at the DZIB. In this
case, the onset of planet formation at locations close to 0.1 au
may require larger pebble sizes.

The results discussed above may be influenced by the
assumed evolution of the disk accretion rate, motivating a brief
consideration of alternative m t( ) histories. Our fiducial
exponential decay model, in which m decreases by an order
of magnitude per Myr, is motivated by Paper IV and is broadly
consistent with observationally inferred disk lifetimes of
∼1–10 Myr. A slower decline in m would keep the DZIB at
larger radii for longer and increase the associated gap-opening
mass, thereby lengthening the formation time of the Vulcan
planet and producing a more massive planetary system with
generally wider orbital spacing. In more extreme cases, the
system may remain in a high-accretion, low-trapping-
efficiency state for an extended period, effectively stalling
the onset of IOPF and yielding longer formation times and
fewer planets. Conversely, a more rapid decay of m or early
depletion of the inward pebble flux could inhibit the growth of
the first planet before it reaches the shallow gap-opening mass
to trigger DZIB retreat, thereby halting the subsequent IOPF
process. However, it remains uncertain whether outer dust
traps can form before the development of the DZIB. Rings and
gaps are ubiquitous features in gaseous disks, yet their
formation mechanisms—and consequently their characteristic
timescales—are still not well constrained. Moreover, recent
theoretical studies suggest that these substructures behave
more like dust “traffic jams” rather than efficient dust traps
(e.g., X. Hu et al. 2022). Such rapid m declines are also in
tension with viscous evolution models, as they imply
unphysically fast depletion of the gas disk mass. While
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Figure 6. (a) Left panel: time evolution of flux of trapped pebbles at the DZIB for the models with ap,peak = 0.5, 1, 2 mm (green, orange, blue lines, respectively) and
for fp,boost = 1 and 10 (solid and dashed lines, respectively). (b) Right panel: mass vs. semimajor axis for the Vulcan planets formed for the models shown in (a).
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wind-driven accretion can remove gas more efficiently, it does
not substantially alter the midplane dust reservoir, and a
detailed examination of pebble delivery in wind-driven disks is
beyond the scope of this work.

3. Conclusions and Discussion

When gas radial drag on pebbles is considered, the pressure
bump in the inner region of a protoplanetary disk is not a pure
particle trap anymore. We first examined disk properties at
three accretion rates—10−8, 10−9, and 10−10 M⊙ yr−1—using
realistic α-viscosity profiles derived from models of the
ionization fraction of the inner disk (IOPF Paper V). We found
that the critical condition for pebble trapping, namely, the
pressure gradient at the DZIB that controls the outward drift
velocity, remains approximately constant across these distinct
accretion rates. Motivated by this result, we adopted analytic
models that span a broader range of accretion rates and
ultimately incorporate long-term disk evolution. The minimum
trapping size, ap,trap decreases modestly as the accretion rate
declines.

To better isolate the effects of pebble size and disk
evolution, we approximated the pebble size distribution near
its upper end using a narrow log-normal distribution (full
width ≃1 dex), which corresponds to the size range where
most of the solid mass is concentrated. We find that the
trapped pebble flux varies significantly with pebble size, and in
order to form a ∼3M⊕ planet near 0.1 au, the majority of the
pebble mass must be concentrated around 0.5 mm.

In addition to the pebble size at the DZIB, the primary
uncertainty in our model lies in the disk conditions at this
location. In particular, the dust dynamics just outside the active
zone likely involve more than simple radial drift balanced by
gas drag. Meridional flows are known to lift dust particles from
the midplane into the disk surface (X. Hu et al. 2022), where
smaller grains may be entrained and ejected by disk winds.
The accretion flow structure is also complex: simulations
incorporating various ionization prescriptions have demon-
strated that accretion can be dominated either by surface layers
(L. Wang et al. 2019; X. Hu et al. 2021) or concentrated near
the midplane (X. Hu et al. 2022). An enhanced radial gas
velocity, vr,g, at the midplane significantly increases the critical
trapping size, thereby favoring larger pebbles under the
conditions relevant to the IOPF scenario. DZIB fluctuations
due to local turbulence and/or accretion rate variations may
also reduce the trapping efficiency, which would then
require larger pebbles for the onset of first planet formation.
Future work on realistic simulations of DZIB conditions
coupled with dust and pebble evolution is needed to explore
these possibilities.

Observationally, the onset of IOPF is expected to lead to a
reduction in the amount of dust and pebbles in the very inner
disk. Such systems are then expected to appear as “transition
disks” in which the global spectral energy distribution lacks
emission from dust at these locations (e.g., C. F. Manara et al.
2023; N. van der Marel 2023). IOPF and the model of pebble
trapping we have presented here may provide an explanation
for the emergence of the transition disk phase at accretion rates
∼10−9 M⊙ yr−1 (e.g., C. Manara et al. 2014).
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