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Programa del curso 

0.  Charla de presentación sobre investigación en astrofísica 
1. ¿Qué es la astrofísica, a qué se dedica y cómo se hace? 
2. El zoológico astronómico: ¿Qué hay allá afuera? 
3. Mensajeros del universo 
4. Instrumentos para leer el cosmos. 
5. Ejemplos de problemas astrofísicos.
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Introducción a la Astrofísica 2022

El objetivo es entregar una pincelada completa de lo que es la astrofísica moderna 
como disciplina; sin olvidar su historia y pre-historia.



Reescribiendo la historia de 
cómo se forman los planetas

¿Qué hemos aprendido en los últimos 10 años?  
¿Cuáles son los avances impulsados por astrónomas/os en Chile?



All detected exoplanets as of October 2021.

of the orbit

Detection method

Si bien se han descubierto miles de exoplaneta (planetas fuera del 
Sistema Solar), aún no podemos explicar sus orígenes.  

Podemos ser testigos de la formación de un planeta?



Rogelio Bernal Andreo - deepskycolors (Orion, October 2010)



ESA/Hubble



Antonio Hales (NRAO/ALMA)
Libro “Estamos solos en el Universo”



ESA/Hubble
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1.1-Planet formation

• What are the initial conditions for planetary systems?

• Astrophysical approach: observe on-going planet formation
in disks around young stars.



origin of the planets

Accomplishments from
MAD

Added value from a
renewal: build-up for
full ALMA

Team and organisation
for MAD2

Outlook
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Esta es solo una selección personal de avances que creo son importantes 
en el tema de formación planetaria. ¡Quedaron muchísimos trabajos afuera!  

La búsqueda a la respuesta de los orígenes de la Tierra y los planetas no 
comenzó el 2011.  Las culturas originarias se hicieron (y hacen) estas 
mismas preguntas desde hace siglos. 



ALMA e ESO/VLT

2011



Imagen: NatGeoALMA



16 km

Imagen: NatGeoALMA



and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

in Supplementary Fig. 2, taking into account the beam). A blueshifted
CO(3–2) high-velocity component can also be seen at the base of this
feature, near the star (at22.1 km s21 in Supplementary Fig. 5).
The non-Keplerian HCO1 is probably not consistent with a central

outflow. Stellar outflows are not observed27 in disks with inner cavities
and no molecular envelopes (that is, transition disks). For an outflow
orientation, the low velocities measured by the lines imply that the
filaments in HD142527 would stand still and hover above the star
(Supplementary Information, section 3). Even the blueshifted emis-
sion is slow by comparison with the escape velocity. A slow disk wind
(for example one photoevaporative ormagnetically driven) can also be
excluded on the basis of the high collimation shown by the HCO1

emission. Indeed, the CO 4.67-mm emission seen in the inner disk26 is
purely Keplerian, it does not bear the signature of the disk winds seen
in other systems and its orientation is the same as that of the outer
disk. An orthogonal inner disk can also be discounted on dynamical
grounds (Supplementary Information, section 3).
It is natural to interpret the filaments as planet-induced gap-

crossing accretion flows, or ‘bridges’. Because the eastern side is the
far side, the blueshifted part of the eastern bridge is directed towards
the star and is a high-velocity termination of the accretion flow onto
the inner disk. These bridges are predicted by hydrodynamical simula-
tions when applied to planet-formation feedback inHD142527 (ref. 7).
In these simulations, the bridges straddle the protoplanets responsible
for the dynamical clearing of the large gap in HD142527. They are
close to Keplerian rotation in azimuth, but have radial velocity com-
ponents of>0.1 of the azimuthal components. In our data, we see that
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Figure 1 | ALMA observations of HD142527, with a horseshoe dust
continuum surrounding a gap that still contains gas. We see diffuse CO gas
in Keplerian rotation (coded in Doppler-shifted colours), and filamentary
emission in HCO1, with non-Keplerian flows near the star (comparison
models illustrative of Keplerian rotation are shown in Supplementary
Information). The near-infrared emission abuts the inner rim of the horseshoe-
shaped outer disk. The star is at the origin of the coordinates. North is up and
east is to the left. a, Continuum at 345GHz, with specific intensity units in
Janskys per beam. It is shown on an exponential scale (colour scale). A beam
ellipse is shown in the bottom right ofb, and contours are drawn at 0.01, 0.1, 0.3,
0.5, 0.75 and 0.9 times the peak value. The noise level is 1s5 0.5mJy per beam.
b, CO(3–2) line intensity shown by white contours at fractions of 0.3, 0.5, 0.75
and0.95 of the peak intensity value, 2.3253 10220Wperbeam.Theunderlying
red–green–blue image also shows CO(3–2) line intensity, but integrated in
three different velocity bands, whose velocity limits are indicated in the spectra
of Supplementary Fig. 8. c, Near-infrared image from Gemini that traces
reflected stellar light, shown on a linear scale. We applied a circular intensity
mask to the stellar glare, some of which immediately surrounds the mask. See

Supplementary Fig. 1 for an overlay with the continuum. d, HCO1(4–3) line
intensity shown by white contours at fractions of 0.1, 0.3, 0.5, 0.75 and
0.95 of the peak intensity value, 0.403 10220W per beam, overlaid on a
red–green–blue image of HCO1 intensity summed in three different colour
bands (see Supplementary Fig. 8 for definitions). Insets show magnified views
of the central features that cross the dust gap. The cross indicates the star at the
origin, with a precision of 0.05 arcsec, and the arrows point at the filaments.
Inset to a: same as in a, with a narrow exponential scale highlighting the
gap-crossing filaments. These features appear to grow from the eastern and
western sides of the horseshoe. Contours are at 0.0015 and 0.005 Janskys per
beam. Inset to d: deconvolved models (Supplementary Information) of the
HCO1 emission (green) at velocities where the gap-crossing filaments are seen,
that is, from 3.2 to 4.3 km s21. Intensity maps for the blue and red velocity
ranges (see Supplementary Fig. 8 for definitions) are shown in contours, with
levels at 0.5 and 0.95 times the peak values. These red and blue contours are an
alternative way to present the intensity field shown in d, but deconvolved for
ease of visualization.
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and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

in Supplementary Fig. 2, taking into account the beam). A blueshifted
CO(3–2) high-velocity component can also be seen at the base of this
feature, near the star (at22.1 km s21 in Supplementary Fig. 5).
The non-Keplerian HCO1 is probably not consistent with a central

outflow. Stellar outflows are not observed27 in disks with inner cavities
and no molecular envelopes (that is, transition disks). For an outflow
orientation, the low velocities measured by the lines imply that the
filaments in HD142527 would stand still and hover above the star
(Supplementary Information, section 3). Even the blueshifted emis-
sion is slow by comparison with the escape velocity. A slow disk wind
(for example one photoevaporative ormagnetically driven) can also be
excluded on the basis of the high collimation shown by the HCO1

emission. Indeed, the CO 4.67-mm emission seen in the inner disk26 is
purely Keplerian, it does not bear the signature of the disk winds seen
in other systems and its orientation is the same as that of the outer
disk. An orthogonal inner disk can also be discounted on dynamical
grounds (Supplementary Information, section 3).
It is natural to interpret the filaments as planet-induced gap-

crossing accretion flows, or ‘bridges’. Because the eastern side is the
far side, the blueshifted part of the eastern bridge is directed towards
the star and is a high-velocity termination of the accretion flow onto
the inner disk. These bridges are predicted by hydrodynamical simula-
tions when applied to planet-formation feedback inHD142527 (ref. 7).
In these simulations, the bridges straddle the protoplanets responsible
for the dynamical clearing of the large gap in HD142527. They are
close to Keplerian rotation in azimuth, but have radial velocity com-
ponents of>0.1 of the azimuthal components. In our data, we see that
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Figure 1 | ALMA observations of HD142527, with a horseshoe dust
continuum surrounding a gap that still contains gas. We see diffuse CO gas
in Keplerian rotation (coded in Doppler-shifted colours), and filamentary
emission in HCO1, with non-Keplerian flows near the star (comparison
models illustrative of Keplerian rotation are shown in Supplementary
Information). The near-infrared emission abuts the inner rim of the horseshoe-
shaped outer disk. The star is at the origin of the coordinates. North is up and
east is to the left. a, Continuum at 345GHz, with specific intensity units in
Janskys per beam. It is shown on an exponential scale (colour scale). A beam
ellipse is shown in the bottom right ofb, and contours are drawn at 0.01, 0.1, 0.3,
0.5, 0.75 and 0.9 times the peak value. The noise level is 1s5 0.5mJy per beam.
b, CO(3–2) line intensity shown by white contours at fractions of 0.3, 0.5, 0.75
and0.95 of the peak intensity value, 2.3253 10220Wperbeam.Theunderlying
red–green–blue image also shows CO(3–2) line intensity, but integrated in
three different velocity bands, whose velocity limits are indicated in the spectra
of Supplementary Fig. 8. c, Near-infrared image from Gemini that traces
reflected stellar light, shown on a linear scale. We applied a circular intensity
mask to the stellar glare, some of which immediately surrounds the mask. See

Supplementary Fig. 1 for an overlay with the continuum. d, HCO1(4–3) line
intensity shown by white contours at fractions of 0.1, 0.3, 0.5, 0.75 and
0.95 of the peak intensity value, 0.403 10220W per beam, overlaid on a
red–green–blue image of HCO1 intensity summed in three different colour
bands (see Supplementary Fig. 8 for definitions). Insets show magnified views
of the central features that cross the dust gap. The cross indicates the star at the
origin, with a precision of 0.05 arcsec, and the arrows point at the filaments.
Inset to a: same as in a, with a narrow exponential scale highlighting the
gap-crossing filaments. These features appear to grow from the eastern and
western sides of the horseshoe. Contours are at 0.0015 and 0.005 Janskys per
beam. Inset to d: deconvolved models (Supplementary Information) of the
HCO1 emission (green) at velocities where the gap-crossing filaments are seen,
that is, from 3.2 to 4.3 km s21. Intensity maps for the blue and red velocity
ranges (see Supplementary Fig. 8 for definitions) are shown in contours, with
levels at 0.5 and 0.95 times the peak values. These red and blue contours are an
alternative way to present the intensity field shown in d, but deconvolved for
ease of visualization.
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morphology (Muto et al. 2012, Grady et al. 2013, Akiyama et al. 2016) to more intricate, tightly
wrapped, and asymmetric structures (Hashimoto et al. 2011, Avenhaus et al. 2014, Garu! et al.
2016, Monnier et al. 2019). There are only three known examples of disks around single-star
hosts that exhibit a spiral pattern in the mm continuum (Pérez et al. 2016, Huang et al. 2018c), in
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Aprendimos que los discos protoplanetarios podían tener vórtices y trampas de polvo



Aprendimos sobre los anillos y estructuras finas: HL Tau2014

Kwon et al. 2011 (CARMA telescope)



ALMA partnership (2015)

2014 Aprendimos sobre los anillos y estructuras finas: HL Tau



2014

3 planetas gigantes logran explicar HL Tau - Dipierro et al (2016)

Aprendimos sobre los anillos y estructuras finas: HL Tau



2014 Aprendimos sobre los anillos y estructuras finas: HL Tau

3 planetas gigantes logran explicar HL Tau - Dipierro et al (2016)



HL Tau Nos enseño que la formación planetaria debe 
comenzar en una etapa muy temprana ya que el disco 
solo tiene medio millón de años de edad!



Adapted from ALMA partnership (2015), DSHARP (Andrews et al. 2018), Dong et al. (2018), and Pérez et al. (2019), for Astro2020, National Academy Press



2015



2015

Marino, Pérez y Casassus (2015), ApJL

Se rompió el paradigma de que los discos deben ser planos
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Modelo de disco “misaligned” en HD142527





Marino, Pérez y Casassus (2015), ApJL
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HD100453 
Benisty et al. (2015)

GW Ori. ESO/L. Calçada, Exeter/Kraus et al.



Laura Pérez et al. (2016)

2016: los discos pueden ser gravitacionalmente inestables 



Simulation PredictionSimulation

Las observaciones de gas 
con ALMA son parecidas a 
hacer una “tomografía” del 

disco protoplanetario

s

2015: Predijimos cómo se puede detectar un planeta en formación

Sebastián Pérez et al. (2015)



La huella de un planeta 
recién formado



HD 97048 (Pinte et al. including Casassus and Pérez, 2019, Nature Astronomy)

2018/2019: Nuestra predicción fue confirmada por una observación ALMA



The dust and gas are perturbed by a small planet sculpting the outer regions of a disk. The fine rings are composed of dust particles 
which are trapped into concentric structures by pressure waves.

Adapted from Pérez et al. (2019)

2019: planetas tipo super-Tierras también pueden esculpir anillos



Adapted from Pérez et al. (2019)

ALMA image | prediction

Simulation

2019: planetas tipo super-Tierras también pueden esculpir anillos



Sebastián Pérez et al. (2019)

ALMA image | prediction

Simulation

2019: planetas tipo super-Tierras también pueden esculpir anillos

Primera evidencia de migración del planeta.



2020: Pandemia



Benisty et al. (incluyendo a Alice Zurlo, 2021)

…se estarán formando lunas en este lugar?
Por primera vez se detecta directamente un disco de polvo en torno a un planeta en formación! 

ESO/NRAO press release image, protoplanet has been magnified for the benefit of public outreach.

2021



close to the star (e.g., Liu et al. 2017). Alternatively, it may
indicate self-absorbed dust emission in the dense ∼au-scale
circumstellar region (Li et al. 2017).

We note that the fitted Gaussian position of this source is
offset by ∼7 mas to the south-southeast from the Gaia
Collaboration et al. (2018; the proper motion of the star has

Figure 1. Panels (a) and (b): ALMA 0.87mm continuum emission from MWC 758 with a beam size 43×39 mas (6.9×6.2 au; labeled at the lower left corner). North
is up and east is to the left. In panel (b), the structures are labeled: the green dotted contours are at the 3σnoise level; the two green solid contours are at half-peak intensity
at each clump; the solid, dotted, and dashed white arcs trace the inner, middle, and outer rings, respectively; and the inset is a 0 2 zoom of the central region (stellar
location marked by the green plus). Panel (c) shows an r2-scaled SPHERE Y-band (1 μm) polarized scattered-light image (Benisty et al. 2015; normalized unit). The
contours in panel (b) are overlaid, and the two green dashed lines trace the locus of the two spiral arms (labeled as Arm 1 and Arm 2; the two green curves are overlaid in
panel (d) as well). The astrometrical alignment between the SPHERE and ALMA images is done by aligning the location of the central star. The absolute stellar position in
the SPHERE image may be accurate to half the SPHERE pixel size (6 mas). Panel (d) shows the emission map with an aggressive color stretch to highlight ALMAArm1.
The red dashed curve is the locus of SPHERE Arm2 shifted away from the star by 0 05. The south part of SPHERE Arm1 is revealed at a slightly larger stellocentric
distance by ALMA. Arm2 cannot be clearly identified in the continuum emission. The FITs file for panel (a) is available as online supplemental material.
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The Astrophysical Journal, 860:124 (14pp), 2018 June 20 Dong et al.

A&A 597, A32 (2017)
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Fig. 1. Images of HD 97048 for the ALMA band 7 (left panel) and band 3 (central panel) and the combined ATCA 33+35 GHz (right panel)
observations, reconstructed using uniform (ALMA) and natural (ATCA) weighting. The intensity scale for all images is in units of Jy/beam.
Overplotted in each panel are contours with 3, 15, 100, and 1100 times the rms value of 0.20, 0.18 and 0.010 mJy beam�1, respectively. The beam
is shown in orange in the bottom left corner of each panel.
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Fig. 2. Reconstructed images of HD 97048 for the ALMA band 7 data. The intensity scale for all images is in units of Jy beam�1. To highlight the
small-scale structure we show (from left to right) images reconstructed with progressively smaller beams. Left panel: image reconstructed using
superuniform weighting. Central panel: superuniformly weighted reconstructed image resulting from clipping all baselines below 160 k�. Finally,
right panel: MEM model image. The di↵erence in dynamic range between the panels is due to flux loss incurred by clipping the shortest baselines
for the central panel, and due to the smaller reconstructed beam for the right panel.

task in CASA (Högbom 1974) using Briggs (robust = 0.5),
uniform and superuniform weighting, which resulted in a restor-
ing beam of 0.6300⇥ 0.3600at PA = 19�(Briggs), 0.6000⇥ 0.3200at
PA = 20�(uniform) and 0.5300⇥ 0.3100at PA = 19�(superuniform).
The resulting images are strongly limited dynamically by the
bright continuum source, and we performed self-calibration on
the phase and amplitude, which resulted in a final dynamical
range of ⇡1200 and a rms of 0.20 mJy beam�1. We shifted
all images using the proper motion correction described in
van Leeuwen (2007), and these are shown in Figs. 1 and 2 for the
continuum emission. We applied the self-calibration solutions
obtained from the continuum emission to the HCO+ J = 4�3
and 12CO J = 3�2 data and subtracted the continuum emission
using the CASA task uvcontsub, resulting in a per-channel rms
of 19.5 and 23.7 mJy beam�1 respectively. The resulting moment
0, 1, and 8 maps and spectra are shown in Figs. 3 and 4 for the
12CO J = 3�2 and HCO+ J = 4�3 data.

2.2.1. Imaging the long baselines

We also reconstructed the images using only baselines above
160 k� to enhance the contrast of faint small-scale structure in
the disk. These data were cleaned using superuniform weight-
ing, resulting in a beam of 0.4800 ⇥ 0.2600at PA = 18�. The re-
constructed image is shown in the central panel of Fig. 2.

2.2.2. MEM image reconstruction

A non-parametric least-squared modeling technique for im-
age reconstruction was performed on the band 7 data. This
maximum entropy method (MEM) yields an image with a
smaller beam and traces finer spatial scales than the previ-
ously described CLEANed reconstruction. Examples of usage
of MEM for image synthesis in astronomy can be found in
Gull & Daniell (1978) and Marino et al. (2015), for instance.
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Gallery credits: DSHARP (Andrews et al. 2018), Pérez et al. 2019, Dong et al. 2018, van der Plas et al. 2018, Stolker et al. 2017, Benisty et al. 2015/2017, ALMA partnership 2015, Andrews et al. 2016.

M. Benisty et al.: Shadows and spirals in the protoplanetary disk HD 100453

Fig. 1. R
0 (top), I

0 (middle), and J band (bottom) polarized intensity images, Q� (left) and U� (right). In the optical images, the inner bright region
corresponds to saturated pixels inside our IWA. In the NIR images, the inner dark region is masked by the coronagraph. The color scale of the Q�

and U� are the same, and arbitrary. For all images, East is pointing left.

to four positions shifted by 22.5� in order to construct a set of lin-
ear Stokes vectors. The data was reduced according to the double
di↵erence method (Kuhn et al. 2001), which is described in de-
tail for the polarimetric modes of IRDIS and ZIMPOL in de Boer
et al. (2016), and lead to the Stokes parameters Q and U. Un-
der the assumption of single scattering, the scattered light from
a circumstellar disk is expected to be linearly polarized in the
azimuthal direction. Hence, we describe the polarization vector
field in polar rather than Cartesian coordinates (Avenhaus et al.

2014) and define the polar-coordinate Stokes parameters Q� and
U� as:

Q� = +Q cos(2�) + U sin(2�), (1)

and

U� = �Q sin(2�) + U cos(2�), (2)
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2011: Apertura de ALMA, Ciclo 0 comienza. 

2013: Primeras trampas de polvo, asimetrías y vórtices! 

2014: Anillos, estructuras finas, planetas mostrándose de forma indirecta

2015: Quiebre de un paradigma: los discos protoplanetarios no tienen por qué ser planos! 

2016: Los discos pueden ser inestables y colapsar debido a su propia gravedad!

2017: ?

2018: ALMA puede ser un cazador de planetas!  

2019: Se pueden formar super-Tierras lejos de la estrella, y luego migran!

2020: Pandemia. 

2021: Primer disco de polvo (que podría formar lunas) en torno a un planeta en formación.   

Hitos



Pregunta para reflexionar: 

¿Por qué el cielo nocturno es oscuro?


