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Star-disk magnetospheric interaction with PLUTO code
PLUTO is a code for MHD numerical simulations in ideal, non-ideal (Ohmic 
and Hall resistive, viscous, thermally conductive,) Newtonian and Special 
Relativistic approach (Mignone et al. 2007, 2012). Since more than decade I 
use it for simulations, mostly star-disk magnetospheric interaction in 
young stellar objects,  neutron stars and jet formation, but also reconnection.
One example of a simulation result in star-disk magnetospheric interaction:



Star-disk magnetospheric interaction
With different parameters in the simulation (we change stellar rotation rate, 
strength of the stellar magnetic field and coefficient of resistivity) we obtain 
different geometries of the quasi-stationary solution (“Atlas” paper, Čemeljić, 
2019). Solutions with and without conical outflow:

Depending on the position of corotation radius R
cor

 (where the disk corotates with the stellar 
surface at the equator) and the furthest anchor point of the stellar magnetic field in the disk 
R

out
, the exerted torque on the star is spinning the star up-or down.



“Atlas” of results

In “Atlas” paper I performed a systematic study for slowly rotating star (up to 20% 
of the star breakup velocity). Faster rotating cases are further investigated. We are 
also interested in a similar study with other geometries of magnetic field—initial 
study is already done, as I will show later! Below is shown part of our solutions:



Configurations in “Atlas” solutions for slowly rotating stars

Three different cases of geometry in the results. In the top and middle 
panels are shown  B

*
=1 kG and the resistivity αm=1, in the cases with 

Ωs=0.1 (top panel) and Ωs=0.15 (middle panel). Faster stellar rotation 
prevents the accretion column formation. In the bottom panel is shown 
the third case, with B=0.5kG, resistivity αm=0.1 and Ω

s
=0.1, where a 

conical outflow is formed.



Trends in “Atlas” results



“DUSTER”: Dusty disk in Young Stellar Objects (with C. Turski)

Results from “Atlas” can be further used for different purposes. A Summer Program student C. Turski 
wrote the Python script “DUSTER” for post-processing of the quasi-stationary results in star-disk 
solutions. He added the dust particles and computed their movement in the disk-corona solution as a 
background. The results are used to improve the model of dust distribution in the disk (with D. 
Vinković in a Croatian collaboration project “Stardust”).



Dust settling in the disk

We supply the density, pressure and velocities 
from our results, and they are used as an input 
for other code (here “Leluya” by D. Vinković)

• In the proto-planetary disk, it is important to 
understand how the dust, which is moving 
inwards, towards the star, is influenced by the 
radiation pressure from the star-the resulting 
composition of dust at some radius will 
depend on the dust properties-here we 
investigate the dependence on the grain radius.

• Previous models were estimates, without the 
detailed disk solutions, now we could supply 
such solutions from our simulations. 



Comparison with observations, “hiccups” in light curves

• When we perform our simulations in a full latitudinal plane, obtained is a curious 
case with switching of the hemisphere to which the column is attached (Čemeljić & 
Siwak, 2020) .



Comparison with observations, “hiccups” in light curves

• Such switching could explain some cases of non-periodicity in the Young Stellar Objects:



Work with CAMK PhD students

In “Atlas” paper we held the viscosity constant. With PhD student Ruchi 
Mishra, using similar simulations, but varying the viscosity parameter, we 
investigate the midplane backflow
occurring for some viscosities in
the accretion disk:

• With PhD student Fatima Kayanikhoo, we compare PLUTO and KORAL results in 
Orszag-Tang problem in 2D and in 3D, as she already showed you. Ruchi, Fatima 
and Angelos also work on KORAL simulations, PLUTO was just the starting point 
for them. 



The jet launching
● In a part of the parameter space, there is a continuous launching of axial jet from the star-

disk magnetosphere. In my simulations, it showed that one has to wait until few hundreds of 
rotations of the star. With a summer student Aleksandra Kotek we made initial study.

● The axial jet and the conical outflow are launched after the relaxation from the initial 
conditions. They are similar to the results in Romanova et al. (2009) and Zanni & Ferreira 
(2013).

Zoom into the launching 
region.



3D simulations, case with magnetic field aligned with rotation

• The first step here is to perform the axisymmetric 3D simulation. I use the spherical grid. 
The magnetic field in this case is aligned with the rotation axis.

• Zoom into the vicinity of the star=inner boundary condition at T=0 and at T=173



Athena++ code, GRMHD simulations, initial conditions 

• In Shanghai Observatory in 2020 I worked, 
during the scholarship obtained from the Chinese 
Academy of Sciences, with the results their 
group had from the Athena++ code simulations 
in ideal MHD in General Relativity. We 
investigated the disk around a supermassive 
black hole—one initial setup is shown in the left 
Figure.

• In CAMK, we do similar simulations with 
KORAL code, with which we can introduce the 
radiative transfer in the simulations. 



Athena++, motion of magnetic islands in SANE00 case 

-Snapshots at three different times in our simulation, showing 
density in logarithmic colour grading, overplot with poloidal 
magnetic field lines, with arrows showing the direction of the 
poloidal magnetic field. We describe the magnetic islands 
motion by tracing the positions of their centres. A star mark in 
the left panel denotes a magnetic island above the equatorial 
plane.

-Time dependence of the positions of the magnetic islands 
above (red) and below (black) the equatorial plane of the 
accretion flow shown above. The dashed lines are least square 
fits, slopes of which are velocities.



Summer students in our group

• I worked with more than 10 Summer students during the last decade in Taipei 
and Warsaw.

•  Projects were mostly based on a work with PLUTO code, to give the starting 
experience in MHD numerical simulations. Last year projects with PLUTO:
– magnetospheric star-disk interaction with non-dipolar stellar magnetic 
fields
– thin accretion disk around a black hole
– thick SANE disk simulations

• In addition to this, our PhD student Fatima Kayanikhoo supervised two Summer 
students, one from Warsaw University and other from UJ in Cracow on her project, 
on strange stars with Lorene package.

• I made a point in publishing the research with Summer students, as their first 
publication. When possible, we send them to a conference to present results and 
publish in Proceedings publications-as first authors. There was even one Journal of 
Plasma Physics publication on comparison of reconnection in 2D and 3D (Rui-Yang 
was then a Master student in electrical engineering, later he went on to a successful 
career in industry).



Lectures “Introduction to PLUTO code”  
To ease the work for students, I prepared lectures to introduce students to 
simulations-from scratch. PLUTO is well documented and public, it is a good 
starting point. In 5x2 hrs lectures, a student is brought to active working with the 
code. Visit the webpage below:



Lectures “Introduction to PLUTO code”  

-In 2020 in Shanghai, 2021 year in Warsaw, Zhongli and Opava

-I will continue providing such lectures where people would find it useful.

-It is good also for starting collaborations in different kinds of problems.



Non-dipolar stelar fields

Work with summer students in 2021 was unfortunately during the COVID-19 
restrictions, so everything went in the online mode, but collaboration was, anyway, 
very lively.

•  Magnetospheric interaction with non-dipole stellar fields was done by a student F. 
Cieciuch from UW-he also presented it as a poster at 40th Polish Astronomical 
Society meeting, for which he also prepared the Proceedings article. This will be his 
first publication. I show some of his results:



Non-dipolar stellar fields-torques in the system



Future projects
With members of our group and collaborators in Germany and France 
(who are actively working in the EHT team), we recently applied for a 
grant by the Polish NCN to work on accretion simulations for the Event 
Horizon Telescope-we would like to see how a choice of the space-time 
metric influences black hole shadows.
In the case of awarding, we would employ PhD students, to work with 
both PLUTO and KORAL on the state-of-the-art numerical simulations, 
stay tuned!
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• For the Summer 2022 we plan 
at least one project, PLUTO 
simulations of magnetosphere 
interaction of a (neutron or 
ordinary) star and a planet, in 
collaboration with a Spanish 
colleague, J. Varela. Join us if 
interested.



Thank you!
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