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Abstract Brown dwarfs and very low mass stars are a significant fraction of stars in our galaxy and they are interesting laboratories
to investigate planet formation in extreme conditions of low temperature and densities. In addition, the dust radial drift of particles
is expected to be a more difficult barrier to overcome during the first steps of planet formation in these disks. ALMA high-angular
resolution observations of few protoplanetary disks around BDs and VLMS have shown substructures as in the disks around Sun-like
stars. Such observations suggests that giant planets embedded in the disks are the most likely origin of the observed substructures.
However, this type of planets represent less than 2% of the confirmed exoplanets so far around all stars, and they are difficult to form
by different core accretion models (either pebble or planetesimal accretion). Dedicated deep observations of disks around BDs and
VLMS with ALMA and JWST will provide significant progress on understanding the main properties of these objects (e.g., disk
size and mass), which is crucial for determining the physical mechanisms that rule the evolution of these disks and the effect on the
potential planets that may form in these environments.

1 Introduction

Brown Dwarfs (BDs) are substellar objects in the mass range between 13 and 80 Jupiter masses approximately. They are unable
to sustain hydrogen fusion in their cores, and they represent the link between the lowest mass stars (M-dwarfs) and (exo-)planets.
BDs together with very low-mass M-dwarf stars of masses ∼ 0.1−0.2 M� (referred as very low mass stars in this paper - VLMS)
represent a significant fraction of stars in our galaxy [15–20%, 1, 2, 3]. They are interesting laboratories to investigate planet
formation because the frequency of Earth-sized planets in habitable zones appears to be higher around M-dwarfs [4–6], such as the
exciting cases of TRAPPIST 1 system [7] and Proxima Centauri b [8]. Contrary, the frequency of giant planets around M-dwarfs
seems to be low [9–12]. Figure 1 shows the observed giant exoplanets (M > 1 MNep) around BDs and VLMS (M < 0.2 M�)
compared to confirmed exoplanets around all type of stars. The population of giant planets around BDs and VLMS is less than 2%
of the detected exoplanets so far.

These trends of exoplanet demographics may be reflected in the properties of the birth-sites of planets (protoplanetary disks)
around BDs and VLMS. Observations of young BDs and VLMS show near-infrared excess emission [13–18] that reveals the
existence of protoplanetary disks around these objects. Several of these disks have been detected with (sub-)millimeter observations
in nearby star forming regions [19–31], with typical fluxes lower than few mJy at 1 mm, implying disks dust masses of a few Earth
masses and lower.

These observations of BDs and VLMS disks at sub-mm/mm wavelengths suggest that even in these very low-mass and cold
conditions, µm-sized dust particles grow to mm-sizes and these pebbles remain in the disk for 1–5 Myr timescales [22, 24, 28]. The
initial growth of particles in protoplanetary disks is governed by the interaction with the gas. Because of the expected sub-Keplerian
motion of the gas, the dust particles lose angular momentum and drift inward very fast (� 1000 yr). Theoretical models predict
that the radial-drift barrier is a more difficult problem to overcome for mm-dust particles in disks around VLMS, in particular BDs,
compared to Sun-like stars.

Millimeter observations of BD and VLMS disks have challenged current dust evolution models of protoplanetary disks. Only
under extreme conditions where the radial drift is highly reduced in the entire disk can dust evolution models explain the current
millimeter observations of BD and VLMS disks. To reduce the high radial drift, it has been suggested that there must be strong
pressure bumps that are radially distributed in the disk [32]. The presence of such pressure bumps leads to bright ring-like structures
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Fig. 1 Observed giant exoplanets
(M > 1 MNep) around BDs and
VLMS (M < 0.2 M�, red
squares) compared to confirmed
exoplanets around all type of stars.
This population is less than 2% of
the detected exoplanets so far.
This percentage is not
observational-bias-corrected. Data
retrieved on 2022.06.01 from
https://exoplanetarchive.ipac.
caltech.edu
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observable at optical, near-infrared, and (sub-)millimeter wavelengths, as have recently been observed in disks around Sun-like and
Herbig stars [e.g., 33, 34, 35, 36, 37]. A possible origin for such pressure bumps is embedded planet(s) in the disk.

For disks around BDs and VLMS, a planet with at least a Saturn mass is required to open a gap in the gas surface density and trap
millimeter-sized particles [28, 38]. This is challenging because Saturn-mass planets are difficult to form in models of disks around
BDs and VLMS, either by pebble or planetesimal accretion [39–41]. Alternatively, giant planets around M-dwarfs may form when
the disk is gravitational unstable [42].

In this paper, we present state-of-the art observations of the dust continuum emission of disks around BDs and VLMS that have
been observed with ALMA and show substructures (Sect. 2, Fig. 2). These observations are a motivation to revise the dust radial
drift barrier in these disks when stellar evolution is taken into account in the first million of years (Sect. 3). To stop the fast radial
drift of dust particles in disks around BDs and VLMS, we study the type of planet that is required to open a gap in a disk around a
0.1 M� with typical stellar parameters at 1 Myr of evolution. We perform hydrodynamical simulations of the gas and dust evolution
in a disk around a typical VLMS and show the type of substructures that are expected when observed at high angular resolution at
different wavelengths (Sect. 4). We summarize the results of this paper in Sect. 5.

2 ALMA observations of disks around BDs and VLMS

From sub-mm/mm surveys of young stars (1–10 Myr old) with ALMA, the dust masses inferred from the dust continuum emission
of their disks shows a declining trend with the central object mass (Fig. 3). The scaling laws between dust mass and stellar/substellar
mass inferred in different nearby star forming regions follow an approximately a power-law relation that steepens in time, although
derived power-law slopes depend strongly upon choices of stellar evolutionary model and luminosity and dust temperature relation
[26, 29, 50]. The observed Mdust − M� relation in different star forming regions can be reproduced when radial drift of particles is
more efficient around VLMS as predicted from the dust evolution models [32, 51].

The Mdust − M� relation seems to be flatter for disks with substructures, implying that these disks remain massive in dust
independent of the mass of the stellar host. The flatness of the Mdust − M� relation for disk with substructures can be explained
by the presence of multiple pressure traps formed by giant planets, when planetesimal formation is hindered inside these pressure
bumps [51].

Currently, the flatness of the Mdust − M� relation for disks with substructures may be a bias because high angular resolution
observations with ALMA have been mostly focused on bright and large disks around T-Tauri and Herbig stars. Only a handful
of disks populate the Mdust − M� relation in the stellar regime of BDs and VLMS, and the Mdust − M� relations in this stellar
mass region are dominated by the fluxes of T-Tauri and Herbig disks. High angular resolution of disks around BDs and VLMS are
challenging due to their faint emission and their small size.

However, recent efforts with ALMA have been done to resolve the disks and potentially detect substructures around BDs and
VLMS. The work from Kurtovic et al. [46] presented a small sample of 6 disks around VLMS in Taurus, where 50% of the sample
revealed substructures at a resolution of 0.1” (these are included in Table 1 and Fig. 2). The sample in [46] was selected to target
the brightest disks in the very-low mass regime of the central object, and hence it was likely to find substructures as in the case of
T-Tauri and Herbig disks. Additional observations have been done at high angular resolution that include BDs and VLMS revealing
substructures [37, 43–45, 49] mainly in Taurus and Lupus star-forming regions (Table 1 and Fig. 2).

Nine of the disks in Fig. 2 are large and comparable in size to disks around T-Tauri stars (top panels in Fig. 2). These nine disks
mainly show large inner gaps, typically seen in the so-called transition disks. Four of them show a bright emission in the inner disk.
Only one of them show a clear evidence of an azimuthal asymmetry (ZZTauIRS, [44]), a characteristic that has been observed in
few disks around T-Tauri and Herbig stars [e.g., 53]. The other six disks are very compact, and their substructures are more blurred.
Currently, it is unknown if most of the compact disks are small because of the lack of substructures or if they have substructures as
the large disks around T-Tauri and Herbig stars. These tentative substructures in the bottom panels of Fig. 2 suggest that compact
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Fig. 2 Disks around BDs and
VLMS (spectral type higher than
M4.5, Table 1) that show
substructures from available
ALMA observations. Note that the
scale of the images changes
between the three set of panels
from the top to the bottom
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Table 1 Disks around BDs and VLMS (Spectral type higher than M4.5) that show substructures from available ALMA observations

Source SpT M�[M�] ν [GHz] Fν [mJy] Region d [pc] References

Iso-Oph196 M5 0.20 230.0 98.0 Ophiuchus 137.0 [37]

Iso-Oph2B ? 0.08 230.0 1.3 Ophiuchus 144.0 [43]

ZZTauIRS M5 0.20 339.0 273.9 Taurus 130.7 [44]

CIDA1 M4.5 0.19 334.5 31.0 Taurus 137.5 [45]

MHO6 M5 0.17 334.6 48.4 Taurus 141.9 [46]

J04334465 M5.2 0.15 334.7 37.9 Taurus 173.3 [46]

J04295422 M4 0.20 339.0 21.4 Taurus 140.0 [*]

J04394748 M7 0.10 339.0 3.3 Taurus 141.1 [*]

J16070854 M5 0.17 335.0 92.0 Lupus 200.0 [47]

Sz100 M5 0.18 335.0 54.9 Lupus 200.0 [48]

Sz76 M4 0.23 230.0 3.4 Lupus 160.0 [49]

Sz103 M4 0.23 230.0 4.5 Lupus 160.0 [49]

J16081497 M5.5 0.10 230.0 3.4 Lupus 159.0 [49]

J16090141 M4 0.15 230.0 5.3 Lupus 164.0 [49]

J16070384 M4.5 0.16 230.0 1.1 Lupus 159.0 [49]

Columns: target name, spectral type (SpT), stellar mass, frequency of the observations, total flux, target’s region, distance to the source, and reference.
*Data from the ALMA archive from project ID 2016.1.01511.S

Fig. 3 Mdust − M� relation in
different star-forming regions
(colours, from the youngest
regions 1–3 Myr, Lupus & Taurus;
to the oldest 8–10 Myr, Upper
Sco). The values for the slope and
intercept for the different star
forming regions are taken from
Pascucci et al. [50] and Ansdell
et al. [52]. The black line
corresponds to the observed
relation to disks with substructures
[51]. The cross-symbols
correspond to the disks in Table 2
with the corresponding colours
from the star-forming region that
they belong. The grey crosses are
for the two disks in Ophiuchus

disks also host substructures in particular in BDs and VLMS disks, and higher angular resolution and sensitivity observations are
required to reveal the nature of these potential substructures.

These total of fifteen disks around BDs and VLMS that have substructures are placed in Mdust − M� relation in Fig. 3. Half
of this sample is closer to the flat relation obtained for disks with substructures around T-Tauri and Herbig disks, while the other
half is closer to the obtained relations from large samples where substructures are not yet detected in the majority of disks. This
demonstrates the need for surveys dedicated to the low mass regime of the central objects to characterize the main properties of these
disks (e.g., dust mass and size) and put them in context of the Mdust − M� relation and the disk size luminosity relation Rdust − Lmm

that are found mostly from disks around T-Tauri and Herbig stars [e.g., 54, 55]. Understanding the origin of these observed relations
help to constrain the main physical processes of the disk evolution [e.g. 56, 57, 58].

Detailed analysis of the origin of the observed substructures in disks around BDs and VLMS exclude ice-lines of the main
volatiles in the disk as potential origin of the observed rings [e.g., 45, 46]. This is because the expected location of different ice-lines
(e.g., H2O and CO) is closer-in than the actual location of the rings. Magneto-hydrodynamical simulations predict a region of low
disk turbulence (the so-called dead zone), and at the edge of that region rings may form [e.g., 59]. Because these models have been
focused on stars like our Sun, it is not clear if dead zones are expected in disks around BDs and VLMS. A parametric study of a
model that captures the essence of the MRI-driven accretion presented in [60] suggests that dead zones in disks around VLMS may
have a dead zone with a radial extension up to 3-4 au, which is also much closer than the observed rings. The inner edge of a dead
zone around BDs and VLMS is expected in the first au, which can help for the formation of close-in small Kepler planets around
these low-mass stars, or alternatively help for stopping the inward migration of planets that form further-out. Another possibility for
the formation of the observed ALMA rings is planet-disk interaction, but the planet masses required to explain the observations are
as high as Saturn and Jupiter mass [e.g. 28, 61].
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Fig. 4 Left panel: Evolutionary tracks from Dotter et al. [64] up to 30 Myr of 0.1–1 M� stars in the H-R diagram, with three different isochronic lines (from
light to dark red every 0.1 M�). Right panel: absolute value of the maximum drift velocity as a function of time of dust particles around a 0.1 M� and 1 M�

3 Radial drift around BDs and VLMS

The very first step of planet formation includes the growth from micron-sized particles from the interstellar medium to pebbles. One
of the main problems in these first steps is the high radial drift of dust particles [e.g. 62]. It has been demonstrated that these radial
drift velocities are higher for disks around BDs and VLMS [32, 63].

This is because the radial drift velocities of dust particles depend on the stellar mass and luminosity as vdrift ∝ L1/4
� /

√
M�, where

the dependency with stellar mass dominates for the low mass regime, while the stellar luminosity dominates for intermediate-mass
stars M� > 2.5M� [65]. Figure 4 shows the stellar evolution up to 30 Myr of 0.1–1 M� stars in the H-R diagram (left panel) and
the absolute value of the maximum drift velocity as a function of time of dust particles around a 0.1 M� and 1 M�. During the
typical ages of protoplanetary disks (up to ∼ 10 Myr), the dust radial drift velocities of dust particles are higher around a 0.1 M�
than around 1 M�. We note that this difference is higher for BDs, but due to the lack of evolutionary tracks for objects less massive
than 0.1 M� we cannot include BDs in Fig 4.

To quantify the effect of radial drift in disks around VLMS, we perform dust evolution models using the publicly available code
Dustpy1 (version 0.59) [66]. This code simultaneously calculates the transport of the grains and the dust growth. For our purpose,
we perform simulations for disks around a 0.1 and 1 M� while the stellar luminosity evolves with time as shown in the left panel
of Fig. 4. We assume that Mdisk � 0.05M� and a disk radial extension from 5 to 100 au in both cases. The disk viscosity which
also controls the dust diffusion and turbulence (radially and vertically) is taken to be α � 10−3. We consider that the fragmentation
velocity (vfrag) is 10 m s−1. The actual value of these velocities is currently debatable because laboratory experiments are limited
to temperatures that are higher than the typical disk miplane temperatures [67, 68].

The dust density distribution at four different times of evolution of these simulations are shown in Fig. 5. Each panel in this figure
includes the following lines: the Stokes number of unity, the fragmentation and the drift barriers.

The dimensionless Stokes number quantifies the coupling of dust particles to the gas and in the Epstein drag regime in the
midplane of the disk is defined as [69]

St � aρs
�g

π

2
, (1)

where a is the grain size, ρs is the intrinsic volume density of the particles, which we set to 1.67 g cm−3, and �g is the gas surface
density. Therefore, St � 1 represents also the shape of the gas surface density.

The fragmentation barrier is set assuming that the relative velocities of particles are dominated by turbulence and that particles
stick in collisions below a given fragmentation speed vfrag, and it is defined as [69]

afrag � 2

3π

�g

ρsα

v2
frag

c2
s

. (2)

The drift barrier occurs when growth is limited by radial drift and is given by [69]

adrift � 2�d

πρs

v2
K

c2
s

∣
∣
∣
∣

d ln P

d ln r

∣
∣
∣
∣

−1

, (3)

where P is the disk gas pressure, �d is the dust surface density, and vK the Keplerian speed.

1 Dustpy is available on https://github.com/stammler/DustPy.
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Fig. 5 Dust density distribution at
four different times of evolution
(0.1, 0.5, 1.0 and 5.0 Myr) as a
function of distance from the star
and grain size for models of disks
around 0.1 M� (upper panels) and
1 M� (bottom panels), and
considering stellar evolution. The
solid white line represents a
Stokes number of unity (which is
proportional to the gas surface
density), while cyan and red show
the fragmentation and drift barrier,
respectively

Fig. 6 Left panel: evolution of the
dust mass of grains larger than
0.1 mm around 0.1 and 1 M�.
Right panel: evolution of the
radius that encloses 90% of the
dust mass of particles larger than
0.1 mm around 0.1 and 1 M�

Due to the dependencies of afrag and adrift on �g and �d respectively, both barriers correspond to lower grain sizes in the case of
the disk around a 0.1 M�. Figure 5 demonstrates that drift limits the maximum grain size earlier in the disk around the 0.1 M� star
than in the case of a 1 M� star. Because of the more efficient drift of particles around VLMS, the disk is more depleted of pebbles
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(here we call pebbles grains larger than 0.1 mm), making also the dusty disk in the case of 0.1 M� star smaller with time than in the
case of a 1 M� star.

Figure 6 shows the evolution of the dust mass of grains larger than 0.1 mm around 0.1 M� and 1 M�, in addition to the evolution
of the radius that encloses 90% of the dust mass of particles larger than 0.1 mm. The evolution of Mdust>0.1 mm shows initially an
increase due to dust growth and that the maximum mass of these pebbles is around 50 M⊕ for disks around a 1 M� star and when
drift starts to dominate the evolution at around 0.1 Myr, Mdust>0.1 mm rapidly decreases with time, in the absence of pressure bumps
which can help to form and retain those pebbles in the disk. We note that pressure bumps not only help to retain pebbles, but also
to form more of them because inside these regions grain growth is limited by fragmentation, increasing the maximum grain size of
particles where pressure bumps are located.

In the case of a 0.1 M� star, the maximum value of Mdust>0.1mm is only about 0.7 M⊕ and a faster decrease than in the case of
1 M� star is seen after 0.1 Myr. Most of the dust mass of the disks shown in Fig. 2 and in Fig. 3 (in the context of the Mdust − M�

relation) have higher masses than the maximum value of Mdust>0.1mm in the case of 0.1 M� star. It is therefore natural to conclude
that the substructures are required (as observed) helping to form and retain pebbles in these disks.

The evolution of Rdust>0.1mm shows how the dusty (pebble) disk increases quickly with time, reaching values near 80 au in the
case of the 1 M� star and afterwards quickly shrinking with time due to radial drift. In the case of a 0.1 M� star, the maximum
value of Rdust>0.1mm is only ∼ 24 au. Therefore, these disks are expected to be very compact unless pressure bumps are present in
the outer disk.

4 Gap opening by planets in BDs and VLMS disks

One of the most common explanations for the presence of pressure bumps in protoplanetady disks is embedded massive planets
[e.g. 70, 71, 72, 73, 74, 75, 76]. In a disk around a BDs or a VLMS, a higher planet-to-star mass ratio is required to open a gap
in the gas surface density and stop the radial drift of particles at the outer edge of the gap. This is not only because drift is higher
around BDs and VLMS, but also because these disks are geometrically thicker [77], making gap opening more difficult due to the
increased pressure forces [38].

The work in [28] investigated what is the minimum mass of a planet needed to open a gap in a disk around a BD or a VLMS,
using the gap opening criterion by [78]. This criterion considers the disk viscous torque, the gravitational torque from a planet, and
the pressure torque, and it is given by

3

4

H

RH
+

50

qRe
� 1 (4)

where Re is the Reynolds number at the position of the planet rp , which is equal to r2
p�p/ν (�p is the Keplerian frequency at the

planet position), with ν being the disk viscosity (ν � αc2
s /�, with cs being the sound speed). In Eq. (4), q is the planet-to-star mass

ratio, H is the disk scale height and it is equal to cs/�, and RH is the Hill radius of the planet, i.e. rH � rp(q/3)1/3. This criterion
has been compared by Asensio-Torres et al. [79] to the most recent work by Dong and Fung [75], showing that Eq. (4) remains valid
for different disk and planet parameters.

Assuming the stellar luminosities at 1 Myr of evolution from the evolutionary tracks in Fig. 4 for 0.1 and 1.0 M� stars, we can
calculate the disk scale height at any location assuming that the temperature profile is [80]

T (r, L�) � T�

(
R�

r

)1/2

φ
1/4
inc �

(
L�φinc

4πσSBr2

) 1
4

. (5)

Hence, we use Eq. (4) to calculate the required planet-to-star mass ratio for a planet located at 40 au (similar to the typical distances
where rings and gaps have been observed in protoplanetary disks [35]) and results are shown in Fig. 7 for a viscosity of α � 10−4.

Fig. 7 Criterion for gap opening
[Eq. (4)] assuming the stellar
parameters of a 0.1 M� (left) and
1.0 M� (right) stars at 1 Myr from
the evolutionary tracks in Fig. 4.
In the shaded area the criterion is
satisfied
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Fig. 8 Results from hydrodynamical simulations performed with FARGO3D assuming a planet-to-star mass ratio of 5 × 10−3 (∼ 1.7 MSaturn around a
0.1 M� star) at 40 au after 2000 orbits of evolution and assuming α-viscosity of 10−4. The top left panel shows the gas surface density, the panels from the
top middle to the bottom right show the dust surface density of 1, 10, 100, and 1000 µm-sized particles, respectively

The aspect ratio of the disk around a 0.1 M� star is around 0.15, whereas the typical values of the aspect ratio in a disk around a
Sun-type star are ∼ 0.01–0.05. Because of the higher disk thickness, the difference of the required planet-to-star mass ratio is around
one order of magnitude higher for the case of a 0.1 M� star (q � 5 × 10−3), whereas for a 1 M� we obtain q � 5 × 10−4. In terms
of absolute planet mass, the value is similar (near a Saturn mass planet).

To quantify how is the distribution of the gas and dust surface density distributions when a planet with a planet-to-star mass ratio
of 5 × 10−3 is embedded in a disk around a 0.1 M� star, we perform hydrodynamical simulations using the publicly available code
FARGO3D [81]. We assume a disk mass of 0.05 M� and the disk extension is from 0.1 to 5 rp (4–200 au). The aspect ratio at the
planet location is 0.15, and we assume a flaring index of 0.25 [consistent with the temperature profile from Eq. (5)]. We include
the evolution of 4 dust species with sizes of 1, 10, 100, and 1000 µm. These particles are initially distributed as the gas with a
dust-to-gas ratio of 0.01. We assume a power-law for the dust grain size distribution, such that n(a) ∝ a−3.5. The intrinsic volume
density of the particles is assumed to be ρs � 1.6 g cm−3. The planet does not migrate or accrete material during the evolution of
these simulations. Planet migration can play an important role for the formation of the small close-in planets that are detected around
M-dwarfs, if the observed substructures are particle traps where efficient grain growth happens and where potential small close-in
planets can form later while the pressure bump migrates inwards with the giant planet. Upcoming and future observations of close-in
planets around M-dwarfs that can provide constraints on the potential migration of these traps are crucial, such as measurements
of the core composition (where icy composition would favour migration), and/or the discovery of multiple planets in mean-motion
resonances (such as TRAPPIST 1).

Figure 8 shows the gas and dust surface densities after 2000 orbits of evolution. The normalization of each panel is as [76] to
highlight the resulting structures. The results of Fig. 8 show that a planet with a planet-to-star mass ratio of 5 × 10−3 clearly opens a
gap in the gas surface density and in the distribution of the dust particles of different sizes, characteristic of transition disks. Such gap
is similar in shape between the gas and small-sized particles (1–10 µm) and it becomes wider for larger particles (100–1000 µm);
as it has been shown by different works [e.g. 82, 83]. Such difference in the gap shape is testable when comparing scattered light
(tracing small grains) and sub-mm observations (tracing the large grain). This kind of comparison has been done in several transition
disks, but it remains to be done for BDs and VLMS because of the current lack of telescopes with the capability of detecting
scattered light around BDs and VLMS. In this context, direct imaging with JWST of these objects will provide an important step
forward for the understanding of the physical processes ruling the evolution of these disks and the formation of planets around BDs
and VLMS. Interestingly, the intermediate-sized particles (10 and 100µm) show an effective dust trapping around the leading L4

Lagrangian point, similar to recent observations of the disk around the Sun-like star LkCa 15 [84]. Such trapping is less clear in the
large particles in this particular case, which depending on dust opacities [e.g. 85] can lead to the detection of such asymmetry at
millimeter-wavelengths.

The type of embedded planets that current models and observations need to explain the substructures observed in disks around
BDs and VLMS (Fig. 2 vs. Fig 7 and 8) represent less than 2% of the confirmed exoplanets so far (Fig. 1) around all type of stars.
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The orbital separation of the giant planets shown in Fig. 1 in the VLMS and BD domain is mostly within the first au, so hot Jupiters.
These planets cannot be invoked to explain the observed disk substructures at tens of au, unless they effectively migrate later in the
disk evolution. The known frequency of giant planets at large radii (that can produce these gaps) is currently smaller than 2%, and
future observations are required to better constrain this occurrence rate.

In the simulations shown in Fig. 8, the presence of an inner disk in the gas and in the dust particles of different sizes remain
after several thousands of orbits. However, as it has been shown by Pinilla et al. [45], such an inner disk is difficult to explain when
grain growth is taken into account because the dust particles efficiently grow and drift to the inner disk while the particles from the
outer disk are blocked by the gap. In general, there is a current debate how these inner disks survive for long times of evolution in
transition disks.

5 Summary and conclusions

BDs and VLMS are a significant fraction of stars in our galaxy, and they are interesting laboratories to investigate planet formation
because the frequency of Earth-sized planets in habitable zones appears to be higher around these stellar objects. In this paper, we
present state-of-the art observations of the dust continuum emission of disks around BDs and VLMS that have been observed with
ALMA and show substructures as a motivation to describe one of the main problems during the first steps of planet formation around
these objects: the fast radial drift of dust particles. In addition, current ALMA observations of disks around BDs and VLMS suggest
that giant planets may originate their structures, but few giant planets have been confirmed around such low-mass stellar objects
(Fig. 1), in addition to challenge core accretion models of planet formation in these systems. Our main conclusions are:

• The Mdust − M� relation of disks in different star forming regions follow an approximately a power-law relation that steepens
in time, and it seems to flatter for disks with substructures. However, the current relation inferred for disks with substructures is
obtained with very few data of disks around BDs and VLMS. Dedicated deep observational surveys of BDs and VLMS disks are
required to understand the main properties of these objects and to put them in context of the known relations of Mdust − M� and
Rdust − Lmm of their higher-mass stellar counterparts. Such observations will help to understand the main physical mechanisms
that rule the evolution of their disks and the effect on the potential planets that may form in these environments.

• A handful of high resolution ALMA observations of disks around BDs and VLMS have been done and showing substructures.
Detailed analysis of the origin of the observed substructures in these disks suggest the presence of Saturn- or Jupiter-mass
planets. These observations challenge current planet formation models because such massive planets cannot form either by pebble
or planetesimal accretion in these low-mass environments, leaving gravitational instability as the unique route to form them.
Dedicated surveys for searching for (giant-) planets around BDs and VLMS, such as CARMENES [86] and with TESS will soon
provide new statistics of exoplanets around these low-mass star objects, helping us to further test models of planet formation in
BD and VLMS disks.

• One of the main physical processes for the evolution of the dust in protoplanetary disks is radial drift, which is higher around BDs
and VLMS disk during the entire disk evolution. Because of this, with typical disk parameters, the maximum mass of pebbles
(particles larger than 0.1 mm) in these disks is much lower (< 1 M⊕) than around Sun-like stars (∼ 50 M⊕). In addition, the
maximum (pebble) disk size as traced from sub-millimeter observation is much smaller (∼25 au vs. 80 au). Both of them, the
mass and radial extension of pebbles, decrease sharper with time in BDs and VLMS disks than around Sun-type stars. Multiple
pressure bumps of high-amplitude are needed to explain the dust mass (and some of the dust disk sizes) that have been obtained
from ALMA observations of these disks (Fig. 2).

• In a disk around a BDs or a VLMS, a higher planet-to-star mass ratio is required to open a gap in the gas surface density and
stop the radial drift of particles at the outer edge of the gap. This is not only because drift is higher, but also because these disks
are geometrically thicker, making gap opening more difficult due to the increased pressure forces. The minimum planet-to-star
mass ratio to open a clear gap in the gas surface density is around 5 × 10−3 in a disk around a 0.1 M� star. Hydrodynamical
simulations of the gas and dust evolution show that when such a planet is embedded in the disk, inner large gaps characteristic
of transition disks are expected. The gaps should be wider when observed in the millimeter wavelength than when observed in
scattered light in the near-infrared. With current observational techniques it is not possible to obtained scattered light images of
disks around BDs and VLMS, and incoming observations with JWST will unveil the distribution of the small-dust particles in
these disks helping to constrain current models of planet formation.
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