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I’m just curious …
I want to understand
better why…
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Are the first steps of planet formation different in
disks around VLMS or BDs?
How is the dust dynamics compared to T-Tauri disks?
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Disks around VLMS and BDs: excellent laboratories to
investigate planet formation in extreme conditions
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BD disks are low
mass, smaller (how
small?) and colder.
ALMA survey of young
brown dwarfs in the ρ-Oph.
Sensitivity to detect
~0.5 MEarth of dust.
Detection of 11 disks.
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1.0 Talk by L. Ricci

and E. Sanchis Melchor
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Are the first steps of planet formation different in
disks around VLMS or BDs?
How is the dust dynamics compared to T-Tauri disks?
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Settling to the midplane

Turbulence
Coupling and decoupling to turbulent eddies
(Ormel & Cuzzi 2007)

midplane

Δ𝑣#$%& ∝ 𝛼#$%& 𝐶+

Settling time-scales

Mulders & Dominik (2012)

Brown Dwarfs disks are expected to
be flatter than T-Tauri disks
(15-20% flatter)

For the same αturb
Less destructive collisions due
to turbulent motion
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Radial Drift (big problem!)

Pinilla et al. (2013)

The radial-drift barrier is more difficult to
overcome for the dust around Brown Dwarfs
disks than around typical T-Tauri disks
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CHAPTER 3. GRAIN GROWTH IN BROWN DWARFS DISKS

Drift Barrier in BD Disks
volume density, fragmentation velocity,
etc

Same dust parameters: intrinsic

Brown Dwarf disk

T-Tauri disk
Solar
parameters

Pinilla et al. (2013)

Rapid
drift
is more
for
in brown dwarf
Figureinward
3.1: Vertically
integrated
dust significant
density distribution
(Eq.particles
3.6) after
di↵erent times of evolution and
including
radial
Top panels:
Case of
disks
than
indrift.
T-Tauri
disks
the BD disk ⇢-Oph102 parameters (MBD = 0.05 M , LBD = 0.03 L and
TBD = 2880 K) and Rout = 30 AU, ⌃ = ⌃0 r 0.5 , Mdisk = 2 MJup ,
vf = 10 m s 1 and ↵turb = 10 3 . The solid white line represents the
particle size corresponding to St = 1 (Eq. 3.3) and reflects the shape of the
gas density. The cyan line corresponds to the maximum size that particles
can reach given a fragmentation velocity vf . Bottom panels: Similar model
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This Radial Drift Problem Applies to CPDs
Drift time-scale for a disk
around a Solar-type star

Circumplanetary disc detection

Drift time-scale for a CPD

Zhu et al. (2018), and his talk

9

9. The drift time-scale for the disc around a solar mass object having Lirr = L⊙ (the left-hand panel) and the disc around a 0.01 M⊙ obje
0.001 L⊙ (the right-hand panel). In both cases, the disc is irradiation dominated and α is assumed to be 0.001.

However, we (may) have observational evidence of
mm-sized particles in disks around VLMS and BDs
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Spectral Indices in Disks around VLMS and BDs evidence
grain growth

Pinilla et al. (2017)

Figure 2. Spectral index of disks in di↵erent star formation
regions. The data for Taurus, Ophiucus and Orion groups
were taken from Ricci et al. (2012b, 2013, 2014). The new
data reported are represented in squares. The error bar for
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problem?
particles have millimeter sizes in th
the next section, we investigate dust
assuming a massive planet embedded
to trap millimeter-grains and compa
predictions of the spectral indices an
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with current observations.
3. DUST TRAPPING BY AN

PLANET IN A BD D

From our current dust evolution m

on & Armitage 2014). Strong pressure bumps can originate
he outer edge of a gap carved by a planet, and in this
on, we aim to understand if trapping in BD disks due to an
edded planet can lead to low values of the spectral index as
rved in BD disks.
ap opening criterion in BD disks. The ﬁrst question to
stigate is, what is the minimum mass of a planet needed to
n a gap in a disk around a BD? To answer this question, we
Mass of Planet
Needed
Open a which
Gap in
the gap Minimum
opening criterion
by Crida
et al.to (2006),
iders the disk viscous torque, the gravitational torque from
planet,
and
the criterion
pressure
torque.
criterion is
Gap
opening
from
Crida etThe
al. (2006)

Particle Trapping by Embedded Planet(s) (one possibility)
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a Disk Around a BD?
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This
scenario
may
be an at
unlikely
re Re
is the
Reynolds
number
the position of the planet
Saturn mass
whichexplanation
is equal to rbecause
pΩp/ν (Ω is the Keplerian frequency and
planets
are planet
much position),
above thewith ν being the disk
s calculated
at the
present-day planet forming
osity, usually parametrized as n = avisc cs2 W (Shakura &
capabilities of these disks.
yaev 1973), and cs being the sound speed. In addition,
q is
Pinilla et al. (2017)
See also: Payne
& Lodato
(2007):
planet-to-star
mass
ratio,
H isJupiter-like
the disk aspect ratio equal to
companions to BDs are only possible to form as
Ω, and
RH is the Hill radius of the planet, i.e.,
binary systems
=rp(q /3)1/3.
ecause the BD disks are colder than T Tauri disks and the
s of the central star is also lower, the required planet mass
planet to open a gap differs from the one needed around a
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It is More Difficult for a Given Planet to Open a Gap in a
BD Disk
7

8

Saturn mass planet around
a BD (q = 6 x 10-3)

The resulting gaps are shallower because
thepanel:
scaleVertically
heightintegrated
at the planet
Figure 5. Left
dust density distribution
(
13
rbits of evolution assuming a single planet and the parametersthe gas surface density profile from Fig. 4 after 1 Myr of evolution. R
position is closer to the planet Hill’s radius
ial profile. Right panel: the averaged gas surface density after

observations of BD disks compared to models of dust trapping by an
triangle corresponds to a test where the gas density is low and thus millim
to 6 rp . The azimuthal grid is linear with 950 grid cells.
we as
The scale height and the disk temperature are assumed(rH ), making the equilibrium shape of the gap shallower
radiu
consistently with Eq. 3, that is the disk aspect ratio(Crida et al. 2006). Our simulations show that the gas

t evolution.

f

Expected Spectral Indices when Particles are Trapped at
the Outer Edge of the Gap
We found that the spectral indices
are high, in disagreement with
current millimeter-observations
of BD disks.
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ribution ( dust ) as function of the grain size and radius, assuming
volution. Right panel: Spectral indices obtained from millimeter
ping by an embedded massive planet (blue triangles). The green
d thus millimeter-sized particles are decoupled from the gas (Fig 6).

we assumed (from 55 to 10 K from the inner to the outer

Alternatives
(1) Multiple strong pressure bumps of unknown origin
(2) Gas masses in BD disk are very low such that the
millimeter grains are completely decoupled and do not
drift
15

Multiple (very) Strong Pressure Bumps of Unknown Origin
A&A 554, A95 (2013)

Pinilla et al. (2013)

Low spectral indices observed in BD disks may hint to unresolved multi-ring
ig. 5. Vertically integrated dust density distribution after 5 Myr of evolution including radial drift and a bumpy gas surface densit
The
pressure
bumps
toAU,
have
stronger
than
insolid
more
−3
with Asubstructures.
= 0.4 (left panel) and
A = 0.6
(right panel).
Case ofneed
Rout = 30
vf = 10
m s−1 , p =amplitude
0.5 and αturb = 10
. The
white lin
he particle size corresponding to St = 1 (Eq. (3))
and reflects
the warmer
shape of thedisks
gas density, while the cyan line corresponds16to the fr
massive
and

mit.

with d being the distance to the source, which was taken to be
40 pc as in the young disks in Taurus and Ophiuchus starorming regions. Bν (T (r)) is the Planck function for a given tem-

When the extension of the disk increases to Rout =
spectral slope has values that agree with observations
for higher values of αturb ), but the fluxes are slightly

Very Low Gas Disk Masses & mm-Grains are Decoupled
9

Gas mass in BD disks is so
low (∼2×10−3 MJup), such that
the millimeter-sized
particles are completely
decoupled, and preventing
them from drifting inwards.

Pinilla et al. (2017c)

A systematic and sensitive survey with ALMA that
provide information of gas distribution/mass, is
required to solve this question.

Figure 6. Left panel: initial dust density distribution as expected from grain growth without experiencing radial drift (Pinilla
et al. 2013) and with the same disk conditions as in Table 2. Middle panels: dust density distribution after 3000 yr (top) and
0.1 Myr (bottom) of evolution considering dust dynamics (drift, drag, and turbulent di↵usion), but without dust coagulation
17
processes and reducing the gas disk mass by a factor of 100. Right panels: as middle panels but reducing the gas disk mass by
a factor of 1000.

al. 2006,
forassuming
the targets observed with PdBI). With the
tribution ( dust ) as function of the grain size and
radius,
optical
depth,
we obtain the total flux as
evolution. Right panel: Spectral indices obtained
from
millimeter
ping by an embedded massive planet (blue triangles). The green
d thus millimeter-sized particles are decoupled from the gas (Fig 6).Z Rout
2⇡ cos i
F⌫ =
2
we assumed (from 55 to 10 K from the inner to the douter
4
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e

⌧⌫

]rdr,

(4)

millimeter-sized particles concentrated in a very narrow
region when there is trapping by a planet in a BD disk.
This leads to high values of the spectral index integrated
over the entire disk at any time of evolution. The resulting millimeter fluxes are, however, in the range of
some of the observed BD disks. Moving the planet or

Do we really need an alternative?
We may have already some evidence of massive
planets in disks around VLMS
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CIDA 1
Centro de Investigaciones de Astronomía "Francisco J. Duarte"
CIDA

Pinilla
al. (2018b)
Pinilla
et al. et
(2018b)
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CIDA 1 is the lowest mass star with a resolved large
dust cavity (20au) so far
M★=0.1 Msun
L★=0.08 Lsun

ALMA Observations of CIDA 1
at 887μm
Pinilla
al. (2018b)
Pinilla
et al. et
(2018b)

Resolution: 0.21’’ x 0.12’’
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Origin of the Cavity in CIDA 1
Talk by B. Ercolano

Credit cartoon: N. van der Marel
Pinilla et 1
al. (2018b)
Accretion rate of CIDA
High accretion rate and large cavity size
is 4 x10-9 Msun/year
are not expected from photoevaporation
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Origin of the Cavity in CIDA 1

A dead zone inPinilla
a low
mass
disk like CIDA1 is not expected to be more
et al.
(2018b)
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than 5au (maybe 10 au) extended

Origin of the Cavity in CIDA 1

?
Pinilla et al. (2018b)
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Origin of the Cavity in CIDA 1

Assuming g/d
ratio
of 100,
Pinilla
et al. (2018b)
disk mass is ~10-18 MSaturn

The minimum mass planet to open a
gap in a disk like CIDA 1 corresponds
to 1 Saturn mass planet when ⍺ =10-4
(still possible?)
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Future Perspectives
We need more observations !
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The Slope of Mdust − M⋆ Relation Strongly Depends On Very
Few Disks Around VLMS
TDs remain
massive
independent of
the stellar
mass.

Pinilla et al. (2018a)

Survey data from Andrews
et al. (2013), Ansdell et al.
(2016, 2017), Barenfeld
(2016), and Pascucci et al.
(2016)
Talk by I. Pascucci
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The Slope of Mdust − M⋆ Relation Strongly Depends On Very
Few Disks Around VLMS
New TDs from Taurus Sample
(Long et al., 2018)
Talk by F. Long

TDs remain
massive
independent of
the stellar
mass.
Pinilla et al. (2018a)
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What Do we Learn from the TDs around VLMS?
Parameter Space to Explore

ALMA data coming to
hunt for TDs around
VLMs. The selection of the
targets are based on
CIDA 1

age

CIDA 1

28

µ
∼ 7.7

M

− M⋆

CIDA 1 Has a Massive Disk and High Accretion Rate for
its Stellar Mass

Dots and upper limits from Andrews et al.
(2013). Hexagonal Pinilla
pointsetfrom
Wardal. (2018b)
Duong et al. (2018)

Dots from Herczeg et al. (2008), diamonds
from Rigliato et al. (2015) (known TDs are
identified by blue squares.). Accretion rate
29
of CIDA 1 is 4 x10-9 Msun/year

The Incoming ALMA Data Include Disks with High Mass
Relative to their Stellar Masses
Parameter Space to Explore
(taking only detections)
(high optical
extinction)
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We Obtained so Far Short Baselines Observations of 3 Disks
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Measuring Rgas/Rdust for Disks around VLMS and BDs
CXTau
Facchini et al (to be submitted)

HD 100546
Walsh et al. (2014)

Talk by S. Facchini

M★=0.3 Msun

M★=2.4 Msun
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Conclusions
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frequency. We assume a frequency-d

Radial drift is a more difficult
barrier to overcome in disks
around VLMS and BDs
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dust

dust

dust

We need at Figure 2. Spectral index of disks in di↵erent star formation
The data for Taurus, Ophiucus and Orion groups
least a Saturn-regions.
were taken from Ricci et al. (2012b, 2013, 2014). The new
reported are represented in squares. The error bar for
mass planet todata
most of the points is illustrated in the left corner, otherwise
is plotted.
open a gap
spectrum, the calculation of the spectral index
and trap
is independent of the used wavelengths. For the
three observed BDs, we calculate the expected flux at
particles, but 1.3 mm with the obtained values of the spectral index,
in order to have all fluxes at the same wavelength. The
this does not error bar of the flux in Fig.2 includes the uncertainties of the spectral index and the fluxes at 0.89 and
explain ⍺mm 3 mm. The current data reveal low values of the spectral index (↵mm . 3), as observed for other BD disks
and disks around more massive stars in di↵erent starformation regions (e.g. Ricci et al. 2012b; Testi et al.
2014). Nonetheless, two of the obtained values are lower
limits (Table 1).
The spectral index is indicative of grain size (with
low values, ↵mm . 3, implying millimeter grains in the
outer parts of disks) as long as the emission is optically

?

0.17

with current observations.

3. DUST TRAPPING BY AN

PLANET IN A BD D

How to explain
CIDA 1 and
mm-grains in
these disks?

From our current dust evolution m
grains around BDs can only be explai
conditions, such as strong pressure
around 40-60% of amplitude (Pinilla
ever, such strong pressure bumps are
magneto-rotational instability (MRI)
predict pressure bumps with a maxi
amplitude compared to the backgro
Uribe et al. 2011; Dittrich et al. 2013;
2014). Strong pressure bumps can ori
edge of a gap carved by a33planet, and
aim to understand if trapping in BD
embedded planet can lead to low val
index as observed in BD disks.

Gap opening criterion in BD disks —Th
investigate is: What is the minimum
needed to open a gap in a disk around
this question, we use the gap opening
et al. (2006), which considers the disk
gravitational torque from the planet

Thank you
and thanks Antonella for all the
inspiration!
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