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ABSTRACT

In recent years, ALMA has been able to observe large-scale substructures within protoplanetary
disks. Comparison with the predictions from models of planet-disk interaction has indicated that most
of these disk substructures can be explained by the presence of planets with the mass of Neptune or
larger at orbital radii of ≈ 5 − 100 au. Better resolution is needed to observe structures closer to
the star, where terrestrial planets are expected to form, as well as structures opened by planets with
masses lower than Neptune. We investigate the capabilities of a possible extension to ALMA that
would double the longest baseline lengths in the array to detect and resolve disk substructures opened
by Earth-mass and Super Earth planets at orbital radii of 1 − 5 au. By simulating observations of
a family of disk models using this extended configuration in ALMA Bands 6 and 7, we show that
an upgraded ALMA would detect gaps in disks formed by super-Earths as close as 1 au, as well as
Earth-mass planets down to 2− 3 au from the young host stars in nearby star forming regions.
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1. INTRODUCTION

Planets form out of the gas and dust contained in disks
orbiting young pre-Main Sequence stars (see Andrews
2020, for a recent review). Besides providing the raw
material for the development of planetary cores and at-
mospheres, these circumstellar disks also play a key role
in the dynamics of the newly born planetary systems.
This is because the physical interaction between the disk
and planets naturally leads to an exchange of angular
momentum, with significant consequences on both the
planets and the disk within the same system (Kley &
Nelson 2012).

The main effect of the change in the planet angular
momentum is an evolution of the planet orbit, a pro-
cess known as planet migration (Goldreich & Tremaine
1980; Lin & Papaloizou 1986). In turn, the change in
the angular momentum of the disk can lead to signifi-
cant perturbations into the disk physical structure. The
morphology and physical characteristics of these pertur-
bations, or substructures, can strongly modify the sub-
sequent evolution of the system, both by triggering or
inhibiting the formation of a new generation of planets,
and by altering the disk-planet interaction (Baruteau
et al. 2014).
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Observationally, the direct detection and characteriza-
tion of these disk substructures has therefore two main
purposes. The first is that they allow us to test the
predictions of physical models of the disk-planet inter-
action (e.g., Dong et al. 2015a,b). If the properties of
a companion in a real system are known, the detailed
comparison between observations and theoretical mod-
els can help us to refine our theoretical models. More-
over, the detection of disk substructures can be used as
a way to unveil the presence of young planets in these
systems. Although this is an indirect method for the de-
tection of exoplanets, in some systems this may provide
the only viable method to detect exoplanets, especially
those that are highly embedded within the disk (San-
chis et al. 2020). The detailed physical modelling of
the observed substructures can then be used to extract
estimates for some of the main planetary parameters,
such as planet mass and orbital radius (e.g., Jin et al.
2016; Dipierro et al. 2018), after accounting for the
known degeneracies between the properties of
the disk substructures, planet mass, gas viscosity
and disk aspect ratio (e.g., Fung et al. 2014).

One of the most spectacular successes of the Ata-
cama Large Millimeter/submillimeter Array (ALMA)
has been the imaging at (sub-)millimeter wavelengths
of several substructures in the dust continuum emis-
sion from disks located in nearby star forming regions
(distances < 200 pc). The results of the first ALMA
surveys with angular resolution lower than about 0.1
arcsec, corresponding to spatial resolutions < 15 − 20
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au, indicate that disk substructures are nearly ubiqui-
tous in the mapped systems (Andrews et al. 2018; Cieza
et al. 2021), with the majority of them showing nearly
concentric annular rings and gaps (Huang et al. 2018).

In several cases, the morphology of these features is
in line with the predictions from models of the disk-
planet interaction, and estimates for the planet masses
and orbital radii have been extracted from the compari-
son between the substructures predicted from the mod-
els and those observed with ALMA. For example, Zhang
et al. (2018) have used the results of global 2D hydro-
dynamical simulations with gas and dust coupled to a
radiative transfer code to obtain synthetic images for
the dust continuum emission at the wavelengths of the
Disk Substructures at High Angular Resolution Project
(DSHARP) ALMA Large Program. From a close com-
parison with the annular substructures observed in sev-
eral of the DSHARP targets, they inferred relatively
large planet masses ranging between the mass of Nep-
tune up to ∼ 10 MJup, and orbital radii between about
10 and 100 au. Similar ranges for these planetary
properties were obtained by Lodato et al. (2019), who
combined the DSHARP sample with those from other
ALMA observations of nearby disks at similar wave-
lengths (Long et al. 2018).

As highlighted in these studies, the lack of planets
with mass below Neptune and with orbital radii < 10
au, more in line with the exoplanets typically observed
around Main Sequence stars, is almost certainly due to
the limited angular resolution of the ALMA observa-
tions. The width of a gap opened by a planet in the
disk gets smaller for planets with lower mass and orbit-
ing closer to the star (Kley & Nelson 2012). Hence, the
only way to alleviate the observational limitations and
probe disk substructures due to terrestrial planets is by
observing disks with better resolution than it is possible
with the current ALMA interferometer.

Recently, Ricci et al. (2018) and Harter et al. (2020)
presented investigations on the potential of a future Next
Generation Very Large Array to detect the signatures of
young planets in the dust continuum emission of disks at
wavelengths of 3 mm and longer. A similar investigation
has been presented by Ilee et al. (2020) on predictions of
future radio observations with the Square Kilometre Ar-
ray. In this work we present the potential of a possible
future extension of the current ALMA array to detect
and spatially resolve disk substructures due to Earth-
mass and Super Earth planets at orbital radii lower than
10 au, i.e. in the disk regions where terrestrial planets
are expected to form. The extension to the ALMA array
considered here was inspired by the investigations dis-
cussed in the ALMA Development Program: Roadmap
to 2030 (Carpenter et al. 2020), and consists of an ar-
ray configuration with longest baselines of about 32 km,
a factor of 2× longer than the current ALMA longest
baselines.

Section 2 describes the methods used for our inves-
tigation, Section 3 presents the main results obtained
in this work. After a discussion in Section 4, the main
conclusions are summarized in Section 5.

2. METHODS

In this section we describe the methods used for our
investigation. These comprise global 2D hydrodynamic
simulations that calculate the disk-planet interaction in
a disk made of gas and dust particles, the derivation of
synthetic images for the dust continuum emission from
these models, and finally the simulation of observations
with the current ALMA as well as with an extended
ALMA with longer baselines.

2.1. Hydrodynamic Simulations for the Disk-Planet
Interaction

The methods used for the hydrodynamic simulations
that calculate the time evolution of a disk made of
gas and dust particles gravitationally interacting with
a planet are the same as in Zhang et al. (2018) and Har-
ter et al. (2020), which are based on the Dusty FARGO-
ADSG code (Masset 2000; Baruteau & Masset 2008a,b;
Baruteau & Zhu 2016).

We follow the same parametrization scheme as in Har-
ter et al. (2020), with a disk with an initial gas surface
density Σg = Σg(r) = Σg,0(r/ap)

−1, with r being the
stellocentric radius, ap the planet orbital radius1, and
Σg,0 = Σg(r = ap) a normalization factor. Although at
the beginning of the simulations the disk is azimuthally
symmetric, this symmetry is broken early on because
of the interaction with the planet. Since our main goal
is to test the potential of an extended ALMA to de-
tect disk substructures due to planets in the terrestrial
planet forming regions of disks, in our simulations we
considered planet orbital radii ap = 1, 2, 3 and 5 au.
Our numerical grid is made of 750 grid points in the
radial direction spanning the interval [0.1ap, 10ap], and
1024 grid points covering the full azimuthal direction
[0, 2π]. In order to explore the dependence of the re-
sults of our investigation on the disk surface density
(hence, disk mass), we ran simulations with Σg,0 val-
ues of 100, 300, 600, 1200, 2400 g/cm2. The initial dust
surface density is 1/100 of the initial gas surface density
and our simulations account for a power-law grain size
distribution with power-law exponent equal to −3.5 (see
e.g., Ricci et al. 2010), and truncated at a maximum
grain size of 1 cm (see Zhang et al. 2018; Harter et al.
2020).

The models assume a local isothermal equation of
state with temperature T related to the pressure scale
height h via the relation for vertical hydrostatic equilib-
rium: h/r = cs/vK , where cs is the local sound speed

cs =
√
RT/µ, with an assumed mean molecular weight

1 Our models do not account for planet migration.
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of the gas µ = 2.35, and vK is the local Keplerian ve-
locity. As in Harter et al. (2020), our simulations as-
sume a value of 0.03 for the vertical aspect ratio h/r at
the radial location of the planet, and a constant value
of 10−5 for the Shakura-Sunyaev α-parameter for the
gas viscosity across the disk (Shakura & Sunyaev 1973).
Our model considers a passive disk, in which the tem-
perature is determined by the stellar luminosity L? and
disk flaring factor φ via T (r) = (φL?/8πσr

2)1/4, where
σ is the Stefan-Boltzmann constant. Our models were
calculated with L? = 10 L� and φ = 0.02 (D’Alessio
et al. 2001). Any contribution to the disk temperature
by internal viscous heating was neglected.

In these models the planet and stellar mass, Mp and
M?, respectively, enter via the ratio q = Mp/M?, and
for this work we launched simulations with two differ-
ent q values of 1 and 10 M⊕/M�, representing planets
with mass of the Earth and of a Super Earth around
a Solar-mass star, respectively. Our simulations were
run for 7000 and 5000 planetary orbits for q = 1 and
10 M⊕/M�, respectively.

The results of these simulations were used to produce
synthetic maps for the dust thermal continuum emission
at two wavelengths, 0.88 and 1.25 mm, corresponding to
ALMA Band 7 and 6, respectively, following the method
detailed in Zhang et al. (2018). These wavelengths were
chosen as these spectral bands provide the best sensitiv-
ity to thermal emission from dust with ALMA. To derive
these maps we assumed a distance to the disk model of
140 pc, similar to the distance to nearby star forming
regions which are routinely observed with ALMA.

2.2. Simulated ALMA observations

The synthetic maps described in the previous section
for the dust continuum emission derived from our mod-
els were used to predict the results of future observations
with ALMA. This was done using the version 5.7 of the
CASA software package2 (McMullin et al. 2007).

For these calculations, we considered two main ar-
ray configurations. To simulate observations with the
longest baselines in the current ALMA array, we consid-
ered the array configuration file alma.cycle6.10.cfg
available in CASA3, with baselines ranging from 256 m
to 16.2 km.

To simulate observations with a plausible future ex-
tension to the current ALMA array, we produced a new
configuration, called here ax54, which merges 42 exist-
ing antenna pads (orange dots in Figure 1), as well as 12
possible new pads located within the ALMA concession
and the Atacama Astronomical Park that are being con-
sidered for additional baselines (blue dots; see Figure 9
in the ALMA Development Program: Roadmap to 2030,

2 https://casa.nrao.edu
3 https://almascience.nrao.edu/tools/documents-and-tools/

cycle6/alma-configuration-files

Carpenter et al. 2020). All antennas have a diameter of
12 m. Baseline lengths in this configuration range from
44 m to 32.6 km. We simulated aperture synthesis in-
terferometric observations with an on-source time of 8
hours for both the ax54 and cycle6.10 configurations.
The uv-coverage obtained with these observations are
shown in Figure 2.

We complemented the observations with the previous
two array configurations with a relatively short, 1-hour
integration on a more compact configuration, namely
alma.cycle6.4, with baselines ranging from 15 to 783
m, with the goal of minimizing the interferometric filter-
ing out of the most extended scales of the disk emission.
Table 1 quantifies the amount of flux loss due to inter-
ferometric filtering with the alma.cycle6.10 and ax54
configurations, without the addition of alma.cycle6.4.
With the addition of this more compact configuration,
the amount of interferometric flux loss was typically re-
duced by a factor of ≈ 2.
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Figure 1. Plot of antenna positions for the extended ALMA

configuration ax54. Existing pads are shown in orange, new pads

in blue.

Simulated measurements of the interferometric visi-
bilities were carried out using the simobserve task in
CASA. We considered a total bandwidth of 7.5 GHz in a
single spectral window (in the Appendix section we also
investigate the effects of considering the spatial variation
of the disk emission across 4 spectral windows, as in real
ALMA observations, but we found only very modest dif-
ferences on the final image). The simulated atmospheric
noise parameters we used correspond to good, i.e. under
2nd octile, weather conditions, with an adopted value for
the precipitable water vapour (PWV) of 0.5 mm. The
ground temperature was set to 269 K.

The tclean task from CASA was used to image the in-
terferometric visibilities. We adopted a Briggs weighting
scheme and after testing the imaging with different ro-

https://casa.nrao.edu
https://almascience.nrao.edu/tools/documents-and-tools/cycle6/alma-configuration-files
https://almascience.nrao.edu/tools/documents-and-tools/cycle6/alma-configuration-files
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Model cycle6.10 ax54

Σg,0 q ap Flux Loss RMS Loss RMS

[g/cm2] [M⊕/M�] [au] [mJy] [µJy/beam] [µJy/beam]

300 1 2 69 3.2% 11.2 3.2% 8.4

300 10 2 67 2.6% 9.7 3.4% 8.4

300 1 3 97 5.7% 9.9 6.4% 8.3

300 10 3 94 5.6% 9.6 6.5% 8.3

300 1 5 142 4.3% 9.5 4.8% 8.4

300 10 5 137 16% 10.8 15% 8.7

100 1 2 42 3.8% 9.7 5.4% 8.4

100 10 5 80 25.1% 10.5 21.7% 8.4

2400 1 2 92 2.2% 9.7 2.4% 8.4

2400 10 5 186 12.0% 10.8 10.4% 8.5

Table 1. Total flux, flux loss with respect to the model flux and due to interferometric spatial filtering, and RMS noise for selected

models, given an integration time of 8 hours and central wavelength of 0.88 mm.

Model cycle6.10 ax54

Σg,0 q ap Flux Loss RMS Loss RMS

[g/cm2] [M⊕/M�] [au] [mJy] [µJy/beam] [µJy/beam]

300 1 2 30 2.9% 6.6 2.5% 5.0

300 10 2 29 3.0% 6.6 2.5% 5.1

300 1 3 43 4.1% 6.3 4.1% 5.4

300 10 3 41 4.8% 6.8 4.5% 5.5

300 1 5 66 7.8% 6.6 8.5% 5.5

300 10 5 62 8.2% 6.6 7.9% 5.3

100 1 2 17 4.0% 6.3 4.3% 5.1

100 10 5 33 14.6% 6.6 15.3% 5.6

2400 1 2 47 2.8% 6.4 2.5% 5.7

2400 10 5 100 5.2% 6.6 5.0% 5.3

Table 2. Same as Table 1, but for observations with a central wavelength of 1.25 mm.
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Figure 2. Comparison of uv-coverage for 8 hour aperture syn-

thesis using the cycle6.10 and ax54 array configurations (left and

right panels, respectively).

bust parameters R, we found that R = −1 provided the
best results in terms of maximizing the signal-to-noise
ratio of the disk substructures. We also used a multi-
scale deconvolver (as in Cornwell 2008) with scales of 0,
7, and 30 pixels. Since, as described in Section 2.1,
the radial domain of our simulations depends on
the planet orbital radius ap but the number of
pixels in the maps is the same for all our mod-
els, then the pixel size in our maps scales linearly
with ap as: pixel size[µarcsec] = 71.4 ap[au].

Table 3 lists the sizes of the synthesized beams ob-
tained with a 8-hour aperture synthesis with the ax54
configuration at 0.88 mm and at different source decli-
nations. The chosen values are close to the mean decli-
nations of young stars in nearby star forming regions,
which are natural targets for studies of protoplanetary
disks at high spatial resolution. Within the sample of
regions considered here, which span declinations from
−77° to +24°, the beam major and minor axes range be-
tween 5.9−8.3 mas (0.9−1.2 au) and 4.0−4.5 (0.6−0.7
au) mas, respectively. The maps presented in this paper
were derived assuming a declination of −35°.

We also compared the results of the traditional CLEAN
deconvolution algorithm (tclean task in CASA) to those
produced by the the frankenstein package described
in Jennings et al. (2020). The frankenstein algorithm
fits the real visibilities as a function of baseline distance
with a non-parametric Gaussian process. In the case
of an azimuthally symmetric source, this function is re-
lated to the radial profile of the source. Consequently,
this fit is able to reconstruct radial profiles directly from
the visibilities rather than producing them from a 2D
image. This avoids the loss of resolution, especially
with long baselines, from using the CLEAN algorithm
to subtract out sidelobes from the dirty image. How-
ever, since frankenstein makes the assumption of an
azimuthally symmetric disk, it is not valid for disks with
significant azimuthal asymmetry such as arcs or spirals.
Most, but not all, of our models only feature annular
gaps, lacking significant azimuthal dependence in their

Dec Star-forming Beam

region MAJ MIN PA

[°] [mas, au] [mas, au] [°]

+24 Taurus 8.3, 1.2 4.3, 0.6 −5.1

−24 Ophiuchus 6.6, 0.9 4.5, 0.6 −14

−35 Lupus 6.3, 1.0 4.4, 0.7 −15

−77 Chamaeleon 5.9, 0.9 4.0, 0.6 −8.1

Table 3. FWHM beam sizes for an 8-hr integration using the

ax54 array configuration with Briggs robust weighting with R =

−1 at a wavelength of 0.88 mm. The two numbers for the major

and minor axes correspond to the angular (in mas) and spatial (in

au) resolutions, respectively. The assumed distances are 140 pc

for Taurus, 130 pc for Ophiuchus, 170 pc for Lupus, 160 pc for

Chamaeleon.

substructures. In those cases, frankenstein is capa-
ble of retrieving information on their disk structure at
sub-beam resolution. Although all the maps presented
here were obtained using tclean, in Section 3 we also
show the comparison between the results with tclean
and frankenstein obtained for one specific disk model
without significant azimuthal asymmetries.

3. RESULTS

We will begin our discussion of the results by exam-
ining the case of the disk model with Σg,0 = 300 g/cm2

and planet with q = 10 M⊕/M� at an orbital radius of
3 au. Figure 3 displays the radial profiles for the gas
and dust surface densities of this disk model, after az-
imuthal averaging. The planet opens a pronounced gap
in the gas around its orbital radius bracketed by two
prominent density bumps but also less pronounced lo-
cal density minima and maxima further from the planet.
The local density maxima correspond to local pressure
maxima, which are effective at slowing down the radial
migration of grains and trapping the dust at those loca-
tions (Pinilla et al. 2012). As a consequence, the spatial
distribution of dust density presents clear rings inter-
leaved by regions of depleted dust (gaps).

The dust continuum map extracted for this model at
0.88 mm, shown on the left panel in Figure 4, exhibits
the primary gap at 3.0 au, corresponding to the orbital
location of the planet, flanked by the two secondary gaps
at 2.3 and 3.9 au. No other gaps are visible because the
emission from dust within the other less depleted gaps
is optically thick. The central panel in the same fig-
ure shows the results of our ALMA simulations with 8
hours of integration time in the cycle6.10 array config-
uration. The main gap produced by the planet is barely
visible on the map, and at the resolution of these ob-
servations the gap is unresolved (beam size ≈ 3× gap
radial width). As a consequence, although the current
ALMA array would detect this gap, no information on
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Figure 3. Radial profiles of the azimuthally averaged

surface density for gas (top panel) and dust (bottom) for

the model with Σg,0 = 300 g/cm2, q = 10 M⊕/M� and ap =

3 au. The two horizontal dotted lines in the bottom panel

indicate the dust density values at which the dust optical

depth τλ = 1 at λ = 0.88 and 1.25 mm, respectively.

the planet properties could be extracted from the radial
width and depth of the gap.

The results displayed in the right panel show that the
extended ALMA array is capable of spatially resolving
the main gap, and also to detect the outer secondary gap
at 3.9 au from the star. Because of the elongation of the
synthesized beam, close to the North-South direction,
this secondary gap is more clearly visible, although not
spatially resolved, towards the East and West sides of
the disk.

Figure 5 shows the dust continuum maps for the mod-
els with the same q and ap values as in Figure 4 but with
different Σg,0. The variation of this parameter has two
main effects on the disk and its emission. Since the ini-
tial dust-to-gas ratio in our simulations is fixed, varying
the gas densities leads to a change in the dust densities
as well, with a consequent variation of the dust ther-
mal emission. The fact that the surface brightness is
relatively similar for the models presented in Figure 5
is due to the relatively high optical depth of the dust
emission at 0.88 mm in the shown disk regions even for
the models with lower Σg,0.

The other main effect, which has a more significant
impact on the maps derived from our models, is due
to the dependence of the dynamics of dust on the local
gas surface density. The Stokes parameter quantifies the
aerodynamic coupling of dust with the gas, and a vari-
ation of this parameter can have a strong effect on the
dynamics of the grains embedded in the disk. In par-
ticular, at a given grain size of the dust, which is fixed
in our simulations, the Stokes parameter St ∝ 1/Σg,0.

Hence, the dust in disks with higher Σg,0 has lower St
values. Since in all our models St < 1, this means that
the dust in the denser disks is more dynamically coupled
to the gas, hence the dust density and emission will ap-
pear radially smoother and more axisymmetric than in
disks with lower densities.

In fact, the only model showing clear azimuthally
asymmetric substructures in Figure 5 is the one with
lowest gas density (Σg,0 = 100 g/cm2, top row), where
the most prominent features are arcs instead of full rings
as in the other models. The bright East side of the most
prominent arc is detected with the extended ALMA,
whereas the same feature appears to be blended with
nearby dust emission in the current ALMA map, in
which the only visible substructure is a wide asymmetric
gap. The other rows in Fig. 5 show that the extended
ALMA can detect the primary gap in the disks with
Σg,0 values up to ≈ 1200 g/cm2, while the gap is too
narrow and with too little contrast to be detected in
denser disks.

Figure 6 displays the results for models with vary-
ing orbital radii of the planet, ranging from ap = 1 au
(top row) to 5 au (bottom row). The initial gas sur-
face density at the planet orbital radius Σg,0 was set to
100 g/cm2 to maximize the number of disk substruc-
tures. For the model with ap = 5 au, the extended
ALMA detects and resolves multiple rings and asym-
metric arcs, which the current ALMA does not resolve.
The extended ALMA detects the gap also for the case
of ap = 1 au, even though the individual substructures
are unresolved.

In Figure 7 we present the models with q = 1 M⊕/M�,
Σg,0 = 100 g/cm2 and for varying ap. Compared with
the maps shown previously, the predicted gaps are signif-
icantly shallower because of the lower gap radial width
and depth expected for a lower mass planet. In our
calculations, the gaps are not clearly detected with nei-
ther the current nor the extended ALMA, even though
some level of depression in the surface brightness for the
ap = 5 au model is seen at low signal-to-noise ratio with
the ax54 configuration.

When no significant azimuthal asymmetric features
are present, frankenstein can be used to enhance the
signal-to-noise of the annular rings and gaps that are
otherwise not visible in the images obtained with decon-
volution via CLEAN. To demonstrate this, the left panel
in Figure 8 shows the radial profile of the azimuthally
averaged surface brightness produced by the CLEAN al-
gorithm for a model with Σg,0 = 100 g/cm2 and a
q = 1 M⊕/M� planet at 2 au from the star. No gap
can be seen with either the current or extended config-
uration. The right panel in the same figure shows the
radial profiles obtained with frankenstein. Although
the uncertainties inferred by the frankenstein code
are somewhat underestimated—a limitation described
by Jennings et al. (2020)—a gap is visually evident when
analyzing the data from the extended configuration with
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Figure 4. Maps for the dust continuum emission at 0.88 mm for the model with Σ0 = 300 g/cm2, q = 10 M⊕/M�, ap = 3 AU. Left

- Map of the disk model. Center - Simulated map with ALMA in cycle6.10 configuration. The white ellipse in the bottom left corner

shows the resolution beam, with sizes of 10.9 mas × 9.6 mas and position angle of 88°. The rms noise on this map is 9.6 µJy/beam. Right

- Simulated map with an extended ALMA in ax54 configuration. The resolution beam in the lower left corner has sizes of 6.3 mas × 4.4

mas and position angle of −15°. The rms noise on this map is 8.3 µJy/beam.

frankenstein, which would otherwise be invisible using
CLEAN.

All the maps discussed so far were derived at a wave-
length of 0.88 mm. This wavelength is within the spec-
tral coverage of ALMA Band 7, which for typical Spec-
tral Energy Distributions of T Tauri stars provides the
best sensitivity to the emission from dust in protoplane-
tary disks. Figure 9 shows the dust continuum emission
maps for models with varying Σg,0 values as in Figure 4
but for a wavelength of 1.25 mm, which falls within the
spectral coverage of ALMA Band 6. One benefit of ob-
serving disks at longer wavelengths is that their dust
emission is more optically thin. Although with a lower
signal-to-noise ratio than in Band 7, this figure shows
that the gaps can be detected with the extended ALMA
array also in Band 6, with a significant improvement
over the similar observations with the cycle6.10 config-
uration. In the Appendix section we show the expected
improvements on the imaging of young disks when con-
sidering the capabilities of the new ALMA Band 6 re-
ceivers which are currently under development.

4. DISCUSSION

The results presented in the previous Section show the
potential of an upgraded ALMA with longer baselines
by a factor of 2× over the current ALMA capabilities
to detect disk substructures due to planets at orbital
radii of 5 au and lower in nearby star forming regions.
For low values of the gas viscosity in these disk regions
(α = 10−5), our simulations indicate that planets with
q = 1 and 10 M⊕/M? are massive enough to open gaps

that can be observed in the dust continuum emission
with an upgraded ALMA. We note here that for disks
with higher gas viscosity, planets with higher masses
than those investigated here would be needed to open
gaps in the disk. Although this is an indirect method to
probe planets embedded in the parental disk, it may be
the best method, if not the only one, for several systems
because of the expected high extinction of the planet
light at optical/infrared wavelengths due to dust in the
disk (Sanchis et al. 2020; Asensio-Torres et al. 2021).

The detection of young planets in these inner regions
of protoplanetary disks would complement the results
obtained so far with ALMA in the disk outer regions,
i.e. at stellocentric radii larger than about 10 au (see,
for example, the results of the DSHARP Large Program,
Andrews et al. 2018; Zhang et al. 2018). This would
open the investigation to a more complete comparison
between the properties of the detected exoplanet popu-
lation and those of the young planets still embedded in
the disk, which would shed light on the history of forma-
tion and migration of the known exoplanets (e.g., Zhang
et al. 2018; Lodato et al. 2019; Kanagawa et al. 2021).
In particular, the planets considered in this work are the
likely precursors of the ice giant planets found at few au
from their star, which Suzuki et al. (2016) claimed to be
the most common types of planets from the results of
microlensing surveys.

The disk model images presented in this work were
obtained considering a distance of 140 pc, which is close
to the average distance of young disks in several nearby
star forming regions. In the Ophiuchus, Chamaeleon
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Figure 5. Same as in Figure 4 but with models with different Σ0 values as indicated on the left panel of each row. For all the models

presented here, q = 10 M⊕/M�, and ap = 3 au.
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Figure 6. Same as in Figure 4 but with models with different values for the orbital radius of the planet as indicated on the left panel of

each row. For all the models presented here, Σg,0 = 100 g/cm2 and q = 10 M⊕/M�. The maps on the top row do not fill the entire size

of the image because of the limited radial domain of our disk models, which scales with the orbital radius of the planet ap, as described in

Section 2.
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Figure 7. Same as in Figure 4 but with models with different values for the orbital radius of the planet as indicated on the left panel of

each row. For all the models presented here, Σg,0 = 100 g/cm2 and q = 1 M⊕/M�.

and Lupus star forming regions, 32, 14 and 15 disks
have approximately the same total flux density (within
20%) or are brighter than our reference disk model at
the wavelengths probed by the observations, i.e. 0.89
or 1.3 mm (Cieza et al. 2019; Pascucci et al. 2016; Ans-
dell et al. 2016, respectively). At the same time, most of
these relatively bright disks are large, with outer radii in
the dust emission larger than ≈ 50−100 au and the pos-
sibility to detect disk substructures at similar SNR than
those presented here will critically depend on the bright-
ness of the dust emission within ≈ 5 − 10 au from the
star. Moreover, it is important to note that the majority
of the disks detected in these observational surveys are

not spatially resolved at resolutions of 30 − 50 au, and
it is possible that several of them are bright enough at
stellocentric radii < 10 au to observe the planet-induced
structures predicted by our models.

The improved angular resolution of an extended
ALMA would also reduce the minimum time interval
required to detect proper motions of the disk substruc-
tures, e.g. the expected azimuthal motion of the ex-
tended arcs as well as of possible circumplanetary disks.

To use an example from our models, we consider the
model with Σ0 = 100 g/cm2 shown in Figure 5, which
features a prominent asymmetric structure at an angular
stellocentric radius r = 25 mas (3.5 au), that is resolv-
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Figure 8. Radial profiles of the azimuthally averaged surface brightness at 0.88 mm for the model with Σg,0 = 100 g/cm2, q = 1 M⊕/M�,

and ap = 2 au. Blue line is for the model, orange and green lines are for the simulated observations with cycle6.10 and ax54 configurations,

respectively. Left - Radial profiles extracted from the maps obtained with tclean. The error bars were obtained by dividing the standard

deviation of the pixel values in each annular region by the square root of the number of synthesized beams fitting within the annular region.

Right - Radial profiles and error bars obtained with frankenstein.

able with the ax54 configuration with ALMA Band 7.
The region close to the center of this arc can be well
described by an azimuthal Gaussian function I(θ) =

I0e
−θ2/2s2 with parameters I0 = 4.2 Jy/as2, s = 1.3 rad

from the ALMA Band 7 image. At the peak intensity,
the simulations presented here with the ax54 configu-
ration achieve a signal-to-noise ratio I0/σ ≈ 15. The
astrometric uncertainty in determining the peak of the
Gaussian is then approximately equal to r×s

I0/σ
≈ 2.1 mas.

For a star with mass of 1M�, the required time interval
to detect the proper motion of this structure at 5σ is
about 160 days.

In the case of a more compact point-like source such
as the case of a circumplanetary disk detected at high
signal-to-noise ratio (SNR > 20, corresponding to flux
densities > 170 µJy in our ALMA Band 7 simulations),
the astrometric precision is limited by atmospheric ef-
fects. Under nominal observing conditions, the ALMA
Technical Handbook4 states that the best astrometric
uncertainty is given by σPSF /20, although since our
beam size is also much finer than 0.15 arcsec, we must
further increase this uncertainty by a factor of 2× due
to the expected phase decorrelation. This results in an
astrometric precision of ≈ 0.6 mas in ALMA Band 7
with the ax54 configuration. This gives a time interval
of 44 days to detect the proper motion at 5σ for a bright
point source at 3 au from a Solar-mass star at 140 pc,
or 57 days for a point source at 5 au.

It is worth noting that although the only case of a clear
circumplanetary disk known so far (i.e. PDS 70c which
is at an orbital radius of about 34 au, Benisty et al. 2021)

4 https://almascience.nrao.edu/documents-and-tools

would be detected with our ALMA Band 7 simulations
with a SNR ≈ 10, the SNR of the dust emission from
circumplanetary disks in the inner disk may be expected
to be significantly lower. This is because the size of
circumplanetary disks is expected to be related to the
radius of the Hill sphere which is proportional to the
stellocentric radius. Since the dust emission of these
disks is expected to be mostly optically thick, their flux
at sub-mm/mm wavelengths would scale quadratically
with the stellocentric radius.

The disk models considered in our work lack the res-
olution to include material orbiting the planet in a cir-
cumplanetary disk. According to the theoretical calcu-
lations presented in Zhu et al. (2018) for the expected
flux densities of circumplanetary disks at sub-mm/mm
wavelengths, our simulated ALMA Band 7 observations
with the ax54 configuration would have enough sensi-
tivity to detect at 3σ the dust emission from the disk
of a Jupiter-mass planet with mass accretion rate Ṁp =
10−5 MJup/yr and a disk radius larger than ≈ 0.05 au at
a distance of 140 pc, under the assumption that the disk
heating is dominated by the gas viscosity with α values
of either 10−2 or 10−3 (see their Figure 2). Under this
assumption, the same ALMA Band 7 observations would
detect a viscous heating dominated disk located at an
orbital radius of 5 au from the star around a planet with
MpṀp > 10−7M2

Jup/yr and MpṀp > 10−5.5M2
Jup/yr for

disks with viscosity parameters α = 0.001 and 0.01, re-
spectively (see their Figure 4).

Although all the disk models presented here include
planets interacting with the gas and dust in the disk, an
extended ALMA would probe at sub-au resolution disk
regions where different hydrodynamic instabilities have
been proposed to drive the transfer of the disk angular
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Figure 9. Similar to Figure 5 but for the dust continuum emission at a central wavelength of 1.25 mm. The sizes of the resolution beams

are of 15.1 by 13.6 mas and 8.6 by 6.0 mas for the simulated observations with cycle6.10 and ax54 configurations, respectively.

momentum. In this context, the disk regions at stel-
locentric radii 1 au < r < 10 au are particularly inter-
esting as various purely hydrodynamic instabilities are
predicted to be active, contrary to the case of Magneto-
Rotational Instability (e.g., Lyra & Umurhan 2019). At
least in some cases, it has been shown that these insta-
bilities can significantly affect the dynamics of the dust,
and create substructures that can be observed via high
angular resolution observations in the dust continuum
emission at sub-mm/mm wavelengths (e.g., Flock et al.
2020; Blanco et al. 2021, for the case of Vertical Shear
Instability). Moreover, some radial substructures can be
expected if different mechanisms dominate at different

radii across the disk as a consequence of their different
efficiencies for the angular momentum transport (Pfeil
& Klahr 2019).

5. CONCLUSIONS

We have evaluated the potential of an upgraded
ALMA to observe at sub-au resolution the terrestrial
planet forming regions of young disks in nearby star
forming regions. The upgraded ALMA considered here
consists of an array configuration that combines 42
existing antenna pads with 12 new ones within the
ALMA concession and the Atacama Astronomical Park,
and that would double the maximum baseline length
(bmax ≈ 32 km). To quantify the effects of this upgrade,
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we simulated observations of a family of disk models,
perturbed by single planets with planet-to-star mass
ratios of 1 and 10 M⊕/M� at orbital radii of 1 − 5 au
from the host star, located at a distance of 140 pc.

Our work shows that an extended ALMA would
markedly improve upon the detection and investiga-
tion of the disk substructures in the dust continuum
expected from the interaction between Earth-mass and
Super Earths planets and the disk in regions of low gas
viscosity. In particular, gaps associated to Super-Earth
planets with q = 10 M⊕/M� can be detected as close as
1 au (7 mas) from the star, and azimuthally asymmetric
structures can be resolved in disks with relatively low
density. Evidence of gaps produced by Earth-mass plan-
ets with q = 1 M⊕/M� can be identified at stellocentric
distances as short as ≈ 2− 3 au through an analysis of
the interferometric visibilities, as shown here using the
frankenstein code.

An extended ALMA would also allow more accurate
measurements of the main properties of gaps, e.g. radial
widths and depletion factors, at radial distances down
to ≈ 2 − 3 au from the central star. These observa-
tions would provide more accurate estimates of planet
properties from the data-model comparison. A broader
parameter space of planets could be investigated in this

way, which would better overlap with the distribution
of of exoplanets observed around mature stars.

An ALMA upgrade would also be important for syn-
ergy with a future Next Generation Very Large Array
(ngVLA), which is expected to detect disk substructures
at longer wavelengths than those presented here, i.e. 3
mm and longer, at resolutions of few milliarcsec (Ricci
et al. 2018; Harter et al. 2020; Blanco et al. 2021). The
combination of ALMA and ngVLA would enable multi-
wavelength studies at high angular resolution which can
be used to constrain the dust surface densities, temper-
atures and grain size distributions across the disk (e.g.,
Carrasco-González et al. 2019).

We want to thank Crystal Brogan and John Carpen-
ter for useful discussions on this project. We thank Neil
Phillips and Rüdiger Kneissl for providing us with the
antenna position file for the extended ALMA configu-
ration. L. R. and Z. Z. acknowledge financial support
from the ALMA North-American Cycle 7 Development
Studies.
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2020), and the NASA Astrophysics Data System (ADS).
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Dipierro, G., Ricci, L., Pérez, L., et al. 2018, Monthly

Notices of the Royal Astronomical Society, 475, 5296,

doi: 10.1093/mnras/sty181

http://doi.org/10.1146/annurev-astro-031220-010302
http://doi.org/10.3847/2041-8213/aaf741
http://doi.org/10.3847/0004-637X/828/1/46
http://doi.org/10.1051/0004-6361/202140325
http://doi.org/10.1051/0004-6361/201322068
http://doi.org/10.1086/523667
http://doi.org/10.1086/529487
http://doi.org/10.1093/mnras/stv2527
http://doi.org/10.3847/2041-8213/ac0f83
http://doi.org/10.3847/1538-4357/ac15fa
https://arxiv.org/abs/2001.11076
http://doi.org/10.3847/1538-4357/ab3d33
http://doi.org/10.1093/mnras/sty2653
http://doi.org/10.1093/mnras/staa3787
http://doi.org/10.1109/JSTSP.2008.2006388
http://doi.org/10.1086/320655
http://doi.org/10.1093/mnras/sty181


14

Dong, R., Zhu, Z., Rafikov, R. R., & Stone, J. M. 2015a,

ApJL, 809, L5, doi: 10.1088/2041-8205/809/1/L5

Dong, R., Zhu, Z., & Whitney, B. 2015b, ApJ, 809, 93,

doi: 10.1088/0004-637X/809/1/93

Flock, M., Turner, N. J., Nelson, R. P., et al. 2020, ApJ,

897, 155, doi: 10.3847/1538-4357/ab9641

Fung, J., Shi, J.-M., & Chiang, E. 2014, ApJ, 782, 88,

doi: 10.1088/0004-637X/782/2/88

Goldreich, P., & Tremaine, S. 1980, ApJ, 241, 425,

doi: 10.1086/158356

Harter, S. K., Ricci, L., Zhang, S., & Zhu, Z. 2020, ApJ,

905, 24, doi: 10.3847/1538-4357/abcafc

Huang, J., Andrews, S. M., Dullemond, C. P., et al. 2018,

ApJL, 869, L42, doi: 10.3847/2041-8213/aaf740

Ilee, J. D., Hall, C., Walsh, C., et al. 2020, MNRAS, 498,

5116, doi: 10.1093/mnras/staa2699

Jennings, J., Booth, R. A., Tazzari, M., Rosotti, G. P., &

Clarke, C. J. 2020, MNRAS, 495, 3209,

doi: 10.1093/mnras/staa1365

Jin, S., Li, S., Isella, A., Li, H., & Ji, J. 2016, ApJ, 818, 76,

doi: 10.3847/0004-637X/818/1/76

Kanagawa, K. D., Muto, T., & Tanaka, H. 2021, ApJ, 921,

169, doi: 10.3847/1538-4357/ac282b

Kley, W., & Nelson, R. P. 2012, ARA&A, 50, 211,

doi: 10.1146/annurev-astro-081811-125523

Lin, D. N. C., & Papaloizou, J. 1986, ApJ, 309, 846,

doi: 10.1086/164653

Lodato, G., Dipierro, G., Ragusa, E., et al. 2019, Monthly

Notices of the Royal Astronomical Society, 486, 453,

doi: 10.1093

Long, F., Pinilla, P., Herczeg, G. J., et al. 2018, ApJ, 869,

17, doi: 10.3847/1538-4357/aae8e1

Lyra, W., & Umurhan, O. M. 2019, Publications of the

Astronomical Society of the Pacific, 131, 072001,

doi: 10.1088/1538-3873/aaf5ff

Masset, F. 2000, A&AS, 141, 165, doi: 10.1051/aas:2000116

McMullin, J. P., Waters, B., Schiebel, D., Young, W., &

Golap, K. 2007, in Astronomical Society of the Pacific

Conference Series, Vol. 376, Astronomical Data Analysis

Software and Systems XVI, ed. R. A. Shaw, F. Hill, &

D. J. Bell, 127

Pascucci, I., Testi, L., Herczeg, G. J., et al. 2016, ApJ, 831,

125, doi: 10.3847/0004-637X/831/2/125

Pfeil, T., & Klahr, H. 2019, ApJ, 871, 150,

doi: 10.3847/1538-4357/aaf962

Pinilla, P., Birnstiel, T., Ricci, L., et al. 2012, A&A, 538,

A114, doi: 10.1051/0004-6361/201118204

Ricci, L., Liu, S.-F., Isella, A., & Li, H. 2018, ApJ, 853,

110, doi: 10.3847/1538-4357/aaa546

Ricci, L., Testi, L., Natta, A., et al. 2010, A&A, 512, A15,

doi: 10.1051/0004-6361/200913403

Sanchis, E., Picogna, G., Ercolano, B., Testi, L., & Rosotti,

G. 2020, MNRAS, 492, 3440, doi: 10.1093/mnras/staa074

Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 500, 33

Suzuki, D., Bennett, D. P., Sumi, T., et al. 2016, ApJ, 833,

145, doi: 10.3847/1538-4357/833/2/145

Zhang, S., Zhu, Z., Huang, J., et al. 2018, ApJL, 869, L47,

doi: 10.3847/2041-8213/aaf744

Zhu, Z., Andrews, S. M., & Isella, A. 2018, MNRAS, 479,

1850, doi: 10.1093/mnras/sty1503

http://doi.org/10.1088/2041-8205/809/1/L5
http://doi.org/10.1088/0004-637X/809/1/93
http://doi.org/10.3847/1538-4357/ab9641
http://doi.org/10.1088/0004-637X/782/2/88
http://doi.org/10.1086/158356
http://doi.org/10.3847/1538-4357/abcafc
http://doi.org/10.3847/2041-8213/aaf740
http://doi.org/10.1093/mnras/staa2699
http://doi.org/10.1093/mnras/staa1365
http://doi.org/10.3847/0004-637X/818/1/76
http://doi.org/10.3847/1538-4357/ac282b
http://doi.org/10.1146/annurev-astro-081811-125523
http://doi.org/10.1086/164653
http://doi.org/10.1093
http://doi.org/10.3847/1538-4357/aae8e1
http://doi.org/10.1088/1538-3873/aaf5ff
http://doi.org/10.1051/aas:2000116
http://doi.org/10.3847/0004-637X/831/2/125
http://doi.org/10.3847/1538-4357/aaf962
http://doi.org/10.1051/0004-6361/201118204
http://doi.org/10.3847/1538-4357/aaa546
http://doi.org/10.1051/0004-6361/200913403
http://doi.org/10.1093/mnras/staa074
http://doi.org/10.3847/1538-4357/833/2/145
http://doi.org/10.3847/2041-8213/aaf744
http://doi.org/10.1093/mnras/sty1503


15

APPENDIX

We investigate here the improvement expected for the dust continuum imaging of one of our disk models when
considering the capabilities of the new ALMA Band 6 receivers, which are currently under development5 (Asayama

et al. 2020). These receivers will improve the sensitivity of the current ones by a factor of ∼
√

2 ≈ 1.4, and will also
provide a wider bandwidth by a factor of ∼ 2. The extended bandwidth will in turn result in an extra improvement
on the continuum sensitivity of

√
2×, and will also provide better imaging fidelity thanks to the additional sampling

of the interferometric (u, v) space by spreading out the frequency coverage.
To simulate the results of future ALMA observations with the extended ax54 configuration and with the new

ALMA Band 6 receivers we adopted the following procedure. We considered the disk model with Σ0 = 100 g/cm2,
q = 10 M⊕/M�, ap = 3 au at a central frequency of 240 GHz (top row in Figure 9, with maps that are shown also
in the left three maps in Figure 10). Whereas all the simulated observations presented in our work considered a total
bandwidth of 7.5 GHz within a single spectral window, here we simulate observations in 4 spectral windows centered
at 231, 233, 247 and 249 GHz, respectively, with bandwidth for each window of 1.875 GHz, for a total bandwidth of
7.5 GHz. For each central frequency of each window we calculated an image from our disk model, using the same
method as described in Section 2.1, in order to take into account the variation with frequency of the dust emission
from the disk model. These images were then combined in our ALMA simulations via the Multi-Term Multi-Frequency
method with nterms=2 in tclean. Other than providing a more accurate representation of the dust emission across
the bandwidth sampled by the observations, this procedure has the main advantage of obtaining better image fidelity
thanks to the additional coverage of the (u, v) space. The result of this simulation is shown in the fourth map from
the left in Figure 10. The comparison with the third map in the same figure shows the modest changes with respect
to the image obtained in Section 3 which considered a single spectral window, and no variation with frequency of the
disk emission.

A significant improvement is obtained when the same procedure was used to simulate the observations with the
upgraded Band 6 receivers. To account for the 2× wider bandwidth, we considered 4 spectral windows centered at
230, 234, 250 and 254 GHz, respectively, and each with a bandwidth of 4 GHz (total bandwidth of 16 GHz). In
order to reproduce the additional improvement to the receiver sensitivity of 1.4× without introducing any extra (u, v)
coverage, we simulated the same observation twice, with different seed parameters in simobserve to get different noise
characteristics for the two simulations. We then concatenated the visibility datasets from these two simulations and
imaged the interferometric visibilities with the Multi-Term Multi-Frequency method in tclean as described above.
The rightmost map in Figure 10 displays the clear improvement in signal-to-noise ratio and image fidelity of the most
prominent disk substructures predicted by the model.

5 https://science.nrao.edu/facilities/alma/alma-develop-old-022217/2nd%20Gen%20Band%206%20Rcvr
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Figure 10. Maps for the dust continuum emission at 1.25 mm for the model with Σ0 = 100 g/cm2, q = 10 M⊕/M�, ap = 3 au. The

first three maps from the left are the same as in the top row of Figure 9. The fourth and fifth maps were obtained considering the dust

emission in four spectral windows as described in the text. The simulations for the fifth map consider a total bandwidth of 16 GHz as well

as a factor of
√

2× improvement in the sensitivity of the new ALMA Band 6 receivers. The size of the synthesized beam for both of the

simulated ax54 observations with 4 spectral windows is 7.4 mas × 5.4 mas. The rms noise values for the observed maps are 6.3, 5.4, 6.5

and 3.3 µJy/beam, from left to right, respectively.


