
 

 

 

 

 

 

 

Facultat de Ciències 

 

Memòria del Treball de Fi de Grau 

 

Coronal rain formation by catastrophic cooling 
and study of its dynamics 

 
Adel Boul’harrak Abed 

 
Grau de Física  

 

Any acadèmic 2017-18 

 

 

 

 

 

 

 

DNI de l’alumne: 43178104C 

  
Treball tutelat per Ramón Oliver Herrero 
Departament Física 
 

S'autoritza la Universitat a incloure aquest treball en el Repositori Institucional per 
a la seva consulta en accés obert i difusió en línia, amb finalitats exclusivament 
acadèmiques i d'investigació 

Autor Tutor 
Sí No Sí No 

X  X  

 
 
Paraules clau del treball:  
Magnetohydrodynamics, Thermal non-equilibrium, coronal rain. 





Contents

1 Introduction 2
1.1 The solar structure . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Magnetic field structuring of the solar atmosphere . . . . . 4
1.3 Coronal rain . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 The magnetohydrodynamic equations . . . . . . . . . . . . 7
1.5 Thermal non-equilibrium . . . . . . . . . . . . . . . . . . . 11
1.6 One-dimensional approximation of the magnetohydrodynamic

equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.7 Aim and summary of this work . . . . . . . . . . . . . . . 15

2 Numerical results 16
2.1 Numerical code and initial conditions . . . . . . . . . . . . 16
2.2 Adiabatic case . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3 Constant and symmetric nanoflare heating injection . . . . 19
2.4 Multiple nanoflare heating injection . . . . . . . . . . . . . 24

3 Conclusions 28

Bibliography 29

1



Chapter 1

Introduction

Before talking about the solar corona and coronal rain we must begin with a brief descrip-
tion of the known solar structure. First of all, we must say that the Sun is completely
gaseous, it has no solid surface. But, even though the Sun is made of gas, there are mul-
tiple layers that define its structure. Between these layers the temperature and density
change drastically. In the core of the Sun the density is near 150 g cm−3 and, near the
base of the outermost atmospheric layer, named the corona, the density is pretty much
smaller (about 1 × 10−15 g cm−3). The change of temperature inside the Sun and in its
atmosphere is less easy to understand because it goes down from 16 million K to 5800∼K
from the solar centre to the surface, above which it abruptly raises to values around
1∼million K.

1.1 The solar structure

Usually, the Sun’s interior is divided in the following layers (figure 1.1):

� Core: This is the innermost part of the Sun. In this zone, gravity squeezes the star
so much that hydrogen reacts to form helium and energy is released through nuclear
fusion. The core temperature is around 15 million K.

� Radiative zone: Above the core there is a layer where the density and temperature
slowly decrease while moving away from the core. This zone is characterised by the
method of energy transport, radiation.

� Convective zone: This is the outermost layer of the solar interior. It extends from
a depth of about 200 Mm right up to the visible surface. The temperature at the
convective zone is about 2 million K. The physical conditions are such that the mate-
rial is more opaque than in the radiative zone and so the gas is convectively unstable.

When the temperature gradient gets larger than the adiabatic gradient, convection
happens. When this occurs, a volume of material that moves upward will be warmer
than its surrounding and will continue to rise further. Heat is carried rapidly to the
surface by these convective motions.
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Figure 1.1: The struc-
ture of the Sun. Here
it is indicated the size of
the regions, their densi-
ties (in kg cm−3) and tem-
perature (in K). The fig-
ure is not drawn to scale.
FromPriest (2014), figure
1.1.

The solar atmosphere is commonly divided in 3 layers. We begin with them lowest
of the three layers, named photosphere. It is the optical ’surface’ of the Sun, and it is a
shallow gas layer about 400 km deep. It is known that all visible light is emitted from the
photosphere with a distribution in wavelength comparable to that of a black body. Thus,
the photospheric temperature is about 5800 K, if Wein displacement law is used.

Above the photosphere there is an intermediate layer, called the chromosphere. This
is a layer of gas a few thousand kilometres thick and its light can only be seen during
a total solar eclipse or using appropriate filters. Otherwise, light from the chromosphere
is usually too weak to be seen against the photosphere’s brightness. The chromosphere
is a site of activity as well. Changes in solar flares and prominence eruptions can all be
observed.

It is seen that the chromosphere is hotter than the photosphere, see figure 1.2. This fact
can be surprising, because one is used to decreasing temperatures as long as moving away
from the source of heat (the solar core in our case). But, the temperature keeps increasing
beyond the chromosphere, where the temperature changes from 104 to 1∼million K. This
happens in a very thin layer called the transition region, above which lies the hottest and
largest part of the solar atmosphere, called the corona.

Figure 1.2: Mean variation of den-
sity (dashed line) and temperature
(solid line) with height in the so-
lar atmosphere. From Priest (2014),
figure 1.2.
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The corona can be only seen with the naked eyes during a solar eclipse (see figure 1.3)
because the brightness of the photosphere overpowers the light emitted from the Corona.
Nowadays its light can be photographed with a coronagraph (as we can see in, this is an
instrument that blocks the photospheric light from the image. Also, the corona can be
observed in UV wavelengths.

Figure 1.3: Image of the solar corona taken
during a total solar eclipse on 2008.
Source: NASA Goddard Media Studios.

1.2 Magnetic field structuring of the solar atmosphere

Most recent imaging observations in X-ray and extreme UV (EUV) wavelengths obtained
mainly by instruments on board SOHO, TRACE, Hinoide and SDO spacecraft have
brought attention to the dynamics of the solar atmosphere. Due to these observations,
it has been established that the atmosphere is strongly structured, from the lower layer
(photosphere) to the outer layer (corona) by the magnetic field and shows inhomogeneities
in density, magnetic fields and pressure.

Therefore, some of the known phenomena that can be observed in the corona have
their source or origin in the solar magnetic field. Thus, the solar magnetic field controls
the topology and dynamics of all coronal phenomena. In many cases, the magnetic field
is so intense that the plasma is forced to flow along the magnetic field lines.

The observations show different magnetic structures on a vast range of spatial scales.
But, in general, two different types of regions can be seen, both with different physical
properties (see figure 1.4).

On one hand, there are the open-field regions. These regions are characterised by a
unipolar magnetic field, and appear relatively dark, they are usually called coronal holes.
The reason for their darkness is that the plasma density is low because plasma can flow
into the interplanetary medium. Open-field regions exist more often in the poles, but
they can also sometimes extend towards the equator.

On the other hand, there are the closed-field regions, also called active regions because
of the variety of phenomena that take place in these areas (which always appear above
sunspot groups), that consist of numerous dense and hot coronal loops. Coronal loop as
a term is commonly used to describe long, thin and bright coronal structures. Coronal
loops are, basically, conduits filled with heated plasma whose shape displays the geometry
of the coronal magnetic field (figure 1.5).
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Figure 1.4: Coronal holes and active regions observed in the extreme UV. Source:
STEREO Ahead telescope, June 10, 2007.

Figure 1.5: Coronal loops in the Sun’s atmosphere viewed in ultraviolet light. Source:
TRACE/NASA.
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From Maxwell’s equation ∇× ~B = 0, it can be said that magnetic monopoles do not
exist. Therefore, coronal loops are based on the appearance of closed magnetic field lines
loaded with over-dense plasma.

The particles can only move along magnetic field lines and so, in practice, a loop is
isolated from its neighbours. Therefore, each coronal loop can be considered as a mini-
atmosphere. Every mini-atmosphere has its own hydrostatic pressure balance, limited by
different temperatures and densities at the lowermost layer, and gravitational stratifica-
tion.

The last influence of the magnetic field on chromospheric and coronal plasmas is that
the magnetic field channels heat. Since the thermal conduction coefficient along the mag-
netic field, κ‖, is much larger than that in the perpendicular direction, κ⊥, the magnetic
field insulates thermally the plasma in the transverse direction. Because heat is forced
to flow along the field in the corona and transition region, and being the conduction an
important way of energy transport, the density and temperature are heavily affected by
the magnetic field structure.

We can find the strongest magnetic field regions in sunspots, where it reaches values
between 2000 and 3000 G. Active regions, which embrace a larger area around sunspots,
have an average magnetic field of B ≈ 100 − −300 G. In the quiet Sun, that is outside
active regions, there is a weaker magnetic field which is around B ≈ 0.1–0.5 G. Sunspots
are dark cooler regions than their surroundings of more intense magnetic field in active
regions. In other words, large concentrations of magnetic flux. The reason behind the
darkness of a sunspot is the partial inhibition of normal energy transport by its magnetic
field (see figure ??).
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Figure 1.6: Sunspots in an active region observed on 15th July 2002. Source: NASA
Goddard Media Studios.

1.3 Coronal rain

Some observations of active region loops have shown cold dense blobs descending into the
solar corona, which is much hotter. This amazing phenomenon is called coronal rain and
is, basically, cold blobs of plasma condensing at an active region loop and descending along
one leg of the loop. It is known as a great example of cool material falling down towards
the solar surface along the magnetic field lines (see figure 1.6 and its corresponding movie).
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Figure 1.7: Example of
coronal rain captured by
NASA’s Solar Dynamics
Observatory (SDO) on
19th July 2012. A movie of
this event is available.

Coronal loops with heating concentrated at the footpoints, like the ones that we
consider in this work (as will be explained in chapter 2), can undergo a thermal non-
equilibrium process (see section 1.5). As a consequence, when the temperatures and
density reach critical values, the plasma of the loop top cools down to chromospheric
temperatures in a matter of minutes. Thus, dense blobs of plasma are formed, a process
that is called ”catastrophic cooling”.

Figure 1.8 and its correspondent movie, present a nice example of coronal rain observed
with the Swedish Solar Telescope in La Palma. The rain blobs are coloured according to
their velocity component in the line-of-sight.

Figure 1.8: Coronal rain blobs
falling in an active region ((Antolin
& Rouppe van der Voort, 2012)).
This image has been taken in the
Hα line centre, i.e., using the radia-
tion absorbed or emitted by neutral
hydrogen atoms making a transition
between the n = 2 and n = 3 levels.
The solar limb is the black area at
the top left. Coronal rain blobs are
the small dots coloured according to
their Doppler velocity, with the line-
of-sight velocity given by the bar on
the right. A movie of this event is
available.

1.4 The magnetohydrodynamic equations

The Sun is the most interesting example of a plasma that can be observed in Nature.
Even though the solar corona seems to remain unvarying to our eyes, ? explains that

https://svs.gsfc.nasa.gov/11198
https://youtu.be/pAYLC2u9WPE
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there are a lot of vibrant dynamic plasma processes continuously happening in it. So, the
Sun can be considered a plasma laboratory because any plasma theory can be checked
directly by observation, specially of the solar atmosphere.

The plasma of the solar atmosphere can be modeled surprisingly well by the magne-
tohydrodynamic equations (MHD).

Basically, in the presence of a magnetic field, the MHD approximation sets a theoret-
ical description of the macroscopic behaviour of a plasma. We may ask ourselves what
is exactly a plasma. A short description of this can be an electrically conducting fluid
or gas consisting totally or partially of charged particles. A consistent description of a
plasma can be quite difficult because any electromagnetic field can influence the motion
of the plasma. But, also the moving charges act as sources of the electromagnetic field.
Thus, this leads to non-linear equations.

We can define MHD as the study of the interaction between a plasma treated as a
continuous medium and a magnetic field. Being the plasma treated as a continuous fluid
means that we are not dealing with individual particles. Hence, the kinematic effects are
omitted.

Like many other theories in physics, MHD is just a theory, because it is not the most
general description of a plasma, even though it is a great tool for the description of many
astrophysical plasmas. In general, there are a few basic assumptions that define the MHD
approximation. These approximations are,

� First of all, the plasma is a continuous medium and Maxwell’s equations for the
electric and magnetic field are considered.

� The rapid variations of the fields ~E(~r, t) and ~B(~r, t) are not considered.

� We consider no relativistic motions. Thus, the velocity of the particles is smaller
than c, v � c.

� Ohm’s law is considered as the relation between the electric field, ~E(~r, t) and the
current density vector ~j(~r, t).

� The electric conductivity is very high.

The MHD equations are, basically, a combination of the fluid equations, electromag-
netic equations, Maxwell’s equations and Ohm’s law.

Maxwell’s equations are

∇× ~E = −∂
~B

∂t
, (1.1a)
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∇× ~B = µ~j +
1

c2
∂ ~E

∂t
, (1.1b)

∇ · ~E =
ρ∗

ε
, (1.1c)

∇ · ~B = 0, (1.1d)

where ρ∗ = e(n+ − n−), with n+ and n− the number density of ions and electrons, µ is
the magnetic permeability, ε is the permittivity of the plasma and c is the speed of light
in vacuum, c ≈ 2.998× 108 m s−1.

Ohm’s law is,
~j = σ ~E, (1.2)

where σ is the electrical conductivity.

On the other hand, as we consider the gas dynamic equations for the evolution of
pressure, p, and mass density, ρ, expressing the conservation of entropy and mass, we
have the following fluid equations

∂ρ

∂t
+∇ · (ρ~v) = 0, (1.3a)

ρ
D~v

Dt
= −∇p+

1

µ
(∇× ~B)× ~B, (1.3b)

Dp

Dt
+ γp∇ · ~v = −(γ − 1)L (1.3c)

where the Lagrangian operator, D
Dt

= ∂
∂t

+ ~v · ∇, represents the temporal rate of change
moving with an element of plasma, while ∂

∂t
only represents, at a fixed point of space,

the temporal rate change. The second therm on the right-hand of equation (1.3c) is the
Lorentz force. The energy loss function, L, incorporates the energy losses and gains of
the plasma. It contains the sum of radiative losses R minus heating h together with the
effect of thermal conduction:

L = R− S +∇ · ~q, (1.4)

where ~q = −κ~∇T and κ is the thermal conduction coefficient. Radiative losses are defined
as

R(T ) = nenpQ(T ) =
n2

4
Q(T ), (1.5)

where n = ne+np is the total particle number density and Q(T ) is the radiative loss func-
tion (see figure 1.8). Also, to write the last equality of equation (1.5) we have assumed
ne = np = ρ/m in order to satisfy plasma neutrality, m being the proton mass.
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Figure 1.9: Radiative loss function Q(T ) for coronal (upper curve) and photospheric
(lower curve) layers derived from observational data. This function shows a solar plasma
losses energy by radiation as a function of temperature. Source: Priest 2014.

Given these equations, we can write down the non-relativistic ideal MHD equations
for non-adiabatic changes of state:

∂ρ

∂t
+∇ · (ρ~v) = 0, (1.6a)

ρ
D~v

Dt
= −∇p+

1

µ
(∇× ~B)× ~B, (1.6b)

Dp

Dt
+ γp∇ · ~v = −(γ − 1)L, (1.6c)

∂ ~B

∂t
= ∇× (~v × ~B), (1.6d)

∇ · ~B = 0. (1.6e)

These are the momentum, continuity, energy and induction equations, respectively.
The last one is equation (1.1d) from Maxwell’s equations. Also, we have the equation of
state,

p = ρ
kB
m
T, (1.7)

where kB is the Boltzmann constant.

Current coronal loop models require the inclusion of a background heating in order to
compensate for the radiative losses. In addition to this heating source, and to reproduce
some observed coronal loops properties, especially the variation of their brightness with
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height, coronal loops are also assumed to be heated at their chromospheric level by an-
other as yet unknown process. We will refer to these heating events as nanoflares, which
presumably switch on and off continuously and deposit small amounts of energy at the
loop feet. The simulations of this work are based on the model proposed in Antolin et al.
(2010), in which the heat input by nanoflares is given by:

H =
n∑
i=1

Hi(t, s), (1.8)

where Hi(t, s), i = 1, ...n are the discrete episodic heating events, n being the total number
of events (i.e., the nanoflares), and

Hi(t, s) =

{
E0 sin

(
π(t−ti)
τi

)
exp

(
− |s−si|

sh

)
, ti < t < ti + τi,

0, otherwise,
(1.9)

where sh is the heating length scale, E0 is the maximum volumetric heating and τi, si and
ti are the maximum duration, location and offset time of each event.

1.5 Thermal non-equilibrium

When heating is almost constant and highly-stratified in solar coronal loops, a phe-
nomenon called thermal non-equilibrium (TNE) can occur. A very good explanation
about these phenomenon is the following one from Froment et al. (2017): ”The plasma
heated near the footpoints evaporates and starts to fill the loop. The temperature in-
creases, followed by the density with a time delay. As the loop becomes denser, the
heating per unit mass decreases and thus the temperature decreases. The temperature
drop increases the radiation losses ?. The radiation losses start to overcome the heating
locally in the corona as the temperature continues to decline, producing thermal runaway.
Eventually, it produces plasma condensations that fall toward the loop legs because of
gravity, before the cycle repeats. The heating stratification produces an unstable loop
where no thermal equilibrium is possible (e.g., ?; ?; ?). The term TNE was introduced
by ? to describe both the unstable and cyclical aspect of the system.”

The behaviour of radiative losses mentioned in this text by Froment et al. (2017)
can be easily understood with the help of figure 1.8. Take, for example, a coronal loop
whose temperature is initially 2× 106 K. When the increase of the total mass in the loop
leads to a reduction of the ”heating per mass unit”, the temperature decreases and so
the function Q(T) increases, which corresponds to the statement ”The temperature drop
increases the radiation losses”. Afterwards, ”as the temperature continues to decline” the
function Q(T) generally keeps increasing, thus enhancing radiative losses, and therefore
this produces a ”thermal runaway”, that proceeds down to temperatures of the order of
105 K. This is the time when cold plasma condensations, i.e., coronal rain, appear.
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1.6 One-dimensional approximation of the magneto-

hydrodynamic equations

In this section we express the MHD equations in a form that can be applied to coronal rain
formation and dynamics. The main assumptions are that the magnetic field is parallel to
the loop axis, motions are only along the magnetic field and that the loop is sufficiently
thin, so the only relevant variations are along its axis. we take curvilinear coordinates;
s as the distance along the loop axis magnetic field line, φ as the azimutal angle around
the axis of the flux tube and r as the radial distance from the loop axis,

Figure 1.10: Example of the geometry of the loop. Source: Antolin et al. (2008), figure 1.

as we can see in figure 1.9, and use the 1D approximation defined by ∂
∂φ

= 0, ∂
∂r

= 0,
vr = 0,vφ = , Br = 0 and Bφ = 0. The MHD equations are solved in a flux tube, which
can be defined as a (Priest, 2014, section 2.9.1) ”volume enclosed by the set of field lines
that intersect a simple closed curve” (see figure 1.10).
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Figure 1.11: Flux tube bounded by sections S1 and S2 with fluxes F1 and F2. (Source:
Priest (2014), figure 2.7)

One implication of ∇· ~B = 0 is that the magnetic field of the loop does not vary during
the formation and fall of coronal rain blobs. We can see this integrating ∇ · ~B inside the
volume enclosed by the lateral tube boundaries, S1 and S2, (applying the divergence
theorem)

0 =

∫
V

∇ · ~B =

∫
S

~B · ~dS =

∫
Slateral

~B · ~dS +

∫
S1

~B · ~dS +

∫
S2

~B ~dS (1.10)

where
∫
Slateral

~B · ~dS = 0 since ~B ⊥ ~dS in lateral flux tube part. So, at a point with

coordinate s we can take a surface across the flux tube such that ~B ‖ ~dS on it. On this
surface, we define an average magnetic field intensity Bs(s),∫

S

~B · dS = Bs(s) · A(s), (1.11)

where A(s) is the surface of S (S1 or S2). Then, from equation (1.10),

0 = −Bs(s1)A(s1) +Bs(s2)A(s2), (1.12)

where s1 and s2 are the coordinates of surfaces S1 and S2. Hence, in general,

Bs(s) · A(s) = constant ≡ C (1.13)

Now, the next point is to see how to compute ∇ · (ρ~v) and ∇ · ~v (and other spatial
derivatives in the MHD equations).

Let ~a be a vector parallel to ~B (this is the case of ρ~v and ~v because mass motions are

along the magnetic field) and let ~b =
~B
B

be the local unit vector parallel to ~B. Therefore,

∇ · ~a = ∇ · (a~b) = ∇ ·

(
a
~B

B

)
=

a

B
∇ · ~B + ~B · ∇ a

B
= B~b · ∇ a

B
, (1.14)
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where the term a
B
∇ · ~B = 0 because of equation (1.1d).

From here on, we work with the average magnetic field, so we substitute B by Bs(s) =
C
A(s)

, where C is a constant. The unit vector ~b is that along the field line used to define
the coordiante s. Then,

∇ · a = Bs(s)
∂

∂s

[
a

Bs(s)

]
≡ 1

A(s)

∂

∂s
[aA(s)]. (1.15)

If the cross-section is circular, then the field line that goes along the centre of the cross-
sections is the one used to define s. Then, A(s) = πr(s)2, with r(s) the radius of the
cross-section at the coordinate s. Thus,

∇ · ~a =
1

r(s)2
∂

∂s
(a (r(S)2) (1.16)

We need also to compute the derivative

~v · ∇p = v~b · ∇p = v
∂p

∂s
. (1.17)

Moreover, the conservation of magnetic flux leads to the magnetic field expression,

Bs(s) = B0

[
r0
r(s)

]2
(1.18)

where r0 and B0 are the radius and magnetic field strength at a position s0 along the loop.

With the help of the above expressions for the nabla operator we can simplify equation
(1.6a), the component of equation (1.6b) parallel to the magnetic field and equation (1.6c).
After some manipulations, we can write now the 1D version of the MHD equations:

∂ρ

∂t
+ v

∂ρ

∂s
= −ρB ∂

∂s

( v
B

)
, (1.19a)

∂v

∂t
+
∂v

∂s
= −1

ρ

∂ρ

∂s
− gs, (1.19b)

∂e

∂t
+ v

∂e

∂s
= −(γ − 1)eB

∂

∂s

( v
B

)
− R− S −H

ρ
+

1

ρr2
∂

∂s

(
r2κ

∂T

∂s

)
, (1.19c)

where the energy equation has been expressed in terms of the internal energy, which is
given by,

e =
1

γ − 1

p

ρ
. (1.20)

The component of gravity parallel to the magnetic field, gs, has the following expression

gs = g� cos
( s
L
π
)
, (1.21)

where g� = 2.74× 104 cm s−2 is the acceleration of gravity in the solar corona and L is
the total length of the loop.
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1.7 Aim and summary of this work

In this work we have conducted numerical simulations that lead to coronal rain formation.
After a coronal rain blob is formed, it starts to fall and a large upward pressure gradient
appears, its effect being to reduce the acceleration of gravity.

We will compare with previous work on this field, namely:

1. Antolin et al. (2010): Here ”the accelerations are found to be on average substan-
tially lower than the solar gravity component along the loops, implying the presence
of other forces in the loops, presumably gas pressure gradients as suggested by the
simulations.”

2. Oliver et al. (2014): In this work they found that ”the presence of a heavy conden-
sation gives rise to a dynamical rearrangement of the coronal pressure that results
in the formation of a large pressure gradient that opposes gravity.”



Chapter 2

Numerical results

2.1 Numerical code and initial conditions

Equations (1.19a) to (1.19c) are solved using the numerical code of Antolin et al. (2008)
and Antolin et al. (2010), which is based on the combination of the CIP (constrained
interpolation profile) and MOC-CT (method of lines-constrained transport) schemes; for
more information see Antolin et al. (2008). So-called ”rigid wall” boundary conditions
(i.e., all variables equal to zero) are imposed. The numerical grid is uniformly spaced. In
the simulations we use two loop lengths, either L = 67 Mm or L = 100 Mm. The number
of grid points is 10000 and 15000, respectively. The simulations last 850 min.

The initial conditions are described in Antolin et al. (2008) and presented in figure
2.1. The imposed number density profile is such that it varies smoothly from photospheric
values at the loop feet (s ∼ 0 and s ∼ L) to coronal values at s = L/2. The temperature is
set to 104 K all along the loop and for this reason the pressure profile is analogous to that
of the density. The velocity is initially zero. Finally, the tube radius, r(s), is computed
with the help of a semi-empirical model (Antolin et al., 2010) and next the magnetic
fields strength is calculated with the help of equation (1.18). One can see that the field
intensity at the photospheric (coronal) level is rather strong (weak), such as corresponds
to a small (large) loop radius (see figure 1.9).

17
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Figure 2.1: Initial conditions for the number density (n = ρ/m), pressure (p), temperature
(T ), velocity (v) and magnetic field strength (Bs). Note that the vertical axes of the
number density, pressure and magnetic field strength are in logarithmic scale.

2.2 Adiabatic case

First of all, in order to understand how the numerical code works and to check the energy
conservation we run an adiabatic simulation with a loop length L = 100 Mm (figure 2.2).
Adiabatic conditions are achieved by setting the energy loss function to zero, L = 0.
This is done by switching off the terms R (radiative losses), E0 (nanoflare heating), S
(background heating) and κ (thermal conduction).

Figure 2.2: Temporal vari-
ation of pressure, num-
ber density, velocity and
temperature as a function
of position along the loop
(horizontal axis) and time
(vertical axis) of the adia-
batic case. Loop length is
100 Mm.
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Figure 2.2 shows that during the first ∼ 10 min of the simulation there is a transient
regime caused by the initial conditions not corresponding to the equilibrium state of the
loop. After this time, the whole structure tends to an equilibrium state, although per-
turbations are continuously emitted from the photospheric level (at the left and right of
the plots). This wave emission is caused by the long time required by the photosphere to
settle down in an equilibrium (remember that there are no energy skins in the adiabatic
case) together with its huge density compared to that of the overlying material. This
density difference implies that a small disturbance in the photosphere has an enormous
energy in terms of the coronal material, which is strongly perturbed.

Next, we compute the various contributions to the loop energy: kinetic, internal and
gravitational. From the simulation results, these three contributions are computed as the
integral of their corresponding terms along the full loop; details can be found in Hollweg
et al. (1982). The top left panel of figure 2.3 shows that the total energy does not remain
constant for 0 ≤ t ≤ 20 min. Nevertheless, the difference between the total initial energy
and that after t = 20 min is of the order of 1.4%. This fact, together with the small
variation of total energy after t = 20 min, leads us to consider the energy to be conserved
by the numerical code. The other panels of figure 2.3 show that despite the large velocities
in the loop (up to 60 km s−1), the kinetic energy is 2–4 orders of magnitude smaller than
the total energy, whereas the internal and gravitational energy contributions are of the
same order of magnitude.

Figure 2.3: Plot of the different energies as a function of time: Total energy (black),
kinetic energy (red), internal energy (green) and potential gravitational energy (blue) for
the adiabatic case.
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2.3 Constant and symmetric nanoflare heating injec-

tion

As we learn since earliest ages as scientists, we must begin with the simplest case. There-
fore, we next perform simulations with a constant energy input in both loop feet. As
mentioned before, this is achieved by setting n = 1 and removing the sin function in
equations (1.6) and (1.7). The parameter values used in these simulations are E0 = 0.5
erg cm−3 s−1 (nanoflare energy density), sh = 5 Mm (scale height) and si = 27.5 Mm
(position of maximum energy deposition).

Figure 2.4: Temporal vari-
ation of pressure, num-
ber density, velocity and
temperature as a function
of position along the loop
(horizontal axis) and time
(vertical axis). The loop
length is 66.7 Mm and the
nanoflare heating is con-
stant and spatially sym-
metric.

In the first simulation (figure 2.4) 7 blobs are formed, all of them roughly equispaced
in time. We then recover the known result that the thermal non-equilibrium process that
leads to the formation of coronal rain condensations takes place in a ciclic manner. Each
single blob is characterised mainly by a large density and low temperature. But the pres-
sure distribution anticipates the main result of this work, namely that the pressure below
the blob is higher than above it. In other words, an upward pointing pressure gradient
is established at the blob position. Moreover, it is worth mentioning that, although the
simulation setup is symmetric, the accumulation of numerical errors lead to a lack of sym-
metry in the solutions. Since the main interest is the study of the dynamics of a coronal
rain event, the first blob of the simulation will be analysed.



CHAPTER 2. NUMERICAL RESULTS 21

Figure 2.5: Zoom
between the times
t = 0 min and t ≈
140 min of figure
2.4.

Figure 2.6: Position (s), velocity (vblob) and acceleration(ablob) as function of time for the
blob of figure 2.5. In the first two plots the red line represents the average value, obtained
with a boxcar average of width 25. The blue line in the acceleration plot is the value of
the effective solar gravity (equation (1.21)).

As we can see in figure 2.5 this blob is initially formed at s ≈ 23 Mm, at the end of the
transient phase. It moves almost to the apex of the loop and then proceeds to fall to the
left foot. We next analyse in detail the dynamics of this blob. First, the blob position,
s is determined as the position of maximum density (excluding the photospheric parts of
the magnetic tube). The variation of this parameter with time is presented in the left
panel of figure 2.6. The blob velocity, vblob, is determined from the numerical derivative
of sblob; the same method is applied to compute ablob. For the first 60 min since the blob
is formed, it remains suspended over the loop apex and, therefore, the blob velocity is
near zero. At t = 80 min the blob begins to fall with a small velocity around vblob ≈ 2− 3
km s−1. The most important fact in this analysis is that the blob acceleration is smaller,
in absolute value, than the effective solar gravity. Hence, one does not find a free fall
motion of the blob, with an acceleration equal to that of solar gravity, but something
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stops the blob from free falling. The reason of this smaller than the free-fall acceleration
is explained next.

A representation of the pressure for different times in the spatial range 0 ≤ s ≤
66∼Mm (see figure 2.7 and its corresponding movie), shows that during the blob de-
scending motion towards the photosphere a pressure gradient is formed. This pressure
gradient opposes to the fall of the blob making its acceleration to be smaller, in absolute
value, than that of solar gravity. In addition, the pressure gradient builds up in time and
so the magnitude of its associated force increases as the blob falls down.

Figure 2.7: Pressure in logarithmic scale as a function of space for different values of time
(shown at the top of each frame) for the blob of figure 2.5. The dotted line indicates
the position of the blob, i.e., the value of sblob used to construct the left panel of figure
2.6. A movie with pressure, number density, velocity and temperature of this numerical
simulation is available.

The simulation of figures 2.4–2.7 is repeated for a loop with length L = 100 Mm, while
all other parameters remain unchanged; see figure 2.8. At first sight, the main difference
with the previous simulation is the path followed by the blobs, which is always towards
the right foot. Again, let us pick the first blob and let us analyse its dynamics (figure
2.9).

https://www.youtube.com/watch?v=V8Z3Pu5Ri2o&feature=youtu.be
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Figure 2.8: Temporal
variation of pressure,
number density, velocity
and temperature as
a function of position
along the loop (hori-
zontal axis) and time
(vertical axis). The loop
length is 100 Mm and
the nanoflare heating is
constant and spatially
symmetric

Figure 2.9: Zoom
between the times
t = 100 min and
t = 200 min of fig-
ure 2.8.

We can see that the blob is formed at t ≈ 120 min and falls towards the right foot
smoothly. The pressure difference between the parts of the loop below and above the blob
that we discerned in figure 2.4 are also visible here. As it falls, the blob acceleration de-
creases until it reaches a value of ablob ≈ 0 m s−2, so its velocity remains constant around
vblob ≈ 10 km s−1. This constant velocity behaviour is evident from figure 2.9 and can be
seen more clearly in figure 2.10, which shows that, as for the blob of the first simulation,
the blob acceleration is lower than the effective solar gravity.

The pressure along the loop for different times is represented in figure 2.11 (see also
its corresponding movie). At t = 144 min the blob begins to fall and, simultaneously, a
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pressure gradient is formed. This pressure gradient becomes larger along the blob’s falling
motion, until it reaches a difference of one order of magnitude between both sides of the
cold condensation. At this point, the blob acceleration is almost null and the blob reaches
a constant velocity of vblob ≈ 10 km s−1. Thus, the pressure gradient slows down the blob
fall to the point of preventing it from accelerating.

Figure 2.10: Position (s), velocity (vblob) and acceleration(ablob) as function of time for the
blob of figure 2.9. In the first two plots red line represents the average value, obtained
with a boxcar average of width 25. The blue line in the acceleration plot is the value of
the effective solar gravity (equation (1.21)).
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Figure 2.11: Pressure in logarithmic scale as a function of space for different values of
time (shown at the top of each frame) for the blob of figure 2.9. The dotted line indicates
the position of the blob, i.e., the value of sblob used to construct the left panel of figure
2.10. A movie with pressure, number density, velocity and temperature of this numerical
simulation is available.

2.4 Multiple nanoflare heating injection

In this case we consider a time-dependent nanoflare heating (equation (1.7)) only in one
foot, with n = 681 nanoflare heating injections. The nanoflare parameters of equation
(1.7) are selected as follows: the energy density per nanoflare, E0, is randomly chosen be-
tween 0 and 4 erg cm−3s−1; the scale height, sh, is fixed to 5 Mm; the nanoflare location,
si, is uniformly distributed in the range 1.5 Mm ≤ si ≤ 15 Mm or in the range L − 15
Mm ≤ si ≤ l− 1.5 Mm (the feet where the energy deposition takes places is also selected
random); and the nanoflare duration, τi, uniformly distributed in the range 0 ≤ τi ≤ 15
s. Only the results for the loop length L = 100 Mm are shown.

https://youtu.be/KvjedXsVKLA
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Figure 2.12: Temporal variation of pressure, number density, velocity and temperature
as a function of position along the loop (horizontal axis) and time (vertical axis). The
loop length is 100 Mm and the nanoflare heating consists of n=681 events with random
energy, location and duration.

In this simulation (figure 2.12) there are two simultaneous rain events at t ≈ 400 min,
another one with a longer trajectory at t ≈ 550 min and two little blobs at t ≈ 700
min and t ≈ 800 min. We see that the ciclic TNE behaviour is also present here despite
the important change in the nanoflare energy injection mechanism. The reason for this
similarity is that the response of the loop plasma to the energy deposition at its feet is not
too sensitive to a time-varying injection as long as its frequency is fast enough. In other
words, a series of rapid energetic events have an analogous effect to constant heat source.
One may wonder whether a pressure gradient at the blob location is also established: this
is not evident in figure 2.12.

The rain event between t ≈ 500 min and t ≈ 560 min (figure 2.13) will be analysed
next. During the first 30 min of the event the blob is not yet totally formed since some
mass, ejected mainly from the left foot of the loop, collides with the condensed material
located at the apex and takes part of the catastrophic cooling event. At t ≈ 530 min no
more mass is added to the blob and it begins to fall towards the left foot of the loop. A
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pressure increases under the blob is obvious between t = 535 min and t = 555 min.

Figure 2.13: Zoom between the times t ≈ 500 min and t ≈ 600 min of the figure 2.12.

Figure 2.14: Position (s), velocity (vblob) and acceleration(ablob) as function of time for the
blob from of figure 2.10. In the first two plots the red line represents the average value,
obtained with a boxcar average of width 25. The blue line in the acceleration plot is the
value of the effective solar gravity (equation (1.21)).

Once the blob is totally formed, it falls to the left foot with a small acceleration.
Again, the most important result is that the acceleration of gravity parallel to the loop
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is larger, in absolute value, than the blob one. Therefore, as in section 2.3, something is
decelerating the blob and, by checking the temporal evolution of the pressure, represented
in figure 2.15, one can notice the presence of a pressure gradient that opposes to the blob’s
motion.

Figure 2.15: Pressure in logarithmic scale as a function of space for different values of
time (shown at the top of each frame) for the blob of figure 2.13. The dotted line indicates
the position of the blob, i.e., the value of sblob used to construct the left panel of figure
2.14. A movie with pressure, number density, velocity and temperature of this numerical
simulation is available.

https://youtu.be/nJGzdk2QOD0


Chapter 3

Conclusions

In this work we have investigated some physical processes present in coronal rain events.
But the main objective is the study of the dynamics of coronal rain. The motion of the
plasma is guided along rigid magnetic field lines with, as mentioned in the introduction,
an assumed circular shape.

We have shown different simulations of coronal loops with coronal rain events, anal-
ysed them and, without exception, a pressure gradient is generated at the blob position
in all the cases. The pressure gradient moves with the mass condensation as it falls down
and counters the acceleration of gravity. In some cases this gradient becomes large enough
to cancel the acceleration of gravity and, then, the blob falls with a constant velocity. The
formation of this pressure gradient has already been found by Oliver et al. (2014). Their
numerical simulations are adiabatic and so coronal rain condensations cannot be formed.
For this reason, these authors inserted a condensation at t=0 in an isothermal coronal
loop. What we have found in this work is that the same braking mechanism appears when
coronal rain forms by means of TNE, both in the case of a continuous energy injection
(section 2.3) or of an episodic injection with a high frequency rate (section 2.4). The
pressure gradient can also be seen in this movie, which corresponds to Case 8 of Mikić
et al. (2013), in particular around t = 20 h.

The dynamics of the blobs of this work can also be observed in time-distance diagrams
of coronal rain events, as for example figure 3 of Antolin et al. (2010), and figure 7 of
Antolin & Rouppe van der Voort (2012).

An important conclusion in the adiabatic simulations of Oliver et al. (2014) is that the
density of the blob is correlated with the maximum blob descending speed. In the future
we will study whether this correlation also exists for the condensations formed during TNE
events, although this correlation may not be so clear as in Oliver et al. (2014) because
once a blob is formed by a TNE it continues to accrete mass and so its density changes
in time.

29

https://youtu.be/XYaZlXrBWTk
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