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ABSTRACT

The K7 T Tauri starPDS 70 remains the best laboratory for investigating the influence of giant planet formation on the structure of the
parental disk. One of the most intriguing discoveries is the detection of a resolved inner disk from ALMA observations that extends up
to the orbit of PDS 70b. It is challenging to explain this inner disk because most of the dust particles are expected to be trapped at the
outer edge of the gap opened by PDS 70b and PDS 70c. By performing dust evolution models in combination with radiative transfer
simulations that match the gas disk masses obtained from recent thermo-chemical models of PDS 70, we find that when the minimum
grain size in the models is larger than 0.1 um, there is an efficient filtration of dust particles, and the inner disk is depleted during the
first million year of dust evolution. To maintain an inner disk, the minimum grain size in the models therefore needs to be smaller than
0.1 pm. Only when grains are that small are they diffused and dragged along with the gas throughout the gap opened by the planets.
The small grains transported in the inner disk grow and drift into it, but the constant reservoir of dust particles that are trapped at the
outer edge of the gap and that continuously fragment allows the inner disk to refill on million-year timescales. Our flux predictions at
millimeter wavelength of these models agree with ALMA observations. These models predict a spectral index of 3.2 in the outer and
3.6 in the inner disk. Our simple analytical calculations show that the water emission in the inner disk that was recently observed with
the James Webb Space Telescope may originate from these ice-coated small grains that flow through the gap, grow, and drift toward
the innermost disk regions to reach the water snowline. These models may mirror the history and evolution of our Solar System, in
which Jupiter and Saturn played a crucial role in shaping the architecture and properties of the planets.
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1. Introduction

Although planets form in protoplanetary disks, it remains hard
to discover them while they are still surrounded by their parental
disk remains. Protoplanet candidates are still highly debated
(Asensio-Torres et al. 2021; Benisty et al. 2023; Ren et al. 2023).
The K7 T Tauri star PDS 70 remains the best laboratory for
studying the influence of giant planet formation on the disk
structure.

PDS 70 is 5.4 Myr old and is located in the Upper Centaurus
Lupus association at a distance of 113.47 pc (Miiller et al. 2018;
Gaia Collaboration 2021). It hosts a disk with a large cavity
that is visible at different wavelengths, including scattered light
(Dong et al. 2012) and (sub-)millimeter observations (Hashimoto
et al. 2015; Keppler et al. 2019). Inside the cavity, two planets
at separations of ~22 au (PDS 70b) and ~34 au (PDS 70c) have
been discovered (Keppler et al. 2018; Miiller et al. 2018) that
are still accreting material from the disk (with values of ~1078—
1077 Myyp yr~! for PDS 70b and ~1078 My, yr=! for PDS 70c,
Aoyama & Ikoma 2019; Haffert et al. 2019; Thanathibodee
et al. 2019; Hashimoto et al. 2020; Zhou et al. 2021). The
masses of these planets are difficult to constrain observationally.

Wang et al. (2021) provided dynamical constrains of the
planet masses by enforcing dynamical stability of the planet
orbits. They obtained values of 3.2t?:g My, for PDS70b and

7.5%3) My, for PDS 70c. Most likely, the masses of PDS 70b and
PDS 70c range between 1 and 10 My, which is also supported
by hydrodynamical models and radiative transfer simulations of
this system (Bae et al. 2019; Toci et al. 2020).

The planetary accretion of PDS 70b and PDS 70c suggests
that gas flows through the gap. This has been supported by recent
observations from The Atacama Large Millimeter/submillimeter
Array (ALMA) of different molecules (Keppler et al. 2019;
Facchini et al. 2021), where '>CO and HCO* were observed
within the orbit of PDS 70b. Portilla-Revelo et al. (2023) ana-
lyzed these ALMA observations and suggested that the depletion
factor of the gas density inside the gap is such that both planets
are as massive as 4 My,p. Circumplanetary disks (CPDs) around
both planets have been directly or indirectly observed. For
PDS 70b, the spectrum in the K band from the Very Large Tele-
scope/SINFONI supports a scenario of dust around PDS 70b,
which was interpreted as a CPD (Christiaens et al. 2019). The
CPD of PDS 70c was directly detected with ALMA (Isella et al.
2019; Benisty et al. 2021). Interestingly, tentative co-orbital
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submillimeter emission within the Lagrangian region L5 of the
protoplanet PDS 70b has recently been suggested by reanalyzing
the ALMA data (Balsalobre-Ruza et al. 2023).

One of the most intriguing discoveries from the ALMA
observations is the detection of a resolved inner disk (Long et al.
2018; Keppler et al. 2019; Benisty et al. 2021). This is consistent
with the detection of near-infrared excess in the spectral energy
distribution (SED, Dong et al. 2012), which could be explained
by a population of small (micron-sized) dust particles close to
the star. It is currently unclear how this inner disk can exist and
be sustained over million-year timescales with the current esti-
mate of mass accretion rate onto the star (Campbell-White et al.
2023). Due to the dust trapping at the outer edge of the common
gap created by the two giant planets (PDS 70b and PDS 70c), it is
expected that most of the dust is blocked and stops the dust filtra-
tion and flow of dust from the outer to the inner disk (e.g., Pinilla
et al. 2016; Drazkowska et al. 2019). It is important to determine
the physical conditions for which this inner disk can be sustained
for understanding whether terrestrial planets can still form within
this inner region. In addition, the pebble flux from the outer to
the inner disk can also determine the number of essential ele-
ments for sustaining life, such as water, that could be available
within the snowline in the gas phase and that may be accreted by
forming planets.

Observational evidence recently showed that water vapor is
likely delivered to the inner disk through icy pebbles that drift
inward (e.g., Salyk et al. 2011, 2019). Observations of the lumi-
nosity of infrared H,O emission from Spitzer and the James
Webb Space Telescope (JWST) spectra and the spatially resolved
dust disk radius obtained from ALMA images suggest that the
disks that are large and host substructures (which retain the peb-
bles in the outer disk) with a lower H,O content (Banzatti et al.
2020, 2023). This is supported by models that include dust evolu-
tion, substructures, water sublimation, and the diffusion of water
vapor in the inner disk (e.g., Kalyaan et al. 2021, 2023). This
introduces a new idea in the field, according to which the ori-
gin of water on the inner terrestrial planets does not only rely on
local collisions of water-bearing planetesimals, but may mainly
come from drifting icy-particles.

The JWST observations of PDS 70 with the Mid-InfraRed
Instrument (MIRI) revealed a wealth of water lines, implying
the presence of water in the inner disk (<1au) and indicating
that potential planets forming in the inner disk may have access
to a water reservoir despite the two giant planets in the outer
disk (Perotti et al. 2023). This challenges current models of dust
evolution with giant embedded planets that are massive enough
to open deep gaps, such as PDS 70b and PDS 70c, where dust
trapping is expected to be very efficient at the edge of their
gap.

In this paper, we perform dust evolution and radiative trans-
fer models for the conditions of PDS 70 (Sect. 2) to investigate
how its inner disk can survive over million-year timescales. The
results of these models and the comparison with current and
future ALMA observations are presented in Sect. 3. The results
and limitations are discussed in Sect. 4, in addition to the com-
parison with recent JWST observations. Finally, we present the
main conclusions of this work in Sect. 5.

2. Models
2.1. Hydrodynamical models

The results from hydrodynamical models of planet-disk inter-
action performed by Bae et al. (2019) were used as input for
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the dust evolution models presented in this work. The models
from Bae et al. (2019) were tailored to simulate the struc-
ture of PDS 70. The authors performed these simulations with
the two-dimensional locally isothermal hydrodynamical code
FARGO-ADSG (Baruteau et al. 2019), which is an extension of
the publicly available FARGO code (Benitez-Llambay & Masset
2016). In the models taken for this work, the mass of PDS 70b
was 5My,, and that of PDS 70c was 2.5 Mj,,. The disk viscos-
ity (@) was assumed to be constant over radius as well as over
time, and to be equal to 1 X 1073, The initial disk mass was
3x 1073 M,

To input the gas density distribution from the 2D (radial
and azimuthal) hydrodynamical simulations to the 1D (radial)
dust evolution models, the results from the hydro models were
azimuthally averaged over 0.1 Myr (between ¢ = 0.9 and 1 Myr)
after the disk had reached a quasi-steady state (Fig. 2 in Bae et al.
2019). After this time, the disk mass was 9 x 10~ M, which is
the disk mass we used as input in the dust evolution models. The
planets migrated in the simulations, which means that their radial
locations changed over time, although the migration was pretty
slow (0.3 and 0.5 au Myr~! for b and c, respectively).

The averaged gas surface density and radial grid were used
for the dust evolution models, and we assumed that the gas den-
sity remained steady during the dust evolution described in the
next subsection.

2.2. Dust evolution models

For the dust evolution, we used the code Dustpy (Stammler
& Birnstiel 2022), version 1.0.3. Dustpy calculates the growth
and fragmentation of dust particles, as well as their dynam-
ics. Because we assumed that the gas surface density profile
remained constant over time, we did not include gas evolution
in these models. Details about the equations solved in these
dust evolution models are given in Birnstiel et al. (2010) and
Stammler & Birnstiel (2022).

The original radial grid from the hydrodynamical simula-
tions that had 672 cells (from 2.2 and 198 au) was interpolated
to 100 cells to speed up the dust evolution models. With this
resolution, we resolved the outer edge of the gap, where parti-
cles accumulate with about 26 radial cells, and the gap and inner
disk were resolved with more radial cells because the grid is log-
arithmically spaced. A resolution test is present in Appendix A.
The peak of the pressure maximum from the hydro models is
about 60 au. This peak should coincide with the peak of the
ring observed at millimeter observations at 77 au. In our mod-
els, we took the pressure maximum as the reference point, and
we therefore scaled the results from the hydrodynamical simula-
tion before performing the dust evolution models, such that the
pressure maximum was at 77 au. After this correction, the radial
grid extended from 2.9 to 249 au.

The stellar parameters were the same as in Bae et al.
(2019), that is, a 0.85 My, stellar mass. The viscosity was taken
as in the hydrodynamical simulations (¢ = 1072), which was
also assumed for dust diffusion and for the vertical and radial
turbulence of the dust (Pinilla et al. 2021).

The fragmentation velocity of the particles was assumed to
be 10ms~!. This fragmentation velocity assumes that the outer
layer of the grains is composed of water-ice, for which the
sticking force is thought to be strong. Currently, there are no
laboratory experiments that reproduce the collisions of water-
ice dust particles at the low temperatures and pressures of
those of protoplanetary disks (Blum et al. 2000; Wada et al.
2009; Gundlach et al. 2018; Arakawa et al. 2023). Laboratory
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experiments that decreased the temperature of dust collision
experiments to ~150-180 K suggested that water-ice particles
may not be as sticky as thought before and that the fragmen-
tation velocity is lower (~1 m s~ e.g., Musiolik & Wurm 2019;
Steinpilz et al. 2019). Pinilla et al. (2021) demonstrated that when
the fragmentation velocity of the particles is 1 ms~! in the entire
disk, the disk needs to have low turbulence to be able to repro-
duce millimeter observations of typical disks. However, with
low turbulence (a < 107*), a Jupiter-mass planet is expected to
create multiple types of substructures, which are not observed
in the PDS 70 disk, including multiple rings, gaps, and asym-
metries (e.g. Ataiee et al. 2013; Bae et al. 2018). We therefore
decided to work with the hydrodynamical results that assumed
@ = 1073, for which vy = 10ms™' works well to reproduce
observations.

The dust density distribution was initially assumed as the
interstellar medium to follow a power law as n(a) o< a=>> from
a minimum grain size, which we varied between [1 X 1076,
1x107%,5x 10~°] cm. The maximum grain size in the initial dust
size distribution was 1 x 10~ cm. We therefore present results
from three different models. We note that in Pinilla et al. (2016),
we investigated the effect of assuming a different power law for
the initial condition of dust distribution on the dust trapping and
filtration, and we found that the results are not affected by this
assumption.

These initial minimum grain sizes were selected to explore
the dust filtration at the outer edge of the gap and investigate the
size of dust particles that is required to maintain the inner disk.
Because the grains were allowed to grow, the maximum grain
size of the grid was 10cm, and we took 7 grid cells for each
order of magnitude in mass (Stammler & Birnstiel 2022). This
means that the grain size grid had 148, 127, and 113 cells when
Qinitial = [1 X 10_6—10_4] cm, dipital = [1 X 10_5—10_4] cm, and
Ginitial = [5 X 107°-107%] cm, respectively. The initial dust-to-gas
ratio was 1/100. The volume density of the particles (ps) was set
to 0.85 gcm™ in order to be consistent with the grain composi-
tion and opacities assumed in the radiative transfer simulations.
The simulations ran from 0 to 10 Myr. Under the hypothesis that
the two planets required at least 1 Myr to form in addition to the
1 Myr of planet-disk interaction in the hydrodynamical models,
the initial time of the dust evolution models should be seen as at
least 2 Myr of the disk age.

2.3. Radlative transfer simulations

To compare the results from the dust evolution models to pre-
vious and future ALMA observations and give predictions for
different wavelengths, we performed radiative transfer calcula-
tions with RADMC3D (Dullemond et al. 2012). The opacity of
each grain size was calculated using optool (Dominik et al.
2021), and we assumed that the grains were porous spheres with
a vacuum volume fraction of 40% and that they were composed
of 10% silicate, 20% carbon, and 30% water ice (Ricci et al.
2010). This composition gives a volume density of the dust par-
ticles of 0.85 gcm™. Stadler et al. (2022) and Zormpas et al.
(2022) demonstrated that with these opacities, the models of dust
evolution and radiative transfer agree better with observations,
specifically, with the millimeter fluxes and spectral indices (in
contrast to the DSHARP opacities, Birnstiel et al. 2018).

The only source of radiation is the central star, which was
assumed to be a black-body with a temperature of 3972 K.
For our calculations, we assumed 1 x 107 photons and 5 x 10°
scattering photons.

: A&A, 686, A135 (2024)

We calculated the total volume dust density of each grain size

as

Sa(R, SY) ( 2 )
R, 0,2,5t) = ——— exp| ———— |, Q)
Pl VarhaR, S0 - U212k, Sy

where z = r cos(#) and R = r sin(#), with 6 being a polar angle.
X4 is the dust surface density obtained from the dust evolution
models. The radial grid was assumed as in the dust evolution
models, and for the vertical and azimuthal grid, we assumed 32
and 64 cells, respectively. The dust scale height A4 for each par-
ticle size was given by (Youdin & Lithwick 2007; Birnstiel et al.
2010)

a
min(St, 1/2)(1 + St) )~

hq(St) = h X min (1, \/ 2)

where @ = 1073 as in the hydrodynamical and dust evolu-
tion models, and St is the Stokes number of the dust particles
calculated at the midplane, which is

St= 22, 3)

with a as the grain size, and X, the gas surface density. A similar
procedure was used for example by Pohl et al. (2017) and Pinilla
et al. (2021).

3. Results
3.1. Dust density distribution

Figure 1 shows the dust density distribution after 1 Myr (top
panels) and 10 Myr (bottom panels) of evolution as a function
of grain size and distance from the star. The y-axis of each col-
umn is different because it depends on the initial grain size that
is assumed in the models (given in the title of each column).
The plots include the St=1 (solid white line), which is propor-
tional to the gas surface density taken from the hydrodynamical
simulations.

The left column of Fig. 1 corresponds to models where
@iniial = [5 X 107°=107%] cm, which is our model with the largest
minimum grain size. As expected, the filtration of dust particles
at the outer edge of the gap created by the planets is very efficient
in this case. At 1 Myr of evolution, the dust grains that were ini-
tially within the gap have drifted toward the star, and after 10 Myr
of evolution, very little dust is left in the inner disk.

This efficient filtration can be understood in terms of the
radial dust velocity of particles, which is given by

Ur,gas 1 G,P
1+S2  St™!'+StpQ’

“

Ur,dust =

where v g, is the radial gas velocity, P is the gas pressure, p is
the gas volume density, and € is the Keplerian frequency.

Only when v 4y is positive are particles trapped. This
implies that particles larger than critical size agicq are filtered
out (Pinilla et al. 2012), with

20; 62502

Aeritical R _C()rP—ﬂ'Ps‘ ©)

Because all the terms in Eq. (5) are quantities related to the
gas, except for ps (which is the volume density of the dust par-
ticles set to 1.6 gcm‘z), deritical can be calculated given the gas
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Fig. 1. Results from dust evolution models for the PDS 70 disk. Specifically, dust density distributions after 1 Myr (top panels) and 10 Myr (bottom
panels) of evolution as a function of grain size (y-axis) and distance from the star (x-axis). The difference in simulations is the minimum grain size
in the initial dust size distribution, that is, decreasing from the left to the right column. The y-axis is different for each column because the grain

size grid depends on the initial grain size that is assumed (given in the title of each column).
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Fig. 2. Total dust disk mass within 16 au as a function of time for the
models of Fig. 1.

density distribution from the hydrodynamical simulations. When
we assume hydrostatic equilibrium of a locally isothermal disk
and viscous accretion to calculate p and v g,s, respectively, dcritical
at the outer edge of the gap is ~0.1 um. For this reason, when
Ginitial = [5 X 1075-107*] cm, the dust filtering at the outer edge
of the gap is very effective, which leads to a high depletion of
dust in the inner disk. In a few words, the dust of the inner disk
disconnects from the outer disk, and the dust that was initially
inside the gap drifts toward the star, while in the outer disk, it
drifts toward the pressure maximum at the outer edge of the gap.
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grain size [cm]

Fig. 3. Grain size distribution at radial distances of 5, 10, and 15 au
(this means inside the orbit of PDS 70b) for the models where a;yija =
[1x107°-107*] cm. The dotted line shows the MNR distribution at 10 au
for comparison.

The values of a.igcar at the outer edge of the gap do not
change significantly when considering the gas radial velocity
directly from the hydrodynamical simulations. However, we did
not perform dust evolution models with these gas velocities due
to the large fluctuations near the planet (see for example Fig. 3
in Drazkowska et al. 2019), which can lead to artificial dust
accumulations when gas and dust evolution are not modeled
simultaneously.
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Fig. 4. Comparison between models and ALMA observations of PDS 70. Left panel: ALMA dust continuum emission at 855 um from Benisty
et al. (2021) vs. synthetic images at the same wavelength taking the models of Fig. 1 after 1 Myr of evolution. The beam for the synthetic images is
assumed to be as in the observations, i.e., ~0.046”x0.36” with a position angle of 51.5°.

The result of efficient filtration is seen in Fig. 2, which cor-
responds to the total dust disk mass within 16 au as a function of
time for the models of Fig. 1. The reference location of 16 au is
taken below to compare to the results from Portilla-Revelo et al.
(2023). The total dust mass within this inner region at the ini-
tial time is the same for all the three models (~0.9 Mg). In the
model where diyia = [5 X 107°-107*] cm, this mass is reduced
to 3.3 X 107* My (or 0.025 Myo0n) after 1 Myr of evolution, and
it continues to decrease, reaching values of 8.4 x 107% My, after
10 Myr.

The results of these models motivated us to decrease the
size of the initial dust particles to as low as the critical grain
size (Eq. (5)) of 0.1 um or even lower. The middle and right
columns of Fig. 1 show the dust density distribution with
Ginitial = [107°=10"*]cm and ajpia = [107°-1074] cm, respec-
tively. These results show that the dust density distribution in
the inner disk increases in these two cases and that the dust fil-
tration at the outer edge of the gap is not total. The dust mass
within 16 au for the djpiga = [107>~10"*]cm case decreases to
4.6 x 107* My, after 1 Myr of dust evolution, similar to the case
of @il = [3 X 107°=10"*] cm, but after this time, the dust
mass does not significantly decrease over the next million years
(Fig. 2). This is because the inner disk is continuously replen-
ished by the very small grains (~0.1 um) that can flow through
the gap. The replenishment of the inner disk from the outer disk
dust trap is more efficient when the initial dust size distribution
includes smaller grains, @ipitial = [107°=10"*] cm, as grains with
lower Stokes number can be more efficiently dragged and dif-
fused by the gas. This is reflected in the total amount of dust that
remains in the inner disk in these simulations (Fig. 2). For this
case, the total amount of dust mass is ~1.6 x 107> M, after 1 Myr
of evolution, which remains constant until the end of the simu-
lations (10 Myr). This amount of dust is much lower than the
dust inferred by Benisty et al. (2021) for the inner disk of 0.08—
0.36 Mg, for a minimum and a maximum grain size of 0.05 pm
and 10 um, respectively, and the DSHARP opacities (Birnstiel
et al. 2018). In our models, the maximum grain size in the inner
disk varied between apm,x ~10-100 um depending on the dis-
tance from the star, as shown in Fig. 3. Therefore, our models
have grains of higher opacity at millimeter wavelengths than
those considered in Benisty et al. (2021), especially when com-
paring the DSHARP opacities with those used in our models
from Ricci et al. (2010; see for example Fig. A.3 in Stadler et al.
2022). Even with lower dust masses, our models can therefore
reproduce the millimeter emission of the inner disk observed
with ALMA. It is worthwhile to note that the obtained grain

distribution in the inner disk (Fig. 3) is very different from the
size distribution of interstellar grains from (MRN distribution
Mathis et al. 1977) of n(a) « a3, which was assumed in the
calculations by Benisty et al. (2021), and this is plotted in Fig. 3
for comparison. Most of the recent dust models for the interstel-
lar medium find a different size distributions than the MRN (e.g.
Kohler et al. 2015; Jones et al. 2017; Hensley & Draine 2023),
which can also affect the inferred dust mass from the inner disk
presented in Benisty et al. (2021).

3.2. Comparison with ALMA observations

Figure 4 shows the comparison of models and current ALMA
observations of PDS 70. For this comparison, synthetic images
were created at the same wavelength (855 um) as the observa-
tions presented in Benisty et al. (2021), assuming the dust density
distribution from the models shown in Fig. 1 after 1 Myr of evo-
lution. The beam for the synthetic images was assumed to be
as in the ALMA observations, that is, ~0.046”x0.36”, with a
position angle of 51.5°.

The synthetic images in Fig. 4 demonstrate that the dust evo-
lution models assuming aipitial = [5 X 1075-10*] cm Or @ipitial =
[1075-10"*] cm do not reproduce the emission of the inner disk
that is observed. This is also shown in the left panel of Fig. 5,
which corresponds to the comparison of the azimuthally aver-
aged radial intensity profiles of the deprojected images from the
observations and the models.

The model in which @ipiga = [107°~10"*] cm can reproduce
the emission of the inner disk well even when the total dust mass
within this region is very low (~2 x 1073 Mpg). It is worth men-
tioning that the models with small grains also predict an inner
shoulder just within the main ring. This emission is located near
the location of the outer planet, in which a small bump is created
in between the two gaps. There is a similar shape of emission
in the actual observations (Band 7; Benisty et al. 2021) with
an inner shoulder within the bright ring (Figs. 4 and 5), but the
models underpredict the flux of this structure because the grain
size of the dust particles is small at that location. Nonetheless,
it is interesting to see that the emission of this shoulder also
increases as the minimum grain size in the simulations is smaller
and when the filtration is less efficient (left panel in Fig. 5). A
higher angular resolution is required to understand the properties
of this emission and test whether it is a well-separated ring, for
example.

The right panel of Fig. 5 shows the averaged radial inten-
sity profiles of deprojected images obtained at different ALMA
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Fig. 5. Models and observational predictions for PDS 70disk. Left: comparison of the azimuthally averaged radial intensity profiles of the depro-
jected images of the continuum from ALMA Band 7 observations (crosses) and the synthetic images from Fig. 4. The shaded area is the standard
deviation of each elliptical bin divided by the square root of the number of beams spanning the full azimuthal angle at each radial bin. Right:
predictions for several ALMA bands for the case where gipiiir = [107°~107#] cm, assuming that all the images have the same resolution as the

observations in Band 7 (Fig. 4).

bands, showing that the emission decreases at longer wave-
lengths in the model with ajyiga = [107°~1074] cm and assuming
the same angular resolution as for the observations from Benisty
et al. 2021; left panel in Fig. 4). The detection of the inner disk
would depend on the sensitivity of the observations to detect it.
Already in Band 3 (3 mm), the flux of the inner disk is a few
micron-Jy per beam.

Figure 6 shows the total millimeter flux as a function of
wavelength from the same ALMA bands as in the right panel of
Fig. 4. The fluxes were calculated in three different regions (as
denoted in the right panel of Fig. 5), the inner disk (r <16 au),
the gap (16au < r < 36 au), and the ring (36au < r < 112 au).
Using curvefit within scipy (Virtanen et al. 2020), we fit
F, oc A7* to find the spectral index ap, of each region. The
spectral index of the ring has values of an,m = 3.2. Because the
total flux is dominated by the ring emission, the spectral index
integrated over the entire disk is also 3.2, which is similar to the
value within the gap (3.3).

In this model, the spectral index is slightly higher in the inner
disk, with a value of @y, = 3.6. Hence, these models suggest
that the spectral index that can be obtained from observations
using optically thin wavelengths will show a high spectral index
of ~3.2 with a slightly increased inner disk. This value of the
spectral index is high compared to the averaged values found in
protoplanetary disks (e.g., Tazzari et al. 2021), but for a set of
transition disks, Pinilla et al. (2014) showed that the observed
spectral index increased with the size of the cavity and that over-
all, transition disks have a higher spectral index than the disks
without cavities. Specifically, the linear relation between the
spectral index and the cavity size (defined as the peak observed
in millimeter emission) iS @mm = 0.011 X Reaviry + 2.36. For a
cavity size of ~74 au (Keppler et al. 2019), the expected @y, is
3.2, as found in our models, suggesting that the spatially inte-
grated spectral index of PDS70 agrees with observations of
other transition disks.
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These values, however, do not match the spectral index of 2.7
obtained from the total flux at 855 um (~176 mJy, Keppler et al.
2019) and at 1.3 mm (~57 mJy, Facchini et al. 2021), which could
be due to the high optical depth of the observations, especially at
855 um. Observations at multiple wavelengths where the emis-
sion is optically thin are needed to test current models and the
results of Fig. 6.

4. Discussion
4.1. Effect of the gas disk mass and turbulence

The filtration of dust particles at the outer edge of a gap depends
on how well the particles are coupled to the gas and on the level
of dust diffusion driven by the disk turbulence.

The coupling of dust particles to the gas is quantified by the
Stokes number given in Eq. (3). Particles with St«1 are well
coupled to the gas and can be dragged along with it, while St ~ 1
are well trapped and hence filtered out. There is an uncertainty
related to the bulk density of the dust particles, and hence an
uncertainty related to the dust composition and porosity. In this
work, we tested dust evolution models in which the bulk den-
sity was assumed to be 1.6 gcm™3, similar to the value obtained
when the DSHARP opacities are assumed. This change leads to
Stokes numbers that are higher by a factor of ~2 for the same
grain size and gas surface density, which does not affect the
results presented in this work significantly. In our models, the
main uncertainty in the Stokes number is the gas surface density,
which directly depends on the gas disk mass. This still remains
unknown from observations of most disks and, PDS 70 is no
exception.

Portilla-Revelo et al. (2023) performed detailed thermo-
chemical models of the ALMA Band 6 observations, in par-
ticular, to model the distribution of three CO isotopologs, in
order to constrain the gas distribution of PDS 70. Their analysis
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Fig. 6. Total millimeter flux as a function of wavelength from the
same ALMA bands as in the right panel of Fig. 5 (case of @inia =
[1076~107*] cm). The fluxes are calculated in three different regions (as
denoted in the right panel of Fig. 4), the inner disk (r < 16 au), the gap
(16au < r < 36 au), and the ring (36 au < r < 112 au). The dashed line
shows the best power-law fit to the data and the spectral index for each
region.

suggested a gas mass of 3.2 x 1073 M, within the dust-depleted
gap (between 16 and 41 au). The gas mass within the same region
in our models is 3.0 x ]0_3M]up, which agrees well with the
values from Portilla-Revelo et al. (2023).

The total disk mass (inside 130 au) from Portilla-Revelo et al.
(2023) is 3.0 X 10~* M, while in our models, it is 9.0 x 10™* M,
An assumed lower disk mass would imply that the Stokes num-
ber is higher for a given grain size, and as result, less filtration
is expected. In other words, a less massive disk would imply
that the minimum grain size would need to be lower than the
best-case scenario explored in this work (i.e., <1 x 107®cm).
Nano-size particles like this have been suggested to be present
from observations of some protoplanetary disks (Habart et al.
2021; Kokoulina et al. 2021).

It is still possible that the gas disk mass obtained from CO
observations is undestimated because of different chemical and
physical processes that can convert most CO into other refractory
molecules or because CO is sequestered into icy bodies (Schwarz
et al. 2018; Krijt et al. 2020). As a test, we performed three dust
evolution models in which the gas disk mass was increased by
a factor of ten and assumed the same initial grain size as in
the models presented in Sect. 3. The summary of these simu-
lations is presented in Fig. 7, and it corresponds to the evolution
of the dust mass for each case (as Fig. 2). These results show
that when the disk mass is higher, the filtration is lower for a
given initial particle size distribution. For instance, for the mod-
els with @ipigar = [5 X 107°=107*] cm, the dust mass from 1 to
10Myr is 4 X 1073 Mg, (similar to the dust mass in the models
of Sect. 3, but for d@ipia = [107°~107*]cm) and does not con-
tinuously decrease as in the case of Fig. 2. This highlights the
importance of obtaining better constraints on the gas disk mass,
which can have a large impact on the dust filtration effect and the
dust density distribution in the inner disk of PDS 70.

Recently, Trapman et al. (2022) suggested a new method for
measuring gas disk masses from observing N,H* and CO iso-
topologs, which was tested against HD observations of several
disks. These observations have not been performed for PDS 70so
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Fig. 7. As Fig. 2, but with a gas disk mass that is ten times higher.

far, but it would be interesting to test this method in future obser-
vations and compare it with the disk masses from Portilla-Revelo
et al. (2023), which agree with the values used in this work.

The level of turbulence can also change the effect of filtra-
tion, with higher turbulence implying less filtration. However,
multiple models and observations of disks suggest that turbu-
lence is rather low (@ < 1073-1074, see e.g. the recent review by
Rosotti 2023). For transition disks in particular, a higher viscos-
ity would imply a less empty cavity or no cavity at all, regardless
of the mass of the planets that are embedded in the disk
(de Juan Ovelar et al. 2016). On the other hand, a lower viscosity
for PDS 70 disk would imply more filtration, but also multiple
rings and gaps created by the planets that are embedded in this
disk (e.g., Dong et al. 2017; Bae et al. 2018). As aresult, a viscos-
ity of @ ~ 1073, as we used here, seems appropriate for PDS 70.
The intrinsic nature of a—viscosity is complex in any case. It
depends on how the disks are ionized and coupled to the mag-
netic fields (e.g., Lesur et al. 2023), which can lead to spatial
variations of @ depending on different enviromental, stellar, and
disk properties (Delage et al. 2022).

4.2. Inner emission and comparison with JWST observations

The JWST/MIRI observations of PDS 70 revealed the presence
of water in its inner disk (<1 au, Perotti et al. 2023). Specifically,
the H,O spectrum is best fit with a slab model of gas at 600 K
inside 0.05au and a column density of N = 1.4 x 108 cm™2.
Small grains are of great importance to explain this water emis-
sion for two reasons: First, small grains can help to shield
ultraviolet light and prevent H,O photodissociation (Heays et al.
2017), and second, they can be the particles that can travel across
the gap and enrich the inner disk, as demonstrated in this work.

We calculated the total dust mass that potentially reaches
the snowline in PDS 70 by taking the dust-loss rates (Mgyg)
at the inner edge of the simulations in Sect. 2, and integrating
over either 0—1 Myr, where the vast majority of the accreted dust
comes from the initial material that was inside the gap location,
or over 1-3.5 Myr, where most of the material comes from the
potential replenishment from the outer to the inner disk. We did
not integrate over the entire 10 Myr of the dust evolution mod-
els because the age of PDS 70 is approximately 5.4 Myr, and
as discussed before, the initial time in the dust evolution models
should be seen as at least 2 Myr of the disk age.
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For the three different values of the initial grain size of the
models in Fig. 1, the total dust mass lost to the inner bounday
(Mustinner) 1s approximately 0.9 Mg between 0 and 1 Myr for
all the three models, and from 1 to 3.5 Myr, it varies between
2.7 X 107* Mg, 4.5 x 107* Mg and 4.3 x 1073 Mg, for ainija =
[5 x 10_5—10_4] cm, diniial = [1 X 10_5—10_4] cm, and dipigal =
[1 x 10°~107*] cm, respectively. Taking the latter case, which
reproduces the inner emission observed with ALMA, and assum-
ing that (1) 30% of that dust is water ice (fic, as we assumed
for the dust opacities), (2) a percentage of this dust is likely
to grow to planetesimals near the snowline (e.g., Carrera et al.
2017; Drazkowska & Alibert 2017), we denote this efficiency as
Eplanetesimals)» (3) that at least half of the remaining dust particles
that reach the snowline is again moved outward via vapor dif-
fusion Kalyaan & Desch (2019), and (4) that at least half of this
dust was accreted by the two planets and/or their circumplanetary
disks (Drazkowska & Szuldgyi 2018), we calculate the column
density of water that is expected within the snowline (i.e., Fsnow,
which we take at 1 au), assuming an optically thin slab, as

ﬁce X Mdust,inner X (1 - fplanetesimals)

8 X r2ow X Mu,0 X COS i

(6)

Nu,0 =

where mp,o is the mass of a water molecule, that is, 18 g mol~!,
and i is the disk inclination taken to be 51.7°. Assuming that
Eplanctesimals 15 10% or 90%, we obtain that Ny, is ~6.7 X
10" cm™ when €lanctesimats is 10% and ~7.5 X 10'8 cm™ when
Eplanctesimals 15 90%. There are several assumptions in this calcu-
lation. In particular, we neglected any chemical effect that can
change the water abundance, but this was done just to illustrate
that the water column density observed with JWST might solely
originate from drifting particles that come from the outer disk,
which need to be small enough in our models (<0.1 pm) to pass
through the gap formed by the two giant planets in this system.

5. Conclusions

PDS 70 remains the best laboratory for studying the influence
of the formation of giant planets on the disk structure and the
potential formation of terrestrial planets within the system. One
of the intriguing properties of PDS 70 is its inner disk, which
was revealed by the spatially resolved emission observed with
ALMA at different wavelengths. Its survival is puzzling because
dust evolution models suggest that complete filtering of dust
particles by the gap created by the planets would stop the dust
replenishment from the outer to the inner disk. We confirmed this
result by performing advanced dust evolution models, in which
the minimum grain size in the models was larger than 0.1 pm.
As a consequence, the initial dust that was within the orbit of
the planets eventually migrated inward, and the inner disk was
depleted within the first million years of the dust evolution.

To maintain an inner disk, the minimum grain size in the
models needs to be lower than 0.1 um. These results mainly
depend on the assumption taken for the gas disk mass, and we
performed models with values that agreed with recent thermo-
chemical models, which were compared with ALMA observa-
tions (Portilla-Revelo et al. 2023). Only when the grains are that
small are they diffused and dragged along with the gas through-
out the gap of the planets. These small grains grow and drift in
the inner disk, but the constant reservoir of dust particles that are
trapped in the outer edge of the gap and that fragment continu-
ously helps to preserve the inner disk on million-year timescales.
Our flux predictions at millimeter wavelength of these models
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agree with current ALMA observations. Other possible uncer-
tainties originate from the planet masses. If the planet masses
are lower than the mass of Jupiter, the filtration effect is not as
efficient as presented in this work. However, observations and
models of the PDS 70 disk robustly support that PDS 70b and
PDS 70c are more massive than Jupiter.

It is possible that the water emission that was recently
observed with the JWST from the inner disk of PDS 70 origi-
nates from these small grains that cross the gap and then drift
toward the inner disk, where they reach the snowline. This idea
can be a mirror of our Solar System, in which the formation of
Jupiter and Saturn could have blocked the majority of pebbles in
the outer disk, but where water ice could still have been carried
by the very small grains in the parental disk of the Solar System.
Future observations that better constrain the gas disk mass and
the level of turbulence in PDS 70 will help us to test our models.
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Appendix A: Radial resolution test

We performed a dust evolution model to test the radial resolu-
tion of our simulations. The left panel of Fig. A.l1 shows the
dust density distribution at 1 Myr of evolution for the case of
Ginitial = [5 % 107> = 10~*] cm as in the top left panel of Fig. 1,
but with a higher number of radial cells in the simulations
(n, = 300). The right panel of Fig. A.1 shows the total dust disk
mass as a function of time for both values of the radial reso-
lution (n, = 300 and n, = 100; due to the computational cost
of the high-resolution simulations, we only show results up to
1.5 Myr after the dust disk mass no longer changes over time).
Figure A.l1 shows no differences in the results when assuming
n, = 300 versus n, = 100

Ainitial =[5 X 107> = 10741 cm

3.0
1.0 Myr, nr=300 — St=1
2.8
100 8
— 2.6 -
€ 1n-1
S 10 ®2.4-
Q =
‘n 10—2 § 2 2 = \\
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© = 50 ~—
9 10-3
1.8
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104 1.6 -
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Fig. A.1. Resolution test. Left panel: Dust density distribution for the PDS 70 disk after 1 Myr of evolution as in Fig. 1 when @ = [5 X
107 — 10#] cm, and with a radial resolution of n, = 300. Right panel: Total dust disk mass as a function of time for the models considering
Ginitial = [5 X 107 — 107*] cm and a radial resolution of the simulation of n, = 300 and n, = 100.
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