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Protoplanetary discs
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Young stars light curves
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Structures are common 
Example: 12 discs observed by the ALMA telescope (Chile)
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is the minimum Euclidean distance between the point and the
curve. Formulae for calculating orthogonal distances from an
ellipse are provided in Zhang (1997).

The log-likelihood takes the form
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where σ is the standard deviation of the orthogonal distances. It is
not straightforward to estimate σ directly from the image;
although it is tied to the angular resolution, it also depends in
some fashion on the S/N of the substructure emission. Thus, in
addition to fitting for the five parameters defining the position and
orientation of the ellipse, we allow ln σ2 to be a free parameter.
Uniform priors are specified for Δx, Δy, and r0 over the range

Figure 1. ALMA 1.25 mm continuum images of the DSHARP sample, ordered by decreasing stellar luminosity (see Table 1 of Andrews et al. 2018a) from left to
right and top to bottom. An arcsinh stretch is applied to the color scale of each disk to increase the visibility of substructures in the outer regions. Axes are labeled with
angular offsets from the disk center. Annular substructures are marked with dotted arcs (gaps) or solid arcs (bright emission rings). The synthesized beam is shown in
the lower left corner of each panel.
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(−4 5, 4 5) based on the typical image size. A uniform prior is
also specified for ln σ2 over the range (−15,−5), under the
assumption that the synthesized beam roughly sets the largest
possible value of σ and the pixel size roughly sets the lowest. In
practice, the best-fit values for ln σ2 generally end up being
between−10 and−8, with uncertainties of a few tenths. Gaussian
priors for cos i and P.A. are specified for the aforementioned
axisymmetric sources with previous ALMA measurements.
Otherwise, a uniform prior for cos i in the range (0, 1) and P.A.

in the range (0°, 180°) are adopted (i.e., the smaller angle east of
north is adopted as the P.A., and the direction of the angular
momentum vector is not considered because it cannot be
determined unambiguously for many of the disks). For HD
143006 and WaOph 6, the bounds for the P.A. are set to
(90°, 270°) because the major axis of the disk appears to be
relatively close to 180° (e.g., Cox et al. 2017; Benisty et al. 2018).
The posteriors are explored with the affine invariant

MCMC sampler implemented in emcee (Goodman &

Figure 1. (Continued.)
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Disc structure
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Numerical method 
I- PLUTO- a finite volume shock-capturing code
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General conservative form

@tQ+r · F (Q) = 0

Integrate in space and time:
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Flux are computed solving a 
Riemann problem  

[Mignone+ 2007, A&A 170:228]



Numerical method 
II- PLUTO- features & scalability
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CHAPTER 1. INTRODUCTION 13

Static Grid Adaptive Grid
serial parallel serial parallel

Python (> 2.0) yes yes yes yes
C compiler yes yes yes yes
C++ compiler – – yes yes
Fortran compiler – – yes yes
GNU make yes yes yes yes
MPI library – yes – yes
Chombo library – – yes yes
HDF5 library opt opt yes yes
PNG library opt opt – –

Table 1.1: Software requirements for different applications of PLUTO. Here “opt” stands for optional, ”serial“ refers to single-
processor runs and ”parallel“ to multiple-processor architectures.

Figure 1.1: Strong scaling of
PLUTO on a periodic domain
problem with 5123 grid zones. Left
panel: average execution time (in
seconds) per step vs. number of
processors. Right panel: speedup
factor computed as T1/TN where
T1 is the (inferred) execution time of
the sequential algorithm and TN is
the execution time achieved with N
processors. Code execution time is
given by black circles (+ dotted line)
while the solid line shows the ideal
scaling.

1.2 Directory Structure

Once unpacked, your PLUTO/ root directory should contain the following folders:

• Config/: contains machine architecture dependent files, such as information about C compiler,
flags, library paths and so on. Important for creating the makefile;

• Doc/: documentation directory;

• Lib/: repository for additional libraries;

• Src/: main repository for all *.c source files with the exception of the init.c file, which is left to the
user. The physics module source files are located in their respective sub-directories: HD/ (classi-
cal hydrodynamics), RHD/ (special relativistic hydrodynamics), MHD/ (magnetohydrodynamics),
RMHD/ (relativistic magnetohydrodynamics). Cooling, viscosity, thermal conduction and addi-
tional physics models are located under the folders with similar names (e.g. Cooling/, Viscosity/,
Thermal Conduction). The Templates/ directory contains templates for the user-dependent files such
as init.c, pluto.ini, makefile and definitions.h;

• Tools/: Collection of useful tools, such as Python scripts, IDL visualization routines and binary
conversion tools;

• Test Problem/: a directory containing several test-problems commonly used for code verification.

PLUTO should be compiled and executed in a separate working directory which may be anywhere on
your local hard drive.

Although most of the current algorithms can be considered in their final stable version, the code is
under constant development and updates are released once or twice per year. When upgrading to a

[PLUTO user guide]

very good scalability up to 30 000 cores

Code in ANSI C 
Checkpointing 
Open source ( http://plutocode.ph.unito.it/ ) 
MPI parallelisation 

http://plutocode.ph.unito.it


Workflow
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Pluto Job 
2.5D (axisymmetric) on Dahu (~128cores) 

3D on GENCI (~512-10 000 cores)

Python post-treatment on Luke 
Storage on Summer (for data from GENCI) 

or Bettik (for data from Dahu)

Paraview visualisation 3D data 
Previously done on Froggy-visu 

Future?

10 GB-2 TB of data per run

Radiative transfer with McFost (Pinte+2007) 
Synthetic image



Disc structure
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SPIDI Simulations (MHD)

�10

➢ MHD	modeling	of	
the	environment	
around	young	Suns	

➢ with	Dahu	
supercomputer	

➢ 1500	–	6000	hrs	(60	
–	250	days)	on	a	
single	CPU	

SPIDI	webpage:	spidi-eu.org

Courtesy G. Pantolmos
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➢ 	3D	Star	–	Planet	–	Inner-DIsk	
simulations	

➢ 	Understand	observational	
signatures	of	young	planets	in	
the	inner	parts	(<	0.1	au)	of	
protoplanetary	disks

3D	example	of	SPIDI	simulations	(MHD)

disk-planet	interaction	
(HD)

SPIDI Simulations (MHD)

SPIDI	webpage:	spidi-eu.org

Courtesy G. Pantolmos



Gas falls from the disk to stellar surface, making a bright impact point

SPIDI Simulations (RT)

SPIDI	webpage:	spidi-eu.org



Accretion spot

Inner rim of the disk

SPIDI Simulations (RT)

SPIDI	webpage:	spidi-eu.org



Disc structure
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Disc-wind interaction
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Disc+wind simulation on Dahu
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A. Riols and G. Lesur: Ring formation and dust dynamics in PP discs
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Fig. 1. Right: average gas density and streamlines in the poloidal plane. Left: average toroidal field and poloidal field lines. All quantities are
averaged between t = 250T0 and t = 1000T0.

Fig. 2. Top: vertical profiles of the radial and vertical velocity; bottom:
vertical profiles of the radial and toroidal magnetic fields. Quantities
are averaged between R = 25AU and R = 50AU and in time between
t = 250T0 and t = 1000T0.

Fig. 3. Time evolution of the radial (blue) and vertical (orange) torques,
averaged radially and vertically, appearing in the right hand side of the
angular momentum equation (Eq. 29)

Article number, page 5 of 12

MHDiscs
Revealing the dynamics of planet-forming discs



Global 3D simulations
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Gas Density Poloidal magnetic field

Magnetisation

MHDiscs
Revealing the dynamics of planet-forming discs



Testing ring formation against observations
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Fig. 12. Intensity calculated by MCFOST
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Observations

optically thick and thin regions, driving any derived values of
dust opacity spectral index to be lower than reality.

3.1.4. Compact Spectral Lines

At 1″. 1 resolution, the HCO+(1-0) emission shows a
morphology similar to the 12CO(1-0) shown in Figure 1(a),
albeit somewhat less extended. Interestingly, it also shows a
barely resolved velocity gradient across the HL Tau disk itself,
though it is confused with the surrounding outflow gas,
especially to the NE of the disk. Fortunately, at 0″. 25 resolution

most of the outflow emission is resolved out, making it possible
to spatially resolve the morphology of the HL Tau molecular
gas disk for the first time. The 0″. 25 resolution HCO+(1-0)
channel maps shown in Figure 4reveal: (1) a notable deficit of
blueshifted versus redshifted emission, (2) HCO+(1-0) absorp-
tion near the systemic velocity 6.5–7.0 km s−1, (3) a roughly
Keplerian velocity distribution with a detectable radial velocity
range of 2.0 to 12.0 km s−1, and (4) comparable gas and
continuum disk sizes (at least at the current sensitivity level).
To further explore points (1) and (2), Figure 5 shows spectra
from the 1″. 1 resolution cubes toward the continuum peak. All
of the lines show absorption at 6.0–7.0 km s−1, indeed CN and
HCN(1-0) are only detected in absorption. Additionally, the
absorption is non-Gaussian in shape, instead showing a gradual
increase in absorption on the blueshifted side compared to a
steeper rise on the redshifted side. As shown in Figure 1(a), the
blueshifted outflow emerges from the NE of HL Tau and, based
on the continuum disk orientation, propagates toward us at
i 47≈ °. Self-absorption by this outflowing gas is likely
responsible for both the non-Gaussian line shape and the
deficit of observable blueshifted disk emission. The deepest
absorption for the CN and HCN transitions occurs at an LSRK
velocity of 7.0 ± 0.2 km s−1, which we take to be the rest
velocity of the system.
Under the assumption of circular Keplerian motion and

noting that the velocity extrema of HCO+(1-0) emission occurs
at V 5Δ ± km s−1 (see Figure 4) from the systemic velocity
(7.0 km s−1) at a radius of ∼25 AU, we find that with i 47= °,
the enclosed mass is ∼1.3 M⊙. This value is near the high end
of the range previously reported for HL Tau (see Section 1).
However, it is clear that even on the less absorbed redshifted
side, the velocity pattern is not so simple and may, for example,
have a contribution from infall (see, for example, Gómez &
D’Alessio 2000). Future detailed radiative transfer analysis
coupled with a physical model will be required to reproduce the
complex HCO+(1-0) absorption and emission toward the
HL Tau disk in order to obtain a more accurate kinematic
stellar mass.

3.2. XZ Tau 2.9 mm Continuum

At 2.9 mm we resolve the known multiple system XZ Tau
into two components, A and B (Figure 1(b) and Table 1; also
see Forgan et al. 2014 and Carrasco-González et al. 2009),
separated by 273 ± 1 mas at a P.A. of 128.7 0 .5± ◦ . This
separation is 8% smaller than predicted by Forgan et al. (2014)
for a circular, face-on orbit (296 ± 1 mas), particularly in R.A.
This is likely an indication that the orbit is not face-on, but will
require future observations to confirm and quantify. Like
Forgan et al. (2014), we find no evidence for component “C”
(a putative third star) reported by Carrasco-González et al.
(2009) at 7 mm. Using the 2.9 mm flux densities from Table 1
and the JVLA 7mm flux densities from Forgan et al. (2014),
we find spectral indices of +1.8 ± 0.5 for both XZ Tau A and
B, suggesting both have a free–free component in addition to
dust emission (see also Carrasco-González et al. 2009).

3.3. LkHα358 2.9 mm Continuum

At 2.9 mm, we have resolved the LkHα358 disk for the first
time in the millimeter continuum to a size of only 21 ± 1 AU
with an inclination angle of 56 2± ° at a P.A. 170 3= ± ° (see
Figure 1(c) and Table 1). Schaefer et al. (2009) used PdBI to

Figure 3. Panel (a) shows the deprojected 1.0 mm B6+B7 image of
HL Tau (see Section 3.1.3); the angular resolution is 38.6 19.3× mas (P.A .

20.7− ◦ ). Rings for which a full range of ellipse parameters could be fit are
labeled horizontally (solid and dashed lines), while the less distinct rings are
labeled vertically (dotted lines). Panels (b) and (c) show cross-cuts at P.A.

138= ° through the continuum peak of the 1.0 mm continuum and spectral
index images shown in Figures 2(e) and (f) (positive values of distance
correspond to the SE portion of Figure 2(e)). In panel (c) the gray region
delineates the statistical 1σ spectral index uncertainty; it does not account for
the absolute flux uncertainty. For the fully fitted rings, panels (b) and (c) show
dashed lines for the locations of dark rings and solid lines for bright rings. The
fitted offsets from the continuum peak (Table 2) have been taken into account.
Panel (d) shows the same cross-cut as panel (b) but on a Planck brightness
temperature (TB) scale. Panels (b) and (d) are shown on a log scale on the y-
axis. The dashed curve on panel (d) shows a representative power law for TB as
a function of radius with an exponent of −0.65 extending from the B1 peak; it
is not a fit.
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[Riols & Lesur in prep]



Contribution of ERC projects to Dahu
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MHDiscs
Revealing the dynamics of planet-forming discs

Origin: project overheads (~500 cores) 

Pros:  
No justification required at the EU level 
No depreciation issues 
No need to mention it in the proposal 

Cons: 
Represents a large fraction of the 
overhead budget (but depends on the 
size of your project) 

Origin: eligible costs (640 cores) 

Pros:  
ERC covers the cost of the machine (in 
principle)+overheads 

Cons: 
Depreciation makes your life difficult (need 
to have the machine bought, set up and 
running from day 1 of the project) 
Need for a detailed record of the usage of 
the machine 
A priori incompatible with best effort job 
(you are not allowed to share your machine) 

Bottom line: buying clusters on European projects is a tricky business…



We’re hiring!

Looking for a dev. engineer to port PLUTO on heterogeneous architecture 
(CPU, GPU, XeonPhi, etc), using the Kokkos framework:
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mhdiscs.fr

MHDiscs
Revealing the dynamics of planet-forming discs

« news » section

Thank you!

Need a code able to run on Exascale HPCs…

http://mhdiscs.fr/?p=351

