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Most solar-like stars host planets.

2

Planetary systems are diverse.

Planet-forming disks live a few Myr. The meter barrier halt dust growth.
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In (and from) a nutshell, planet formation is…

Most solar-like stars host planets.

3

Planetary systems are diverse.

Planet-forming disks live a few Myr. The meter barrier halt dust growth.

…efficient. …complex.

…fast. …not understood.
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1 μm 1 mm 1 m 1 km 1 Mm

Dust growth from coagulation Gravitational growth Gas accretion

The growth of ISM dust grains to planets involves 14 orders of magnitude.
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1 μm 1 mm 1 m 1 km 1 Mm

Dust growth from coagulation Gravitational growth Gas accretion

The growth of ISM dust grains to planets involves 14 orders of magnitude.

Pebble accretion? 
Core accretion?

The most critical range is currently not observable.

Meter 
barrier
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1 μm 1 mm 1 m 1 km 1 Mm

Meter 
barrier

Garufi et al.: The SPHERE view of the Taurus star-forming region
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Fig. 1. Spatial distribution of sample. The background image is the Taurus region at 100 µm (Band 4) from the Improved Reprocessing of the IRAS
Survey (IRIS). The SPHERE images in the J, H, or K bands (see Table B.2) are shown in the inset panels with spatial and flux scales optimized
for better representation (whereas the actual scales can be seen in Fig.2).

approximately 0.4 M�. This value is in fact the lowest limit of
our sample (see Sect. 2.3). The only other selection criterion that
may hold is an IR excess indicative of a class II object. We can
therefore conclude that our sample is unbiased and moderately
complete within the Taurus stars more massive than 0.4 M� host-
ing a full or a transition disk. However, it remains completely
blind to the entire population of lower-mass stars with a disk
(that is, based on Esplin & Luhman 2019, approximately two-
thirds of the whole sample of stars with a disk).

2.3. Stellar properties

The 43 sources of this work are divided into three A-, one F-,
three G-, 19 K-, and 17 M-type stars. To our knowledge, thirteen
of the stars are part of multiple systems, with one spectroscopic
binary (DQ Tau), five systems with close companions (less than
100), and seven with further companions. This fraction of multi-
ple stars from our sample (30%) is mildly lower than the overall
fraction determined for solar-type stars (⇠50%, Raghavan et al.
2010) and significantly lower than that constrained for Taurus
(⇠70%, Kraus et al. 2011). This is not necessarily a bias since
close companions can shorten the disk lifetime or alter their mor-
phology (see O↵ner et al. 2023, and references therein).

For each target, we retrieved the e↵ective temperature Te↵
from López-Valdivia et al. (2021) and Gangi et al. (2022)
and constructed the spectral energy distribution (SED) through
VizieR

3. We then measured the stellar luminosity L⇤ by means of

3 http://vizier.cds.unistra.fr/viz-bin/VizieR

a PHOENIX model of the stellar photosphere (Hauschildt et al.
1999) scaled to the Gaia distance and to the R magnitude de-
reddened by the extinction AV calculated from the V , R, and I

wavebands. Error bars on the stellar luminosity are propagated
from d, AV (20%), and Te↵ (±100 K). Finally, we constrained the
stellar mass M⇤ and age t in the current framework of isochrones
through a set of pre-main-sequence tracks (Siess et al. 2000;
Bressan et al. 2012; Bara↵e et al. 2015; Choi et al. 2016), in-
cluding the magnetic tracks by Feiden (2016) that would con-
trast the tendency of nonmagnetic tracks to underestimate stellar
mass and age (Hillenbrand & White 2004; Asensio-Torres et al.
2019). The age interval shown in Table B.1 reflects the variety
of values suggested by the di↵erent tracks. Some more details
on the extraction of the SED and the calculation of the stellar
properties are given in Appendix B.

The calculated stellar masses of the individual stellar com-
ponents span from 2.5 M� (SU Aur) to 0.4 M� (8 sources) with
ten intermediate-mass stars (� 1.5 M�), nine solar-mass stars (�
0.8 M�), and 36 low-mass stars. The age of the majority of the
sample is younger than 3 Myr, which is in line with the known
age of the region. Sources that look older from the isochrones
are therefore interesting cases that are described in Sect. 4. Here,
we only point out that the two oldest sources in the sample (CQ
Tau and MWC758, 12–14 Myr) are formally not part of Taurus
but rather of a nearby association with an estimated age of 18±4
Myr (Luhman 2023). As for the other sources, the limited statis-
tics and the uncertainty involved prevent us from determining
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ALMA Observations of HL Tau 5

FIG. 2.— Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm psf for the same FOV as the
other panels, as well as an inset with an enlarged view of the inner 300 mas centered on the psf’s peak (the other bands show similar patterns). Panels (e) and
(f) show the image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar shown for panel (b), at 1.3 mm,
corresponds to −2×rms to 0.9× the image peak, using the values in Table 1. The colorscales for panels (a), (c) and (e) are the same except using the values of
rms and image peak corresponding to each respective wavelength in Table 1.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an

ALMA partnership et al. 2015
VLT/SPHERE — Garufi et al. 2024

Near-IR scattered light ALMA thermal continuum Near-IR thermal continuum
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SKA will be the first instrument to resolve pebbles.

Disk midplane, ionized gas, and moon-forming disks are also accessed.
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The Square Kilometre Array Observatory (SKAO) is a global enterprise to build the largest scientific instrument on Earth, both in physical 
scale and in terms of the volume of data it will generate. Consisting of two telescope arrays located respectively in Australia and South 
Africa and managed from the SKAO headquarters in the UK, the SKAO promises to revolutionise our understanding of the universe. The 
science case for the SKAO has the potential to appeal to users well beyond the radio astronomy community, spanning across a wide 
range of areas of physics, cosmology and astrophysics. Science working groups (SWGs) and Focus Groups (FGs) covering all these areas 
have been set up to further evolve the SKA science case, providing a conduit for interaction between the SKAO science team and the 
astronomical community. This banner provides a summary of the Cradle of Life Science Working Group.

1. Understand Planet Formation
Coagulation of µm-sized particles in circumstellar discs is 
the first step to planet formation.  Crossing the ‘cm barrier’ 
is a challenge for theoretical models.  Both the frequency 
coverage and resolution of SKA is required to observe 
cm-sized grains at solar system scales and in the planet-
forming midplane of discs

3. Detection and characterization of exoplanets
Magnetized planets such as the Earth and the giant planets produce aurorae (known 
as northern/southern lights or aurora borealis/australis) near the magnetic poles, 
accompanied by bright radio emissions. The observation of such radio emissions 
provides a wealth of information on the planetary interior, where the magnetic field 
is produced, and its magnetosphere, which shields the planet from the high velocity 
particles constantly ejected by the Sun, the so-called solar wind. This shielding has strong 
implications for habitability as it prevents the atmosphere from being blown away by the 
Sun and ensures a low level of surface radiation. By analogy, planets around other stars 
(exoplanets) may also emit radio emission that will help us understand their interiors and 
possibly whether some of them are habitable. There are hundreds of planetary systems 
within 50 light years of the Sun that the SKA1-Low will be able to observe. The signal 
detected from these systems will serve to characterize exoplanet magnetospheres and 
how exoplanets interact with their host star.
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complementary, 
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2. Detect and characterize large molecules in planet-forming 
regions 

Organic building blocks relevant in cosmochemistry and biology (e.g., sugar-like species, molecules 
with peptide-like bonds) are found in primordial meteorites and analogs of the young Solar system. 

Spectra of chemically rich sources at (sub)mm wavelengths suffer from line blending and line 
confusion. Spectra will be less crowded at cm wavelengths, where, additionally, dust emission is 

optically thin, making identification of pre-biotic molecules more straightforward.

Credit: B. Saxton (NRAO/AUI/NSF)

Jupiters magnetic field, artist impression. Credit: NASA

4. Search for ExtraTerrestrial 
Intelligence (SETI) 
SKA1 will be capable of detecting emission sources analogous 
to high-power terrestrial transmitters such as airport radars. 
At 10 pc distance, a detection could be made in 15 minutes. 
With longer integrations, unbiased surveys of all (>10,000) 
stars within 60 pc are feasible. In addition, we will, for the first 
time, have the sensitivity to detect “leakage” transmissions 
from omni-directional transmitters with power close to 
the brightest transmitters on Earth. Currently, pathfinder 
interferometric SETI work is being carried out on MeerKAT as 
well as the Very Large Array (VLA). Credit: Breakthrough Listen / Danielle Futselaar

Grain growth toward planet formation

Cradle of Life
Science Working Group

www.skao.int

Simulated SKA-MID observations (Band 5b, 67 mas) of a protoplanetary 
disc host to three giant planets (left), with a representation of our own 
Solar System on the same scale (right). Credit: John D. Ilee, University of 
Leeds (Ilee et al. 2020, MNRAS, 498, 5116).

5. Understand our Solar System and its origin 
The SKA will be especially relevant for characterizing comets, trans-
Neptunian objects (TNOs), and centaurs, the “primordial building blocks” 
from which the Solar System was formed. It will be possible to observe 
some key species in cometary atmospheres, such as OH and ammonia, and 
complex molecules in exceptionally active comets. The physical, thermal 
and compositional properties of TNOs and centaurs will also be obtained 
with SKA. The radiation belts of Jupiter and Saturn will be characterized to 
obtain information about their interiors. It will also be possible to detect 
and monitor lightning activity in the atmospheres of all solar system planets 
and some moons. 

Jupiter at λ=21 cm with the VLA (NRAO)

Artistic view of the centaur Chariklo
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11

Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).

The census from VLT/SPHERE and ALMA suggests that disk substructures are ubiquitous. 
Some of these are likely due to embedded protoplanets.
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Yet, protoplanets remain very elusive as only 2-3 are confirmed in 15 years search.

van Capelleveen et al. 2025
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Protoplanets are not detected because they:

are cold (small) are heavily extincted are closer in have not formed yet 
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Protoplanets are not detected because they:

are cold (small) are heavily extincted are closer in 

Larger mirrors 
needed. 

E-ELT 
Micado and Metis

have not formed yet 

Theories and measures 
are wrong. Need to fix. 

? 

Longer wavelengths (≥ 4—5 μm) needed. 

JWST 
VLT/ERIS (PETS, PI: Garufi) 

E-ELT Metis
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One protoplanet candidate is detected near a launching point with VLT/ERIS. 
(Francesco Maio et al. 2025)
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Pebbles and protoplanets: ELT and SKA will revolutionize the field of the planet formation.


