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Studying radiation-MHD simulations in the Lagrangian frame
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Radiation-MHD simulations of the solar atmosphere are a powerful tool to study physical processes.
Such simulations are often analysed in the Eulerian frame, i.e., quantities are analysed on the compu-
tational grid. For certain classes of problems this is not the optimal choice.
If one is interested in the evolution of a given fluid parcel instead of the evolution at a given location in
the simulation, then a description in the Lagrangian frame is more natural. Typical examples where a
Lagrangian description is useful are mass flows during flux emergence, mass loading of chromospheric
fibrils, mass and energy cycling between the chromosphere and the corona, and flow acceleration during
reconnection.
I will present a method to analyse simulations in the Lagrangian frame based on tracer particles. It
allows tracking the history and future of the postion, velocity, all forces, and all energy losses and gains
of any gas parcel starting at any given time and any location in the simulation. In addition I will present
results using this method on the mass loading of the chromosphere and the mass cycling between the
chromosphere and the corona.
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Why Lagrangian frame?

• evolution of a given fluid parcel instead of the 
evolution at a given location in the simulation, e.g.: 


• mass flows during magnetic flux emergence, 


• mass loading of chromospheric fibrils, 


• mass and energy cycling between the 
chromosphere and the corona, 


• flow acceleration and heating during 
reconnection. 



Why Lagrangian frame?
• avoid confusion streamlines vs. pathlines, e.g., waves or tornadoes?

solar photosphere on various spatial scales ranging from over several
thousand kilometres8 down to 1,000 km and smaller9,10. Photospheric
vortex flows have also been found in high-resolution numerical simu-
lations of the solar atmosphere16–20, including those presented here.
Despite the apparent similarities between previously observed photo-
spheric vortex flows8,9 and chromospheric swirls, the formation of
chromospheric swirls is most likely related to the convective motions
on even smaller spatial scales.

We validate this hypothesis with a detailed analysis of simulations
carried out with the three-dimensional, radiative magnetohydro-
dynamics codes CO5BOLD21 (Fig. 3) and BIFROST22 (Supplemen-
tary Fig. 1). The generated granular flows reorganize the magnetic
field, which is essentially advected passively under the conditions of
the low photosphere in quiet Sun regions. The result of this reorgan-
ization is a complex magnetic field topology where footpoints are
concentrated in the intergranular downflow lanes in the form of knots
and sheets (Fig. 3a, e). This process generates high magnetic field
strengths, in excess of 0.1 T, in the lane vertices where the vortex flows
are found. It has been observed directly that such small-scale magnetic
concentrations are continuously dragged by vortex motions23,24.
Consequently, the bathtub effect causes the footpoints of magnetic
field structures to rotate.

The magnetic field itself effectively couples the different layers of the
solar atmosphere and transfers the rotation of the footpoints into the
upper layers (Fig. 1d). Whereas the magnetic footpoints are forced to
follow the photospheric flow field, the situation is reversed in the layers
above. There the magnetic pressure dominates over the gas pressure,
such that the plasma motion is forced to follow the magnetic field. This
process, which is probably also responsible for the ‘solar cyclones’
observed on larger spatial scales25, is characteristic in our numerical
simulations. A close-up of an exemplary region with a chromospheric

swirl is shown in Fig. 3. The magnetic field lines (Fig. 3a, b, red lines)
are concentrated in the photospheric footpoints (Fig. 3e) and expand
in the atmosphere above, where the field stays largely vertically aligned.

Driven by the overshoot of granular flows into the photosphere and
by the omnipresent 5-min oscillations at the solar surface, gas moves
up and down throughout the photosphere and the chromosphere. At
the location of a swirl, the matter following the rotating field lines is
effectively forced into spiral trajectories (Fig. 3a, b, blue–green lines) as
the field expands with height. This small-scale, tornado-like vortex
structure is easily detected as a ring of increased horizontal velocity
at chromospheric heights (Fig. 3c) and also as confined regions of
enhanced vorticity (Fig. 3d). The diameter of the rotating flux structure
increases with height in the atmosphere, owing to the decrease in the
gas pressure that balances the magnetic pressure in the structure. The
structure is thus much narrower in the photosphere than in the less
dense chromosphere and rotates approximately as a rigid body
(Fig. 3f).

The simulations provide a realistic description of the solar atmo-
sphere, which is validated by a detailed comparison of corresponding
synthetic intensity maps with the observations (Supplementary Fig. 2).
The excellent agreement regarding the pattern in the line core maps
and also the Doppler shifts confirms that chromospheric swirls are
indeed the observational tracers of rotating magnetic flux structures.
The analysed CO5BOLD model contains 11 additional smaller examples.
A similar swirl signature is found in numerical simulations with
BIFROST (Supplementary Fig. 1).

The fast rotation of the magnetic flux structures generates a centrifugal
force that moves the contained plasma outwards along the slanted
magnetic field lines (Fig. 3a, b). The rotation axis of the swirl, and with
it the whole structure, is tilted and twisted and changes with height and
time. The axis of the example shown in Fig. 3 is inclined with respect to
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Figure 3 | Numerical model of a swirl event produced with CO5 BOLD.
a–e, The displayed close-up region (a) is part of the evolved model, which has
an overall horizontal size of 8,000 km 3 8,000 km and extends vertically from
2,400 km below the surface to the top of the chromosphere at an altitude of
2,000 km. The initial magnetic field was vertical and homogeneous, with a field
strength of 5 mT. Periodic lateral boundary conditions and an open lower
boundary condition were used, whereas the top boundary has transmitting
hydrodynamic and radiative boundary conditions. The three-dimensional
geometry of the region around the swirl is visualized with VAPOR30 from the
side (a) and from the top (b). Next to the (photospheric) surface at z 5 0 km
(grey plane with granulation pattern and overlaid magnetic field strength), the
magnetic field lines are plotted as red lines. The plasma flows along and

co-rotates with the magnetic field, resulting in spiral trajectories (blue–green
streamlines following the velocity field). The swirl is clearly seen in the
horizontal velocity (c) and the vorticity (d) in horizontal cross-sections at a
height of z 5 1,000 km (middle chromosphere). The arrows map the horizontal
flow field. The bathtub effect is clearly visible in the close-up (e) of the magnetic
footpoint in the intergranular lane (z 5 0 km). The resulting rotation is
mediated to the chromosphere above by the magnetic field, which effectively
couples the atmospheric layers. It produces a rotating funnel in the
chromosphere. The corresponding radial velocity profiles (f) show that the
structures undergo quasi-rigid-body rotation within a cut-off radius, which
increases with height. See Supplementary Movie 3.
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Why Lagrangian frame?

Shelyag et al., 2013

• avoid confusion streamlines vs. pathlines, e.g., waves or tornadoes?
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Why Lagrangian frame?Jorrit Leenaarts: Tracing flows in the Lagrangrian frame

energy per unit mass E are given by:

d⇢
dt

= �⇢r · u + Adi↵ , (3)

du
dt

= �rP
⇢
� r · ⌧
⇢
+

J ⇥ B
⇢
+ g + Bdi↵ , (4)

dE
dt

= �P
⇢
r · u + Q

⇢
+Cdi↵ . (5)

Here P is the gas pressure, ⌧ the viscous stress tensor, J the cur-
rent density, B the magnetic field, G the gravitational accelera-
tion, and Q are energy gains and losses owing to non-adiabatic
processes. The terms Adi↵ , Bdi↵ , and Cdi↵ , are artifical di↵usion
terms that are added to the equations in order to keep the numer-
ical scheme stable.

The mass density changes as the fluid parcel expands or con-
tracts (Eq. 3). A fluid parcel is accelerated by gas pressure gradi-
ents, viscous shear forces, the Lorentz force, and gravity (Eq. 4).
The internal energy changes through work done by compression
and expansion, and non-adiabatic energy losses and gains, which
in our case includes Spitzer thermal conductivity, radiative losses
and gains and heating owing through Joule dissipation of electric
currents (Eq. 5).

3.2. Example results

3.2.1. A convection cell pathline

Figures 4 – 6 show the behaviour of a fluid parcel along a path-
line in a convection cell. It rises to the photosphere, cools ra-
diatively and sinks down again into the convection zone, a pro-
cess that has been well studied and understood in earlier numer-
ical simulations (e.g Nordlund 1982; Stein & Nordlund 1998).
I show the results here as an illustrative case as well as a test
of the method. (compare with Fig. 18 and Sec. 5.6 of Stein &
Nordlund 1998).

The IR-sweep interval was 1 s, and the pathline was con-
structed from 14 individual corks. The transition from one cork
to the next is indicated by the vertical grey lines in Figs 4 – 6, and
can also be seen as slight (⇠ 1 grid cell) jumps in the coordinates
of the pathline.

Figure 5 shows the vertical motion of the parcel. It rises
through the convection zone while slowly accelerating owing to
gas pressure gradients. Around t = 4 hs radiative cooling sets in,
the vertical pressure gradient drops and the parcel is decelerated.
Figure 4 show that around the same time the high pressure in
the convection cell accelerates the parcel sideways to the edge of
the cell, where its horizontal motion is abruptly decelerated by
pressure and stress forces around t = 7.5 hs. At the same time
the parcel starts sinking down again into an intergranular lane.

Figure 6 displays the evolution of some MHD quantities, as
well as the internal energy of the same gas parcel. Of interest to
note is the radiative cooling when the parcel reaches the surface,
the radiative heating (by hot radiation from below) as it moves
towards the edge of the convection cell and the second cooling
episode when the parcel reaches the edge.

3.2.2. A transition region pathline

Figures 7 – 9 show the behaviour of a fluid parcel along a path-
line located in the transition region, from the same simulation as
the cork described in Sec. 3.2.1. The dynamics of the parcel are
dominated by acoustic waves and heat conduction, because the
simulation is only weakly magnetized, so that the Lorentz force

is relatively small. The velocities, forces, and compression and
expansion rate are much larger than for the convection pathline.
Many more injections and removals are thus taking place, and
the pathline is contructed from 46 corks, compared to only 14 in
the convection pathline. I only show a time period of 5 hs

The acceleration along the pathline is very bursty, with brief
spikes of acceleration caused by gas pressure gradients when the
pathline crosses the shock waves. The spikes typically last be-
tween 2 s and 5 s, which is consistent with the time it takes for
the pathline to cross 2-3 grid cells (the thickness of the shock-
front in the code) at a relative speed of about 20 km s�1. The vis-
cous stresses dominate the acceleration that occurs on slightly
longer timescales than the fast shock acceleration.

In Fig. 9 I show the evolution of the energy balance along
the pathline. The temperature varies strongly between <20 kK
to more than 100 kK with a period of roughly 3 min. Panel c,
g, and h show distinc jumps between t = 4 hs and t = 4.6 hs.
Inspection of the vertical lines in panels a and b show that these
jumps are unphysical and instead associated with jumps form
one cork to the next. Panel g shows that this occurs in a strongly
expanding region, and it occurs before t = 5 hs, i.e, while tracing
the pathline backward in time from its seed location and time
(see the last paragraph of Sec. 2.3).

The variations in temperature are largely driven by the heat
conduction, only at t=3.4 hs is compressive heating clearly dom-
inant. Another interesting behaviour is that the non-physical en-
ergy di↵usion (panel j) has a somewhat smaller magnitude of
the thermal conductivity, but tends to have an opposite sign. The
fluid parcel is constantly losing energy through radiation.

4. Summary and discussion

In this paper I presented a method to trace flows in radiation-
MHD simulations of compressive flows in the Lagrangian frame,
computed with the same accuracy as the MHD variables, which
themselves are solved on a Eulerian grid. The method is based
on passively-advected tracer particles (corks). The key observa-
tion is that MHD variables vary only slowly on spatial scales of
the order of a grid cell. Errors in tracing path lines of the order
of a grid cell are thus acceptable. By periodically injecting and
removing corks the method keeps the particle-density close to
one cork per grid cell at all times and locations in the computa-
tional domain. In a post-processing steps pathlines can be traced
forward and backward in time from any location and any time
by stitching together individual cork tracks.

Errors from switching corks are typically small, but not neg-
ligible. The method also su↵ers from the merging of distinct
pathlines into a single one in the case of strongly converging
flows.

The method allows tackling problems where the evolution of
individual gas parcels is important, such as mass dredge-up dur-
ing flux emergence, mass loading of chromospheric fibrils, mass
and energy cycling between the chromosphere and the corona,
and flow acceleration during reconnection. In regions where the
frozen-in approximation holds the tracer particles can also be
used to accurately follow the evolution of magnetic fieldlines in
time (e.g., Moreno-Insertis & Galsgaard 2013; Leenaarts et al.
2015). By tracing how corks initially on the same fieldline drift
to di↵erent field lines over time magnetic di↵usion and recon-
nection can also be studied.
Acknowledgements. Some computations were performed on resources provided
by the Swedish National Infrastructure for Computing (SNIC) at the PDC Centre
for High Performance Computing (PDC-HPC) at the Royal Institute of Technol-
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Implementation: tracer 
particles

• follow path lines


• Inject once


• Evolve simulation


• Problem: 


• simulation is strongly compressive: voids and 
overdense regions
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ABSTRACT

Context. Radiation-MHD simulations have become a standard tool to investigate the physics of solar and stellar atmospheres.
Aims. I aim to develop a method that allows e�cient analysis of flows in such simulations in the Lagrangian frame, even in the case
of strongly compressive flows.
Methods. I present a method that allows the construction of pathlines given a seed point that can be chosen freely at any location and
at any time during the simulation where the simulation state is stored. The method is based on passive tracer particles, and through
injection of particles in expanding regions the occurrence of particle-free volumes is avoided.
Results. I implemented the method into the solar and stellar atmosphere simulation code Bifrost. The method works e�ciently and
is generally accurate, except in regions with simultaneously converging flows and very large gradients in atmospheric quantities. I
present an analysis of a gas parcel in the convection zone and a particle in the solar transition region.

Key words. Sun: atmosphere – Sun: chromosphere – Sun: magnetic fields

1. Introduction

Radiation-MHD simulations have become a standard tool for
investigating the physics of solar and stellar atmospheres (e.g.,
Nordlund 1982; Vögler et al. 2005; Gudiksen et al. 2011; Frey-
tag et al. 2012; Wray et al. 2015). Such simulations are often
analysed in the Eulerian frame, i.e., quantities are analysed on
the computational grid. This is often a convenient choice be-
cause data from the simulation can be directly written to disk
for further analysis.

For certain classes of problems this is not the optimal choice.
If one is interested in the evolution of a given fluid parcel in-
stead of the evolution at a given location in the simulation, then
a description in the Lagrangian frame is more natural. Typical
examples where a Lagrangian description is useful in the con-
text of solar atmospheric simulations are are mass flows during
magnetic flux emergence, mass loading of chromospheric fib-
rils, mass and energy cycling between the chromosphere and the
corona, and flow acceleration during reconnection.

Various authors have used Lagrangian tracking in a post
processing step (Shelyag et al. 2013; Moreno-Insertis & Gals-
gaard 2013; Wedemeyer & Steiner 2014; Leenaarts et al. 2015;
Nóbrega-Siverio et al. 2016). Here the position of corks is com-
puted after the simulation run from the velocity data that is typ-
ically stored at a cadence that is much lower than the timesteps
taken in the simulation. Such post-facto flow computations are
thus inherently less accurate than tracer particles that are ad-
vected in tandem with the simulation.

Flows in the convection zone and solar atmosphere are
strongly compressive. If corks are injected only once and then
left to evolve freely, then quickly cork-free voids will appear.

Send o↵print requests to: J. Leenaarts e-mail:
jorrit.leenaarts@astro.su.se

Flows cannot be traced through such voids. In addition, areas
with converging flows will appear where the cork density is
needlessly high. I show an example in Fig. 1 from a 2D radiation-
MHD simulation computed with the Bifrost code (Gudiksen
et al. 2011). It shows a small subfield from the simulation cov-
ering the very top of the convection zone and a part of the chro-
mosphere and transition region. The initially homogenous cork
distribution has become highly inhomogenous already after only
300 s of solar time.

This is not a problem if one is interested in a specific event of
short time duration in the simulation. One can then simple inject
corks in a given volume and at a time just before the event of
interest, and rerun part of the simulation. This is however a time-
consuming process, and cannot be used to study global evolution
and long-term time evolution.

In this paper I present a method to analyse simulations in the
Lagrangian frame based on corks that are advected at with the
time step of the simulation. It allows tracking the history and
future of the postion, velocity, all forces, and all energy losses
and gains of any gas parcel starting at any given time and any
location in the simulation. This allows for flexible analysis of
radiation-MHD simulation without requiring prior knowledge of
the location and time of events of interest.

2. Methods

2.1. Pathlines and streamlines

The corks are passively advected by the time-dependent plasma
velocity field u(r, t), i.e, the position ri(t) of a cork labeled i
evolves as

@ri(t)
@t
= u(ri, t), (1)
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Solution: cork injection and removal
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• corks follow path lines


• jump to next nearest cork in 
case of removal/injection


• limits accuracy


• still voids, but often small



Example: overturning convection



Example: overturning convection



Example: overturning convection



Example: overturning convection



Example: TR shock waves



Example: TR shock waves



Example: TR shock waves



Conclusions

• tracer particles with continuous injection and removal allow 
tracing all flows startling rom any place and any time in a 
simulation


• applications:


• mass loading of fibrils


• mass flows in flux emergence


• chromospheric evaporation


• reconnection 


