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Böhm et al. [2009]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Left: Active region as seen by SDO/AIA 171 Å. Right: SDO/HMI
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Abstract

Coronal rain composed of cool plasma condensations falling from coronal heights
along magnetic field lines is a phenomenon occurring in active region coronal loops.
This work combines high-resolution observations and numerical simulations to un-
derstand the interplay between coronal rain and MHD oscillations. We analyse os-
cillations and kinematics of the coronal rain using high resolution observations. Two
different regimes of transverse oscillations traced by the rain are detected: small-
scale persistent oscillations driven by a continuously operating process and localized
large-scale oscillations excited by a transient mechanism. The plasma condensations
are found to move with accelerations largely below the free-fall rate. The observed
evolution of the emission of the plasma at the loop top is found to exhibit clear
signatures of a gradual cooling consistent with the limit cycle model and suggests
the loop is going through a sequence of periodically repeating heating-condensation
cycles. We further investigate the evolution and dynamics of coronal rain using
2.5D MHD simulations. We model the evolution of a cool plasma condensation in a
gravitationally stratified coronal loop. The motion of plasma condensations is found
to be strongly affected by the pressure of the coronal loop plasma. High coronal
magnetic field or low condensation mass are found to lead to damped oscillatory
motion of the condensations. The combined effect of plasma pressure gradients and
magnetic tension force can therefore explain observed sub-ballistic motion and lon-
gitudinal oscillations of coronal rain. We finally address the possibility of excitation
of loop oscillations by coronal rain. We carry out MHD simulations of a coronal loop
containing a cool and dense condensation region near the loop apex. This is found
to excite fundamental harmonic of a vertically polarised kink mode. As the conden-
sations fall towards the loop footpoints, the fundamental mode period is found to
decrease as a result of the change in distribution of mass along the loop. We also
carry out simulations of a coronal loop with a siphon flow between the footpoints
which is likely to arise in asymmetrically heated loops. The action of the centrifugal
force associated with plasma moving along the curved axis of the loop is found to
excite vertically polarised loop oscillations. We find that flows with realistic speeds
are sufficient to excite oscillations with observable amplitudes. We therefore propose
coronal rain as a possible excitation mechanism for transverse loop oscillations.

xiv



Chapter 1

Introduction

1.1 The solar atmosphere

Solar activity has been subject to observations for thousands of years. Its manifes-

tations range from local mass and energy transport processes to large scale events

such as solar flares and coronal mass ejections (CMEs) which can directly influence

the conditions on Earth. The level of solar activity is determined by the variations

in the solar magnetic field. It varies with an 11 year solar cycle during which the

polarity of the global solar magnetic field flips. The magnitude of the solar magnetic

dipole moment varies from its maximum value at the solar minimum to nearly zero

at solar maximum. The solar magnetic field is complex and originates in the solar

interior. It is produced by the dynamo action in the tachocline, an interface layer

between the radiative zone and the convection zone. The different rotation rates of

the radiative zone, which rotates as a solid body and the convection zone, subject

to differential rotation, result in strong shear flows leading to amplification of the

magnetic field.

All of the directly observable solar activity takes place in the solar atmosphere. The

solar atmosphere consists of multiple layers; photosphere, chromosphere, transition

region and corona, each with different thickness and properties. The density of

the solar atmosphere drops exponentially, while its temperature structure is more

complex and its cause remains one of the open questions (Figure 1.1).
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Figure 1.1: Temperature and density structure of the solar atmosphere as a function
of height above the solar surface. Courtesy of E. Avrett.

1.1.1 Photosphere

Photosphere, or the visible surface of the sun is the lowermost layer of the solar atmo-

sphere and emits most of the solar radiation in visible, UV and IR wavelengths. Its

temperature varies between 4000 and 6000 K and decreases with increasing height.

The electron number density also decreases with height and varies between 1021 -

1023 m−3. The opacity is predominantly caused by the H− bound-free absorption

and with height decreases sufficiently for the photons to be able to escape [Foukal,

2004]. The photosphere can be approximated as being in local thermodynamic

equilibrium (LTE), such that the level populations are determined by the Saha-

Boltzmann statistics depending on the local temperature [Gray, 2005]. The small

scale photospheric structure is formed by granulation [Spruit et al., 1990]. Gran-

ules are small cells of plasma with diameter of the order of 1000 km and lifetime

of about 20 minutes. They correspond to the the top of the convective cells where

hot plasma rises upwards in the bright cell centres, spreads out, cools and then

sinks downwards along the dark cell edges. Their large-scale versions are known

as supergranules, measure 10 000s of km across and typically last days. They cor-

respond to large scale flows carrying bundles of magnetic field lines and forming

the edges of chromospheric network. The dark regions of concentrated magnetic

flux are known as sunspots and are cooler than the surrounding plasma with the

typical temperature in the sunspot centre, or umbra being around 3700 K [Solanki,
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2003]. Sunspot magnetic fields are of the order of 1000 G and typically connect

two groups of sunspots; one having positive and another one with negative polarity.

Such bipolar magnetic field configurations with large extent are known as active

regions and are often locations of intense magnetic activity that can lead to erup-

tive events like flares and CMEs. Lifetimes of sunspots range from days to several

weeks. The sunspot number, defined as R = k(10g + s) with s being the number of

sunspots, g the number of sunspot groups and k the scaling factor based on observ-

ing conditions, varies with the solar cycle phase and has long been used as a solar

cycle proxy. As the solar cycle progresses from maximum to minimum, the sunspots

migrate from higher latitudes towards the equator. Faculae are small bright areas

that also correspond to the regions of concentrated magnetic field, although with

magnitudes much smaller than in sunspots [Dumont et al., 1982; Keller et al., 2004].

The photosphere is a high β plasma where gas pressure dominates over magnetic

pressure and the magnetic field is moved along by the fluid flows. The photospheric

magnetic field is non-uniformly distributed and accumulates in flux tubes. These

originate in the upper layers of the convection zone and rise towards the surface due

to magnetic buoyancy [Parker, 1955] in the process known as flux emergence.

1.1.2 Chromosphere

Above the photosphere the temperature starts to increase again from the photo-

spheric temperature minimum to reach a maximum of 10 000 - 20 000 K. The

density of the chromosphere decreases rapidly from 1015 to 1011 cm−3 and the LTE

approximation breaks down. The thickness of the chromosphere is about 2000 km.

Chromospheric plasma is partially ionised and optically thin for continuum radi-

ation, but optically thick for many important emission lines such as H-alpha, Mg

II H and K and Ca II H and K lines [Athay, 1976]. The plasma-β of the chromo-

spheric plasma varies with height, the chromosphere therefore contains both mag-

netic pressure dominated and gas pressure dominated regions. The chromosphere is

therefore non-homogeneous and highly structured (Figure 1.2). The aforementioned

chromospheric network is best visible in H-alpha line and forms a web-like pattern

across the solar disk. Masses of cool chromospheric plasma suspended in the coronal

heights and supported against gravity are known as prominences and are most easily

observed in emission at the solar limb [Labrosse et al., 2010; Mackay et al., 2010;

Parenti, 2014]. When located on-disk, they appear as dark string-like structures and

are referred to as filaments. Most prominences are quiescent and typically remain in

a quasi-equilibrium state for days or even weeks. However, when the equilibrium is

3



internetwork

photo-

sphere

canopy domain

granulation

convection

zone

transition region

current sheets

shock waves

τ        = 1500

weak !elds

reversed granulation

p-modes / g-waves

supergranulation

}
moss

0 Mm

~0.5 Mm

~1 Mm

~1.5 Mm

network

sub-canopy

domain

!uctosphere

canopy domain

f i b r i l 

corona

Ff i b r i l 

D

E

h
o

t 
p

la
sm

a

classical temperature 

minimum

sub-canopy domain

!uctosphere

small-scale canopies  /  HIFs

Wedemeyer-Böhm et al. (2008)

network

chromo-

sphere

sp
ic

u
le

 II

dyn
am

ic
 !

bril
 

C Alfv
én w

av
es

c  = cs        c  = cc  = cAc  = c

network

sp
icu

le
 I

B

A

Figure 1.2: Atmospheric structure of quiet Sun regions. Taken from Wedemeyer-
Böhm et al. [2009].

lost, mostly due to an internal instability growth, the magnetic structure supporting

the prominence is destabilised leading to sudden eruption. Prominence eruptions

are often associated with CMEs, with CME cavities often containing cores of promi-

nence remnants. Another type of abundant features observable in the chromospheric

wavelength are spicules, short and spike-like jets of chromospheric plasma with short

lifetimes on the order of minutes [Sterling, 2000; De Pontieu and Erdélyi, 2006].

1.1.3 Transition region

The thin layer between the chromosphere and the corona of 100 km thickness cor-

responds to the transition region where the temperature increases rapidly from 10

000 K to millions of K and the density drops to 1015 m−3. The transition region

is almost completely ionised and emits mostly in C IV, O IV, and Si IV lines in

the UV part of the spectrum. It is subject to various mass and energy transport

processes from the chromosphere to the corona and therefore non-uniform.

1.1.4 Corona

The corona is the outermost layer of the solar atmosphere extending into interplan-

etary space. The temperature in the corona reaches millions of K while the typical
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Figure 1.3: Left: Active region as seen by SDO/AIA 171 Å. Right: SDO/HMI
continuum.

coronal densities at heights of the order of 100 Mm above the solar surface are

around 1014-1015 m−3. The reasons behind the high coronal temperatures, known

as coronal heating problem, have been for long subject of active research. This

comprises questions about the source of the energy heating the corona and how this

energy is transported into and dissipated in the corona as heat. Complete answers

to these require accurate knowledge of coronal conditions and parameters such as

coronal density and magnetic field which can be measured only indirectly and have

large uncertainties associated with them. High coronal temperatures mean that the

corona primarily emits in EUV and X-ray wavelengths. Standard coronal diagnostic

emission lines are Lyman-α (1216 Å) and ionised iron lines such as the Fe XVIII

(94 Å), Fe VIII, XXI (131 Å), Fe IX (171 Å), Fe XII, XXIV (193 Å), Fe XIV (211

Å) and Fe XVI (335 Å). Because of high temperatures the corona is almost fully

ionised and the optically thin approximation is valid in this case. The corona is a

low β plasma and therefore dominated by the magnetic pressure. The structure of

the corona is complex and formed by flux tubes filled with hot plasma, known as

coronal loops (Figure 1.3). Other coronal structures include coronal holes, regions

associated with open magnetic field lines located predominantly at the poles. Coro-

nal holes are the source of high speed solar wind [Cranmer, 2009]. Helmet streamers

are large long-lived cusp-shaped structures extending several solar radii above the

solar limb. They lie above active regions and often contain a prominence at the

base. They consist of two parts, bottom part containing closed magnetic field lines

and an extended pointed peak associated with open magnetic field that is formed by

the action of the solar wind [Pneuman, 1968]. Polar plumes are long thin streams of

plasma located near the poles formed by the action of solar wind that are associated
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with small magnetic regions [Poletto, 2015].

Coronal loops

The basic building structures of the corona are coronal loops, magnetic flux tubes

anchored to the solar surface at both ends confining the hot plasma. Their lengths

vary from tens of Mm (short post flare loops) to hundreds of Mm (large active region

loops). The simplest coronal loop models assume hydrostatic equilibrium, meaning

the plasma in the loop is stratified such that the balance between the gravity and

plasma pressure is satisfied. The stratification scale height is dependent on the

temperature and density structure of the loop plasma. Including a constant heating

rate and a single power law radiative loss function leads to the RTV scaling law

[Rosner et al., 1978]:

Tmax = 14000(p0L)1/3 (1.1)

EH0 = 9.5× 10−12T 7/2
maxL

−2 , (1.2)

where Tmax is the temperature at the loop top, p0 is the base pressure, EH0 is the

uniform heating rate and L is the length of the loop. If the coronal magnetic field

is assumed to be potential, loops need to have variable cross-section in order to

satisfy conservation of the magnetic flux. Loop expansion factor is therefore greater

than 1 which has implication for modelling the coronal loop dynamics. However, in

practice most coronal loops are out of hydrostatic equilibrium and subject to a range

of mass and energy transport processes [Aschwanden et al., 2001]. These include

direct injection of the matter from the chromosphere, chromospheric evaporation

and condensation, transport and loss of thermal energy via thermal conduction and

radiation and siphon flows caused by the pressure difference in different regions of

the loop. More sophisticated coronal loop models therefore need to account for these.

In addition, there is a number of macroscopic instabilities likely to occur in coronal

loops that affect the loop state and evolution. The Rayleigh-Taylor instability occurs

when the density gradient of the coronal loop plasma has an opposite direction to

gravity. A perturbation to this state triggers the development of growing ripples

at the fluid boundary [Priest, 1978]. The Kelvin-Helmholtz instability arises from

shear flows at the interface of fluids with different velocities. This type of instability

is likely to occur if the flow occurs in the direction perpendicular to the axis of

the coronal loop, e.g. during transverse motion of the coronal loop relative to the

background plasma [Terradas et al., 2008; Antolin et al., 2014]. This is due to the
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stabilizing effect of the magnetic field along the loop. The shear flows then lead

to the development of Kelvin-Helmholtz vortices at the loop boundary. The kink

instability corresponds to growing transverse displacement along a fluxtube and can

occur in coronal loops with finite azimuthal magnetic field component [Anzer, 1968;

Hood and Priest, 1979]. If a coronal loop with a magnetic field twist exceeding a

critical value is displaced in a transverse direction, the magnetic field lines along

the inner side of the kink are pushed closer together, leading to an increase of the

magnetic pressure at the inner side. Conversely, at the outer side of the kink the

field lines are pushed apart, leading to the decrease of magnetic pressure. This

creates a net outward force in the same direction as the displacement, resulting in

an instability growth and eventually in an eruption. The kink instability is likely

to play an important role in prominence eruptions and in the onset of solar flares

and CMEs. Thermal instability occurs in coronal loops heated predominantly at

the footpoints. If the heating is spatially concentrated and the thermal conduction

along the loop is inefficient, the radiative losses from the upper parts of the loop

can overcome the heating input leading to catastrophic cooling of the plasma at the

loop top [Field, 1965].

Coronal magnetic field

Coronal magnetic fields have complex structure and are responsible for some of the

most violent events occurring in the solar atmosphere. Detailed knowledge of the

coronal magnetic field geometry and topology is essential as it provides a direct link

between theoretical models and solar observations. Direct measurements of coronal

magnetic fields are however difficult and subject to large uncertainties compared to

the typical magnetic field magnitudes. The structure of the coronal magnetic field is

therefore usually determined indirectly and can be obtained either by using coronal

loops as a proxy for magnetic field lines or using a more sophisticated approach

based on extrapolation of photospheric magnetic field vectors. The approach based

on stereoscopy relies on having solar observations taken from 2 different vantage

points, enabling full 3D reconstruction of coronal loops. This was one of the pri-

mary aims of the STEREO mission consisting of two identical spacecraft orbiting

the Sun at varying separation [Kaiser, 2005]. Magnetic field extrapolation models

on the other hand require knowledge of the photospheric magnetic field, typical

values of which are orders of magnitude larger than the coronal values and there-

fore easier to measure. The surface magnetic fields are determined by measuring

Zeeman splitting of spectral lines and by using Stokes spectropolarimetry to obtain
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Figure 1.4: Part of SOHO/MDI magnetogram and the corresponding magnetic field
reconstructed using STEREO data. Taken from DeRosa et al. [2009].

all three components of the magnetic field vector. This is done by magnetograph

instruments and spectropolarimeters in both space and ground based observatories

(these include SDO/HMI [Scherrer et al., 2012], Hinode SOT/SP [Tsuneta et al.,

2008] and CRISP at SST [Scharmer, 2006]) providing solar magnetograms such as

one shown in Figure 1.4. Current state of the art magnetic field models rely on solv-

ing non-linear force free field equations with the boundary conditions determined

from the surface magnetograms.

1.2 Magnetohydrodynamics

Plasma, known as the fourth state of matter, is an ionised gas consisting of ions

and electrons. It is created by heating the gas or by subjecting it to strong elec-

tromagnetic field such that the electrostatic forces binding the electrons and ions

together are overcome and electrons are stripped from the atomic nuclei. Plasma is

the most common state of matter in the universe, but does not naturally occur on

Earth, except for thunderstorms and aurorae.

Magnetohydrodynamics is based on modelling the plasma as an electrically con-

ducting fluid. The particles interact with each other via long range Coulomb forces

leading to collective movements, thus making the continuous fluid description ap-

plicable. It can be used to describe dynamics of plasmas on large spatial and long

temporal scales. The properties of a plasma need to satisfy a number of assump-

tions for the MHD approximation to be valid. Firstly, it is assumed that plasma is
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strongly collisional such that the distribution of particles is Maxwellian. The char-

acteristic length scales are much longer that the mean free path of the particles and

the characteristic time scales are long compared to the collisional time. Secondly,

characteristic length scales are assumed to be much longer that the ion skin depth

and ion gyroradius. Similarly, characteristic time scales are much longer that the

ion gyroperiod. Finally, it is assumed that plasma velocities are not relativistic.

Under these assumptions the plasma is governed by the Navier-Stokes equations of

fluid dynamics and by the Maxwell’s equations without the displacement current,

together forming a self-consistent set of MHD equations.

1.2.1 MHD equations

Firstly, the mass continuity equation is

∂ρ

∂t
+ ~∇ · (ρ~V ) = 0 , (1.3)

where ρ is the plasma density and ~V is the plasma velocity and implies that the mat-

ter is neither created nor destroyed. D/Dt is the advective derivative, i.e. derivative

evaluated in the frame comoving with the fluid:

D

Dt
=

∂

∂t
+ ~V · ~∇ . (1.4)

The momentum equation is

ρ
D~V

Dt
= −~∇p+ ρ~g +

1

µ0
(~∇× ~B)× ~B , (1.5)

where p is the pressure and is equivalent to Newton’s second law applied to conduc-

tive fluid. Here the change of the momentum of the fluid element is equal to the

sum of pressure gradient force, Lorentz force and gravity. The Lorentz force term

can be expanded as

1

µ0
(~∇× ~B)× ~B =

1

µ0
( ~B · ~∇) ~B − ~∇

( B2

2µ0

)
, (1.6)

where ( ~B · ~∇) ~B/µ0 is the magnetic tension or restoring force resisting bending of

the magnetic field lines and −~∇
(
B2/2µ0

)
is the magnetic pressure force resisting
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the accumulation of the magnetic flux. The energy equation is given by

1

(γ − 1)

Dp

Dt
+

γ

γ − 1
p~∇ · ~V = EH − ER − ~∇FC , (1.7)

where γ is the ratio of specific heats (γ = 5/3 for fully ionised plasma), EH is the

rate of heating per unit volume, ER is the rate of radiative losses per unit volume

and FC is the conductive flux. The temperature T is determined by p and ρ using

the ideal gas law:

p =
ρkBT

µ
, (1.8)

where kB is Boltzmann constant and µ = ρ/n, n being the particle number density,

is the reduced mass, approximately equal to 0.5 mp for ionised hydrogen. The

magnetic field ~B satisfies the solenoidal condition

~∇ · ~B = 0 . (1.9)

The induction equation can be obtained from generalised Ohm’s law:

1

σ
~j = ~E + ~V × ~B , (1.10)

where ~j is the current density, ~E is the electric field and σ is the conductivity. The

resistivity 1/σ is significant when |~∇× ~B| is large, e.g. in current sheets and can be

neglected under quiet sun coronal conditions. Assuming perfect conductivity and

substituting Eq. (1.10) into Faraday’s law given by

∂ ~B

∂t
= −~∇× ~E , (1.11)

leads to the induction equation in its standard form when neglecting the resistivity:

∂ ~B

∂t
= ~∇× (~V × ~B) . (1.12)

The ratio of the thermal plasma pressure to magnetic pressure is known as the

plasma-β:

β =
p

B2/2µ0
. (1.13)

The magnitude of the plasma-β determines the behaviour of the plasma. For β > 1,

as is the case in the solar interior, the plasma pressure dominates and magnetic

field is pushed around by the fluid. For β < 1, as is the case in the solar corona,

the magnetic pressure dominates and the behaviour of the plasma is controlled by
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the magnetic field. In both cases, due to high conductivity, the plasma obeys the

frozen-in flux approximation and the plasma particles are magnetically confined.

1.2.2 MHD waves

Plasmas can support a variety of waves. The individual wave modes can be in-

vestigated by first considering the simplest equilibrium case of a uniform, static

magnetised plasma for which ∂/∂t = 0 and ~V = 0. Considering small perturbations

to the equilibrium quantities:

~B(~r, t) = ~B0 + ~B′(~r, t) (1.14)

~V (~r, t) = 0 + ~V ′(~r, t) (1.15)

p(~r, t) = p0 + p′(~r, t) (1.16)

ρ(~r, t) = ρ0 + ρ′(~r, t) , (1.17)

where the perturbations are represented by the primed quantities. Substituting the

above into ideal MHD equations (i.e. not considering thermal conduction, radiative

losses and heating terms in the energy equation) and neglecting nonlinear terms

leads to a set of linearised MHD equations:

∂ρ′

∂t
+ ρ0

~∇ · ~V ′ = 0 (1.18)

ρ0
∂~V ′

∂t
= −~∇p′ +~j′ × ~B0 (1.19)

∂p′

∂t
= −(~V ′ · ~∇)p0 − γp0

~∇ · ~V ′ (1.20)

∂ ~B′

∂t
= ~∇× (~V ′ × ~B0) . (1.21)

The first wave equation can be determined from the component of the linearised

induction equation parallel to ~B0:

∂ ~B′

∂t
· ~B0 = −B2

0
~∇ · ~V ′ +B0( ~B0 · ~∇)~V ′‖ . (1.22)

Taking the time derivative of the above leads to

∂2 ~B′

∂t2
· ~B0 = −B2

0

∂(~∇ · ~V ′)
∂t

+B0( ~B0 · ~∇)
∂v‖

∂t
. (1.23)
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We note that

~B′ · ~B0 = µ0(p′T − p′) , (1.24)

where p′T is the total pressure perturbation equal to the sum of magnetic and ther-

mal plasma pressure perturbations. Further using the expressions for the parallel

component and divergence of the momentum following from the momentum equa-

tion:

ρ0

∂V ′‖

∂t
= −(~1‖ · ~∇)p′ (1.25)

ρ0
∂(~∇ · ~V ′)

∂t
= −∇2p′T , (1.26)

and substituting these into Eq. (1.23) leads to

∂2p′T
∂t2

=
∂2p′

∂t2
+

B2
0

µ0ρ0
∇2p′T −

B2
0

µ0ρ0
(~1‖ · ~∇)2p′ , (1.27)

where ~1‖ = ~B0/B0 is the unit vector in the direction of the magnetic field. Taking

the time derivative of the above equation twice and substituting the expressions for

the Alfvén speed VA and sound speed CS given by

VA =
B0√
µ0ρ0

(1.28)

CS =

√
γp0

ρ0
, (1.29)

results in the magnetoacoustic wave equation:

∂4p′T
∂t4

− C2
S

∂2

∂t2
∇2p′T + V 2

A

∂2

∂t2
∇2p′T + C2

SV
2

A(~1‖ · ~∇)2∇2p′T = 0 . (1.30)

Assuming plane wave solutions leads to a dispersion relation:

ω4 − (C2
S + VA)k2ω2 + C2

SV
2

Ak
2
‖k

2 = 0 . (1.31)

The solution to the above is

ω2 =
1

2
(C2

S + V 2
A)k2

[
1±

√
1− 4

C2
T

(C2
S + V 2

A)

k2
‖

k2

]
, (1.32)

12



where CT is the tube speed given by

CT =
CSVA√
C2

S + V 2
A

. (1.33)

The negative sign solution corresponds to the slow magnetoacoustic wave and the

positive sign solution corresponds to the fast magnetoacoustic wave. The phase

speed diagrams for both types of waves in different plasma-β limits are shown in

Figure 1.5. Both types of waves are polarised in the plane given by ~k and ~B0 and

have both longitudinal and transverse components. In both cases, the restoring

forces are the plasma pressure and the magnetic pressure forces. In the slow wave

case, the magnetic and plasma pressure perturbations are in antiphase and they

partially cancel out. The slow waves are anisotropic and don’t propagate in the

direction perpendicular to the magnetic field. The energy flow is also anisotropic

and is most pronounced in the direction of the magnetic field. In the fast wave case,

the plasma and magnetic pressure perturbations are in phase. The fast waves are

nearly isotropic and so is the energy flow.

Similarly, the Alfvén wave equation can be obtained using the parallel component

of the Ampère’s law:

µ0j
′
‖ = (~∇× ~B′) ·~1‖ , (1.34)

where j′‖ is the current density perturbation. Taking the time derivative of Eq.

(1.34) leads to

µ0

∂j′‖

∂t
= (~∇× ∂ ~B′

∂t
) ·~1‖ . (1.35)

Substituting parallel component of the induction equation gives

µ0

∂j′‖

∂t
= ( ~B0 · ~∇)(~∇× ~V ′) ·~1‖ . (1.36)

The time derivative of the above is

µ0

∂2j′‖

∂t2
= ( ~B0 · ~∇)

∂

∂t
(~∇× ~V ′) ·~1‖ . (1.37)

Substituting the curl of the momentum equation leads to the Alfvén wave equation:

∂2j′‖

∂t2
− V 2

A(~1‖ · ~∇)2j′‖ = 0 . (1.38)
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This leads to dispersion relation

ω2 = V 2
Ak

2
‖ . (1.39)

The solution is given by

j′‖ = Aei(k‖x‖−ωt) +Bei(k‖x‖+ωt) , (1.40)

i.e. the Alfvén waves propagate along the magnetic field at the speed VA. The

restoring force in this case is the magnetic tension force. Alfvén waves are trans-

verse, the velocity and magnetic field perturbations are perpendicular to ~B0. In

the linear case the Alfvén waves are incompressible, there are no associated den-

sity or pressure perturbations. They are anisotropic and cannot propagate energy

across the magnetic field lines. The energy flow is purely along the direction of the

magnetic field.

1.2.3 Waves in magnetic cylinder

Coronal plasma is confined within coronal loops that act as waveguides. Their

oscillatory behaviour can therefore be determined by modelling them as long straight

cylinders. In order to be able to determine wave solutions of the MHD equations

in the cylindrical geometry analytically, a simplified model of a uniform cylinder

embedded in a magnetic environment with constant magnetic field along the z-

direction is introduced. Following the analysis done by Edwin and Roberts [1983],

the pressure balance at the cylinder boundary requires

p0 +
B2

0

2µ0
= pe +

B2
e

2µ0
. (1.41)

where subscripts 0 and e correspond to quantities inside the cylinder and in the

external medium respectively. The solution is assumed to be of the form

p′T(~r, t) = p̃T(r) exp i(kz + nθ + ωt) . (1.42)

Substituting this into the wave equations (1.30) and (1.38) leads to a Bessel differ-

ential equation for the pressure perturbations:

d2p̃T

dr2
+

1

r

dp̃T

dr
− (m2

0 +
n2

r2
)p̃T = 0 , (1.43)
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Figure 1.5: Diagram of phase speed (top) and group speed (bottom) of fast, slow
and Alfvén modes for β < 1 (left) and β > 1 (right) normalised to the Alfvén speed.
Polar coordinate corresponds to the angle between ~k and ~B0.
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where

m2
0 =

(k2C2
S0 − ω2)(k2V 2

A0 − ω2)

(C2
S0 − V 2

A0)(k2C2
T0 − ω2)

, (1.44)

is the square of the radial wavenumber. CT is given by:

CT =
C0VA

(C2
0 + V 2

A)
1
2

. (1.45)

The solutions are given by Bessel functions:

p̃T = A0

In(m0r), m2
0 > 0

Jn(n0r), n0 = −m2
0 > 0

(1.46)

if r < a, i.e. inside the cylinder and

p̃T = A1Kn(mer) , (1.47)

outside the cylinder. Here A0 and A1 are constants, In, Jn and Kn are Bessel

functions of order n and me is given by

m2
e =

(k2C2
Se − ω2)(k2V 2

Ae − ω2)

(C2
Se − V 2

Ae)(k
2C2

T0 − ω2)
. (1.48)

Requiring continuity of the radial velocity component and of the total pressure at

the cylinder boundary then leads to dispersion relations

ρ0(k2V 2
A − ω2)me

K ′n(mea)

Kn(mea)
= ρe(k

2V 2
Ae − ω2)m0

I ′n(m0a)

In(m0a)
, (1.49)

for surface waves (m2
0 > 0) and

ρ0(k2V 2
A − ω2)me

K ′n(mea)

Kn(mea)
= ρe(k

2V 2
Ae − ω2)n0

J ′n(n0a)

Jn(n0a)
, (1.50)

for body waves (m2
0 < 0). Here K ′n(mea) = (d/dx)Kn(x) evaluated at x = mea.

Solutions to the above dispersion relations are shown in Figure 1.6.

Under coronal conditions where typically VAe, VA > CS, CSe there are two classes of

body modes and no surface modes. If VAe > VA, i.e. in the case of high internal den-

sity, the cylinder can sustain fast body waves with periods corresponding to Alfvénic

time scales. The slow modes, on the other hand, arise in both high and low internal

density cases. n = 0 corresponds to fast sausage modes which are azimuthally sym-
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Figure 1.6: Phase speed diagram for MHD modes of magnetic cylinder taken from
Edwin and Roberts [1983] valid under coronal conditions.

metric, n = 1 corresponds to fast kink modes which are azimuthally antisymmetric,

and n > 1 corresponds to fluting or balooning modes. The characteristic speed of

propagation of the sausage mode CT is known as tube speed and is defined in Eq.

(1.33) and the characteristic speed of the kink mode Ck is known as kink speed and

is given by

Ck =
(ρ0V

2
A0 + ρeV

2
Ae

ρ0 + ρe

)1/2
. (1.51)

Sausage modes are compressible and perturb the cylinder cross-section without af-

fecting the cylinder axis. Kink modes on the other hand are nearly incompressible

and displace the axis of the cylinder. As shown in Figure 1.6, sausage modes have a

low wavenumber cut-off at ka ∼ 1, which means that the cylinder can only support

higher order harmonics of the sausage mode with wavelengths comparable to its

radius. At low wavenumbers the sausage mode becomes leaky and the energy is

radiated into the external medium. This does not apply to the kink mode for which

also lower order harmonics are supported. The period of the fundamental harmonic

of kink mode is given by

τ =
2L

Ck
, (1.52)
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Figure 1.7: MHD modes of magnetic cylinder: kink (top), sausage (middle) and
torsional Alfvén mode (bottom).

where L is the length of cylinder. In contrast, typical periods of the sausage modes

are much shorter as only higher order harmonics are present. Finally, Alfvén modes

propagate with characteristic speed VA and correspond to the torsional motion of

the cylinder with the velocity in the azimuthal direction. They perturb neither the

cylinder cross-section nor cylinder axis and hence do not cause intensity variations

in the cylinder.

1.3 Thermal instability and coronal rain

The otherwise hot and diffuse solar corona contains numerous cool and dense plasma

structures in the form of prominences and coronal rain. Coronal rain consists of cool

plasma condensations falling from coronal heights to the solar surface guided by the

magnetic field lines [Schrijver, 2001; De Groof et al., 2004]. These condensations

form as a result of thermal instability onset in coronal loops, which leads to catas-

trophic cooling of the plasma at the loop top. In this sense, the physical reasons

behind the formation of prominences and coronal rain are similar, as both are a

consequence of thermal instability caused by a localised loop heating. There are a

number of parallels between them as both consist of cool plasma at chromospheric
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and transition region temperatures. However, there are important differences relat-

ing to the morphology of the two phenomena and to the magnetic field geometry

associated with them. Prominences are often quasi-stable and supported against

gravity by dips in the magnetic field, whereas coronal rain is observed to fall to-

wards the solar surface shortly after its formation. The structure of flows of promi-

nence material appears continuous, while coronal rain structure is more clumpy and

consists of a large number of small plasma blobs.

Recent high resolution observations have shown that coronal rain is much more com-

mon than previously thought, suggesting its important role in the chromosphere-

corona mass cycle. Due to its origin, coronal rain also provides us with physical

insight into the atmospheric thermal cycle and into prominence formation and evo-

lution. Small sizes of coronal rain blobs make it a good tracer of coronal magnetic

field. In order to understand the formation and evolution of coronal rain, we must

first address the conditions leading to thermal instability of coronal loops.

1.3.1 Thermal instability in magnetised plasmas

The issue of the thermal stability of a plasma in the presence of a magnetic field can

be studied analytically in the simplified uniform, optically thin case. We introduce

a generalised heat loss function L(ρ0, T0) defined as the rate of the energy loss minus

the energy gain per unit mass, and therefore replacing the EH and ER terms in Eq.

(1.7). The stability of the plasma is governed by the sign of the derivative of the

heat loss function with respect to entropy of the system S, while a thermodynamic

quantity A is held constant. The instability occurs when the derivative is positive:(∂L
∂S

)
A
> 0 . (1.53)

Assuming ideal gas law, an isochoric perturbation satisfies TdS = CvdT . Similarly

for an isobaric perturbation, TdS = CpdT . Here C is the specific heat. The

corresponding instability criteria in these two cases are therefore(∂L
∂T

)
ρ
< 0 (1.54)(∂L

∂T

)
p

=
(∂L
∂T

)
ρ
−
( ∂ρ
∂T

)
p

(∂L
∂ρ

)
T
< 0 . (1.55)

In order to derive the conditions for the onset of the thermal instability and the cor-

responding instability growth rates, we assume homogeneous optically thin plasma
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with uniform magnetic field. Following the analysis by Field [1965], we start from

a set of MHD equations, given in section 1.2.1. We rewrite Eq. (1.7) using a gener-

alised heat loss function and expanding the thermal conduction term:

1

(γ − 1)

Dp

Dt
+

γ

γ − 1
p~∇ · ~V = −ρL+ ~∇ · (κ~∇T ) , (1.56)

where κ is the thermal conductivity. As in Section 1.2.2, we linearise the MHD

equations by assuming small perturbations of the form x(~r, t) = x′(nt+ i~k · ~r):

nρ′ = −ρ0i~k · ~V ′ (1.57)

nρ0
~V ′ = −i~kp′ + i( ~B0 · ~B′)

k

µ0
− ik‖

B0
~B′

µ0
(1.58)

n

(γ − 1)
p′ − nγp0

(γ − 1)ρ0
ρ′ = −ρ0Lρp

′ − ρ0LTT
′ − (κ‖k

2
‖ + κ⊥k

2
⊥)T ′ (1.59)

nB′ = −i ~B0(~k · ~V ′) + ik‖B0
~V , (1.60)

where LT = (∂L/∂T )ρ, Lρ = (∂L/∂ρ)T , i.e. the linear terms of the Taylor expansion

of the heat loss function near the equilibrium and indices ‖ and ⊥ correspond to

components parallel and perpendicular to the magnetic field respectively. These

lead to the characteristic equation for the growth rate n:

n5 + n4CSkTc + n3k2(C2
S + a2) + n2k2

[C3
S(kTc − kρ)

γ
+ a2CSkTc)

]
+nC2

Sa
2k4 cos2 θ +

(kTc − kρ)C3
Sa

2k4 cos2 θ

γ
= 0 , (1.61)

where θ is the angle between ~k and ~B0. The instability occurs when the roots

corresponding to the growth rate are real and positive. Here we have introduced

the wavenumbers

kρ =
µ(γ − 1)ρ0Lρ

RCST0
, kT =

µ(γ − 1)LT

RCST0
, kK =

RCSρ0

µ(γ − 1)κ
. (1.62)

where kρ and kT are sound wave wavenumbers with angular frequencies equal to the

growth rates of the isothermal and isochoric perturbations respectively and 1/kK is

the mean free path of the conducting particles. kTc corresponds to kT modified by

the conduction effects:

kTc = kT +
k2
‖

kK‖
+

k2
⊥

kK⊥
= kT + k2

(cos2 θ

kK‖
+

sin2 θ

kK⊥

)
. (1.63)
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For the case kTc = kρ = 0, the roots of Eq. (1.63) are 0 for the condensation mode

and for the wave modes we get:

n2
0 =

1

2
k2{−C2

S − V 2
A ±

√
[(C2

S + V 2
A)2 − 4V 2

AC
2
S cos2 θ]} , (1.64)

where we recovered the result for angular frequencies of the slow and fast magne-

toacoustic modes derived in Section 1.2.2. If kTc are kρ small, we use an expansion

n = n0 + n1 + ... up to the first order in kTc and kρ. When θ 6= π/2, the roots of

Eq. (1.63) modify such that

n1 =
CS(kρ − kTc)

γ
, (1.65)

for the condensation mode and

n1 =
−C3

S(n2
0 + V 2

Ak
2 cos2 θ)[kρ + (γ − 1)kTc]

2γ(C2
S + V 2

A)[n2
0 + 2C2

SV
2

Ak
2 cos2 θ/(C2

S + V 2
A)]

, (1.66)

for the wave modes. The requirement for the instability onset in this case matches

the isobaric criterion (1.55). Thermal conduction has a stabilising effect on the

radiative instability. For wavenumbers larger than a critical wavenumber kc the

instability is always suppressed through thermal conduction:

kc(θ) =

√
kK(kρ − kT)

(cos2 θ + sin2 θκ⊥/κ‖)
. (1.67)

In the special case of ~k being perpendicular to the magnetic field, the roots corre-

sponding to the slow mode vanish, and the growth rate of the fast mode reduces

to

n1 =
−C3

S[kρ + (γ − 1)kTc]

2γ(C2
S + V 2

A)
. (1.68)

The growth rate of the condensation mode is modified such that

n1 =
CS(C2

S + γV 2
A)[kρ/(1 + γV 2

A/C
2
S)− kTc]

γ(C2
S + V 2

A)
. (1.69)

The critical wavenumber for the stabilisation by the thermal conduction modifies to

kc⊥ =

√
kK⊥

( kρ
1 + γV 2

A/C
2
S

− kT

)
. (1.70)
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The overall effect of the magnetic field on the condensation mode compared to the

purely hydrodynamic case is the inhibition of the instability when ~k is perpendicular

to the magnetic field, as the condensation leads to the accumulation of the magnetic

pressure in the condensation region. The pressure in the rarefied regions has to be

large enough to overcome this. Conversely, if ~k is parallel to the magnetic field, the

condensation mode is unaffected.

The stratification of the plasma in the presence of gravity will affect the thermal

stability of the plasma. Compared to the case of the uniform medium, where the

scale of the temperature variations required to compensate for the density variations

to maintain the pressure balance have to be large in order for the growth of the

condensation not to be prevented by the thermal conduction, in the stratified case

the pressure variations are compensated by gravity and the condensation growth

occurs even for small scales.

1.3.2 Thermally unstable coronal loops

As shown in the previous section, the thermal instability in plasma can occur if there

is an imbalance between temperature-independent energy gains and temperature-

dependent radiative losses. The runway cooling occurs when radiative losses in-

crease with decreasing temperature. All coronal loops are subject to heating, radia-

tive losses and thermal conduction, and in principle there exist stationary solutions

where the balance is achieved between all three processes. If however, the thermal

conduction is not efficient enough for the heating to balance radiative losses, this

leads to loop becoming thermally unstable, as seen in Section 1.3.1. The formation

of coronal rain is believed to be linked to rapid cooling of thermally unstable coronal

loops which are subject to heating concentrated toward the footpoints [Müller et al.,

2003, 2004, 2005]. This footpoint heating leads to uneven temperature profile along

the loop length. Chromospheric evaporation and direct injection of plasma into the

corona result in high densities near the top of the loop. When the radiation losses

near the loop top overcome the heating input, this results in an onset of a thermally

unstable regime. A perturbation to the loop such as shock wave can then trigger

catastrophic cooling leading to the formation of condensations which subsequently

fall down towards the solar surface along the magnetic field lines within the coro-

nal loop (Figure 1.8). This process continues until the heating and cooling regain

equilibrium and pressure balance is restored.
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Figure 1.8: Schematic diagram of a thermally unstable loop subject to footpoint-
concentrated heating with the radiative losses from the loop top overcoming the
heating input leading to the formation of condensations.

Heating function

The nature of the heating of coronal loops determines their stability. Contrary to

the traditional scaling laws that assume constant heat deposition along the loop

or heating proportional to loop density [e.g., Rosner et al., 1978; Priest, 1978],

the observational evidence suggests that the majority of coronal loops are heated

predominantly at the footpoints [Aschwanden et al., 2000, 2001]. The energy input

is therefore better parametrised as a damped exponential with a short scale height

relative to the length of the loop [Serio et al., 1981]:

EH = EH0 exp(−s/sH) , (1.71)

Where EH0 is the rate of the energy deposition at the base of the loop, s is the

height along the loop and sH is the heating scale-height. If the the heating scale

height is shorter that a critical value, the hydrostatic solutions result in a density

inversion. The coronal loops with the healing scale height less than ∼ 1/6 of the

length of the loop are therefore dynamically unstable.

Radiative loss function

The exact nature of the radiative losses can in principle be incorporated into the

model by solving the MHD equations coupled with equations for radiative trans-
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Figure 1.9: Radiative loss functions as a function of temperature calculated by
Hildner [1974] (dash-dotted), Rosner et al. [1978] (dashed), Klimchuk and Cargill
[2001] (dotted) and determined by using CHIANTI v8.0 (solid).

fer. In practice, this would be too computationally expensive for multidimensional

models. Instead, the radiative losses are assumed to be optically thin and due to

resonant emission lines and are usually incorporated into MHD models by using a

precalculated radiative loss function. The radiative cooling term in the energy equa-

tion can then be written as ER = n2
eΛ(T ), where Λ(T ) is the temperature dependent

radiative loss function. The standard approach is to use semi-empirical parametrisa-

tions of the form Λ(T ) = χTα [e.g., Hildner, 1974; Rosner et al., 1978; Klimchuk and

Cargill, 2001], where χ and α are dimensionless fit parameters. The main differences

between different models are caused mainly by different assumptions about solar el-

emental abundances. Currently the most accurate version is calculated based on

data for solar elemental abundances from CHIANTI v8.0 atomic database (Figure

1.9).

1.3.3 Coronal rain observations

Despite being first observed more than 40 years ago [Kawaguchi, 1970; Leroy, 1972],

coronal rain has not received much attention up until recent years. This was partially

due to the lack of instruments with resolution sufficient for detailed observations.

Coronal rain was also believed to be a relatively rare phenomenon occurring only

sporadically in active regions on the time scales of days [Schrijver, 2001]. Recent

work has however shown that coronal rain is in fact much more common than previ-

ously thought, typically occurring on the time scales of hours [Antolin et al., 2010;
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Antolin and Rouppe van der Voort, 2012]. This short period of a typical heating-

condensation cycle, together with the fact that a significant fraction of coronal loops

are out of hydrostatic equilibrium constantly undergoing heating and cooling phases

[Aschwanden et al., 2001] and hence prone for the condensation to occur suggest

that coronal rain may have an important role in the chromosphere-corona mass cycle

[Marsch et al., 2008; Berger et al., 2011; McIntosh et al., 2012].

The cooling sequence of the loops predicted by the instability model has been inves-

tigated by a number of multi-channel observations. The EUV intensity variations

of the active region loops have been analysed using TRACE observations with loop

tops brightening first in 195 Å and then in 171 Å channel [Schrijver, 2001] and

by combining observations from SOHO/EIT and Big Bear Solar Observatory with

coronal rain plasma first showing in 304 Å channel followed by Hα [De Groof et al.,

2005]. Sequential brightening and subsequent fading of multiple loop structures

has also been observed in soft X-ray and EUV channels using TRACE and SXT

[Ugarte-Urra et al., 2006] and Hinode/EIS [Ugarte-Urra et al., 2009], both pointing

towards continuous heating and cooling scenario. The cooling sequence has also

been observed in loops exhibiting coronal rain [Antolin et al., 2015b]. Such peak

intensity variations with time and wavelength are therefore likely to be a signature

of the thermal instability in the loops. On larger scale, the occurrence interval of

the thermal instability onset leading to formation of the coronal rain in a loop with

footpoint-concentrated heating is estimated to be on a time scale of several hours

[Antolin and Rouppe van der Voort, 2012]. Similar long term periodic EUV pul-

sations with periods of several hours were observed in warm active region coronal

loops [Auchère et al., 2014; Froment et al., 2015], as well as in prominences [Foullon

et al., 2004, 2009]

Coronal rain is usually observed in emission in cool chromospheric lines of both neu-

tral (Hα, Lyα) and ionised atoms (Ca II, He II); or in absorption in EUV [Schrijver,

2001]. The temperatures of the rain plasma range from transition region (∼ 105 K)

to chromospheric (∼ 104 K). Coronal rain has been detected in the 304 Å channel

of SDO/AIA [Kamio et al., 2011] and SOHO/EIT [De Groof et al., 2004, 2005], in

the 1600 Å channel of TRACE [Schrijver, 2001], in Ca II H line using Hinode/SOT

[Antolin et al., 2010; Antolin and Verwichte, 2011], in Hα by the SST/CRISP [An-

tolin and Rouppe van der Voort, 2012] and in IRIS FUV and NUV channels [Kleint

et al., 2014]. Material resembling coronal rain has also been observed in photospheric

wavelengths by SDO/HMI [Mart́ınez Oliveros et al., 2014]. Despite best resolved

coronal rain being usually observed off-limb, some on-disk coronal rain events have
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also been observed [e.g. Antolin et al., 2012; Antolin and Rouppe van der Voort,

2012]. The coronal rain is observed to form in both active region and post-flare loops

[Antolin and Rouppe van der Voort, 2012; Scullion et al., 2016]. The observations

also show that the motion of coronal rain blobs is significantly sub-ballistic [e.g.

De Groof et al., 2005; Antolin and Verwichte, 2011; Antolin and Rouppe van der

Voort, 2012], suggesting that forces other than gravity have an important effect on

its dynamics and evolution. High resolution solar observations that became available

with the launch of Hinode and later IRIS spacecraft have enabled detailed study of

the morphology of the coronal rain. It is typically observed to have a strand-like

clumpy structure with the widths of the individual blobs on the order of 100 km

[Antolin and Rouppe van der Voort, 2012; Antolin et al., 2015b]. The individual

blobs elongate as they fall, often undergoing complex motions. The temperature

structure of the individual condensations can be analysed using multi-wavelength

observations and suggests that the coronal rain plasma is multithermal [Antolin

et al., 2015b].

The small size of coronal rain blobs makes it suitable for tracing the strength and

structure of the coronal magnetic field [Antolin and Rouppe van der Voort, 2012].

The degree to which the rain follows the direction of the magnetic field however de-

pends on the strength of the coupling between recombined atoms created during the

condensation phase and the local ion population. In the case of the strong coupling,

any disturbance of the magnetic field in the loop will be reflected in the motion of

the rain blobs. A number of observations have shown presence of transverse MHD

waves in the coronal loops [Aschwanden et al., 1999; Nakariakov et al., 1999]. Coro-

nal rain occurring in a loop oscillating transversely will also be subject to transverse

oscillatory motion. Such MHD oscillations in coronal rain were first detected by

Antolin and Verwichte [2011]. In the case of a non-negligible inertia of the coronal

rain blobs, the rain itself is expected to have an effect on the loop oscillations.

1.3.4 Coronal rain simulations

The thermal instability onset and the process of formation and evolution of plasma

condensations have been subject to a number of numerical studies. Early numer-

ical studies of thermal instability have shown that the formation of condensations

due to radiative losses can occur on realistic timescales comparable to typically ob-

served timescales for prominence formation [Goldsmith, 1971; Hildner, 1974]. Mok

et al. [1990] and Antiochos and Klimchuk [1991] included the effect of footpoint-

localised heating to form prominence-like condensations at the top of the coronal
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loop. Formation of quasi-stable condensations was further addressed by Dahlburg

et al. [1998], who in addition to the footpoint-concentrated heating specified the

dipped magnetic field geometry as a necessary requirement in order to support the

condensation against gravity. Using an improved resolution due to the adaptive

grid approach, Antiochos et al. [1999] simulated the complete growth of the con-

densation and found that it reaches a quasi-steady state after a sufficient amount

of time. It was further shown that magnetic dips were in fact not necessary for

the condensation formation. The onset of the thermal instability due to localised

heating was found to lead to the formation of dynamic condensations even in loops

without magnetic dips in the sequence of multiple cycles consisting of the conden-

sation formation, downward drift and subsequent destruction [Karpen et al., 2001].

This particular scenario therefore carries more resemblance to downfalling coronal

rain condensations rather than quasi-stable prominence material. The studies of

formation of prominence condensations have since evolved through accounting for

complex magnetic field geometries [e.g., Karpen et al., 2005, 2006] to multidimen-

sional, fully self-consistent models [Xia et al., 2012]. It has also been shown that

the condensation formation seen in the simulations matches the linear instability

criteria derived by Parker [1953] and Field [1965] [Xia et al., 2011].

Numerical coronal rain studies were also initially restricted to simplified 1-dimensional

cases. One of the first attempts to model the formation of the condensation region

and its subsequent evolution was done by Müller et al. [2003, 2004, 2005], indicating

that a loop with exponential heating function localised at the footpoints develops a

thermal instability followed by catastrophic cooling resulting in a formation of down-

falling coronal rain blobs, and that a thermal instability in a loop can occur even

using a heating function that is constant in time, as long as it is sufficiently localised.

This basic model was further expanded by Antolin et al. [2010] by accounting for

variable loop cross-section, impulsive nature of heating and Alfvén wave dissipation

near the footpoints. Trains of fast impulsive heating events were also found to re-

sult in the runway cooling of the plasma at the loop top [Mendoza-Briceño et al.,

2005]. Luna et al. [2012] simulated the evolution of a collection of independent foot-

point heated 1D fluxtubes together forming a 3D arcade, observing the formation

of both quasi-stable prominence condensation and smaller downfalling coronal rain

condensations. The evolution of condensations for the case of fully ionized plasma

was further analysed by modelling cool plasma blobs falling along a coronal loop

in 1D hydrodynamic simulations [Oliver et al., 2014]. This has shown the blobs

falling sub-ballistically, emphasising the role of the pressure effects on the coronal

rain dynamics. Froment et al. [2017] has shown 1D simulations of asymmetrically
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heated loops exhibiting periodic temperature and density variations related to the

periodically repeating cycles of thermal non-equilibria.

It should be noted, however, that 1D hydrodynamic models are equivalent to simu-

lating the evolution along a single magnetic field line and therefore miss a number

of transverse effects in coronal loops that could be of interest. In order to study and

understand the formation of coronal rain and the effect on the coronal loop in ques-

tion, multidimensional MHD models are necessary. More recently, the formation

process of coronal rain condensations and their evolution was studied by 2.5D MHD

simulations [Fang et al., 2013, 2015]. It was found that the siphon flows caused by

the pressure differences in the coronal loop can significantly influence the motion of

the individual condensations and even counteract the effect of gravity. The whole

cycle consisting of heating, resulting chromospheric evaporation, catastrophic cool-

ing of the plasma at the loop top and resulting formation of the condensations, and

finally the evacuation of the loop can periodically repeat, as this pattern was seen in

both 1D and multidimensional models [Müller et al., 2003, 2004; Fang et al., 2015;

Froment et al., 2017]. This is known as the limit cycle of loop evolution and has also

been discussed in observational studies [Antolin and Rouppe van der Voort, 2012].

1.4 Waves in the solar corona

The solar corona supports a variety of waves. Large scale energy releases in the

corona occurring during energetic events can trigger global propagating waves, also

known as EIT or global EUV waves and their chromospheric counterpart known

as Moreton waves [e.g. Moreton and Ramsey, 1960; Thompson et al., 1998; Ballai

et al., 2005]. These originate from the source of solar eruption, rapidly propagate

across the solar disc and often interact with coronal structures. Compressible waves

were observed in solar plumes [Ofman et al., 1997, 1999; DeForest and Gurman,

1998]. Coronal loops are also subject to a variety of oscillations, including standing

fast kink modes [Aschwanden et al., 1999; Nakariakov et al., 1999], standing slow

magnetoacoustic modes [Kliem et al., 2002; Wang et al., 2002] as well as propagat-

ing slow modes [De Moortel et al., 2000; Robbrecht et al., 2001]. Transverse and

longitudinal oscillations are often observed in prominence threads [e.g. Jing et al.,

2003; Okamoto et al., 2007; Zhang et al., 2012; Luna et al., 2014]. Short period

transverse oscillations were also detected in spicules [De Pontieu et al., 2007; He

et al., 2009; Jess et al., 2012].
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High resolution observations of oscillations in the corona are exploited by the coro-

nal seismology [Nakariakov and Verwichte, 2005; Ruderman and Erdélyi, 2009; An-

dries et al., 2009; De Moortel and Nakariakov, 2012]. Coronal seismology is based

on using the properties of the observed oscillations such as the amplitude, period

and damping rate to deduce information about physical parameters of the coro-

nal plasma including temperature, density stratification, magnetic field strength or

energy transport coefficients.

1.4.1 Alfvén waves

Alfvén waves in the solar corona have long been subject of great interest, as they are

the prime candidates for the energy transport from the sub-photospheric regions to

the corona responsible for the coronal heating. They are not affected by reflection

due to atmospheric stratification [Ofman, 2002]. Alfvén, or torsional modes present

in a flux tube are incompressible and do not perturb the flux tube density. There

is therefore no associated change in the plasma emission. The only observational

signature of a torsional mode is a Doppler shift present in spectral data indicative

of line-of-sight motion, resolvable only in long period cases. In short period cases

(i.e. on the order of minutes), the torsional motions can be observed only indirectly

via non-thermal line broadening. This is caused by the non-resolved motions of the

plasma in the direction perpendicular to the axis of the flux tube. As the torsional

motion occurs in both directions along the line-of-sight, it results in both red and

blue shift simultaneously, leading to the broadening of emission lines. A number

of recent studies reported observations indicative of such line broadening. These

include periodic broadening of Hα line observed in a chromospheric bright point

by SST [Jess et al., 2009], observations of increase in width Fe XII and Fe XIII

lines in a polar region using Hinode/EIS observations that agree with scenario cor-

responding to propagating torsional waves with growing amplitude [Banerjee et al.,

2009] and observations of growing line broadening in a polar coronal hole using

SOHO/SUMER and Hinode/EIS observations corresponding to growing propagat-

ing disturbances that are either transverse or torsional in nature [Gupta et al., 2010].

Non-thermal line broadening can be however also caused by a number of other pro-

cesses including turbulence, unresolved fine structure and magnetoacoustic modes,

care is therefore needed when interpreting such observations. Direct observational

evidence of torsional Alfvén waves in the corona is still missing.
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1.4.2 Magnetoacoustic waves in coronal loops

As derived in Section 1.2.2, there are two classes of magnetoacoustic waves that can

occur in a magnetic flux tube such as coronal loop - fast and slow modes. Both

types can occur as either standing or propagating waves. Standing magnetoacoustic

slow modes correspond to compressive longitudinal oscillations of the coronal loop.

They are usually detected through Doppler shifts that suggest periodic line-of-sight

motion along the axis of the coronal loop. They were first observed as periodic

oscillations in the intensity and Doppler shift of the coronal Fe XIX and Fe XXI

lines in the SOHO/SUMER observations with typical periods of 7 - 31 min and

typical amplitudes of 50 - 100 km s−1 [Kliem et al., 2002; Wang et al., 2002]. Rapid

increase in the line intensities and large Doppler shift typically observed in the initial

stages of the oscillations suggest they are excited impulsively [Wang et al., 2003a].

They are often excited during small flaring events, which suggests that they are a

natural response of the coronal loop to impulsive heating in the non-eruptive case

when there is magnetic restructuring of the flaring loop. They are usually subject to

strong damping more pronounced in loops with low density [Wang et al., 2003a,b;

Pandey and Dwivedi, 2006; Wang et al., 2007], reasons for which are still not fully

understood.

Propagating slow magnetoacoustic modes are typically seen as small amplitude

intensity enhancements propagating upwards along the legs of coronal loops [e.g.

De Moortel et al., 2000; Robbrecht et al., 2001; De Moortel et al., 2002a,b]. Their

periods typically range from few to several minutes and their apparent speeds are

lower than the sound speed in the local plasma. They are subject to damping

which is caused by the dissipative processes such as thermal conduction and vis-

cosity [Nakariakov et al., 2000]. They are sometimes observed to be reflected at

the foot points traversing the loop multiple times before eventually fading [Kumar

et al., 2013; Mandal et al., 2016]. A number of observations suggests existence of

propagating slow waves in the lower corona with 3 and 5 min periods [De Moortel

et al., 2002b; Marsh et al., 2003; Wang et al., 2009]. It has been suggested that their

origin is connected to the global photospheric p-mode leakage [De Pontieu et al.,

2005].

Fast sausage modes correspond to the axisymmetric variation of the loop cross-

section resulting in contractions and widenings of the loop and therefore cause vari-

ations of the plasma density. The plasma flows occur mainly in the radial direction.

This, together with the fact that the typical intensity variation due to density per-
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turbation is of the order of few percent means that sausage modes are difficult to

observe directly. Typical periods are in the range 5− 30 s, observations of sausage

modes are therefore only possible using high cadence data. Sausage modes are

usually observed in EUV and soft X-ray wavelengths as periodic variations of the

intensity and non-thermal line broadening due to radial motion of the loop plasma.

In flaring loops the sausage mode can be detected by observing the modulation of

the microwave emission of the loop due to varying magnitude of magnetic field.

It also modulates the population of non-thermal electrons by changing the mag-

netic mirror ratio in the legs of the flaring loops, which causes periodic increase

and decrease of the precipitation of electrons. This leads to the modulation of the

footpoint emission in white light and hard X-rays because of Bremsstrahlung [Za-

itsev and Stepanov, 1982]. Spatially resolved sausage mode was first observed in

a flaring loop in microwave band of Nobeyama Radioheliograph [Nakariakov et al.,

2003; Melnikov et al., 2005]. Phase and group speeds of the mode depend strongly

on the mode wave number. Long wavelength sausage modes are subject to cut-off,

with the cut-off wavelength dependent on the density contrast between the loop and

the background plasma. Sausage modes with large wave number are trapped in the

loop. For wave numbers less than the cut-off the sausage mode becomes leaky and

the mode energy is radiated into the external medium. In practice this means that

the majority of loops are able to support only high-order harmonics. Fundamental

sausage mode can only be sustained in a loop that is sufficiently thick and dense,

which is most likely to be the case in flaring loops. Despite the difficulties associated

with direct observations of sausage modes, they have useful seismological applica-

tions and the observed oscillation parameters can be used for determination of the

magnetic field strength in the loop or to infer the density contrast between the loop

and the surrounding corona.

The fast kink, or transverse, oscillations of the coronal loops correspond to the per-

pendicular displacement of the loop axis with all parts of the loop moving in phase.

They were first observed by TRACE [Aschwanden et al., 1999; Nakariakov et al.,

1999] and were identified as a fundamental harmonic of the fast magnetoacoustic

kink mode. This particular event consisted of large bundle of loops undergoing

large-amplitude damped transverse oscillations with period of ∼ 260 s and damping

time of ∼ 900 s excited by a blast wave resulting from a nearby flare.

Since the first observational evidence, multiple regimes of transverse oscillations have

been detected, ranging from periods on the order of seconds [e.g. Williams et al.,

2001] to hours [e.g. Verwichte et al., 2010; Hershaw et al., 2011]. Both standing
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[Nakariakov et al., 1999; White and Verwichte, 2012] and travelling kink oscillations

[Williams et al., 2001; Tomczyk et al., 2007; McIntosh et al., 2011] are observed.

They can be excited by a flare or other energetic event and subject to rapid damping

[White and Verwichte, 2012; White et al., 2012; Nisticò et al., 2013], or persistent

and decayless, driven by a continuous process [Wang et al., 2012; Nisticò et al.,

2013; Anfinogentov et al., 2013]. The transverse oscillations are observed in hor-

izontal polarisation where the loop displacement is perpendicular to the plane of

the loop [Aschwanden et al., 1999; Nakariakov et al., 1999]; or in vertical polari-

sation, with the loop displacement occurring in the plane of the loop [Wang and

Solanki, 2004]. Excitation of higher order harmonics of a fast kink mode has been

observed [Verwichte et al., 2004; De Moortel and Brady, 2007; Van Doorsselaere

et al., 2007]. This is likely to occur if the loop is hit off-centre by a flare-induced

blast wave [De Moortel and Brady, 2007] or if the oscillation excitation mechanism

is associated with the reconnection process [White et al., 2012]. Multiple harmonics

were also observed to be present in a single coronal loop [Verwichte et al., 2004;

Van Doorsselaere et al., 2007, 2009]. Observations of multimode loop oscillations

are valuable from the seismological point of view, as the ratio of the fundamental

period to twice the period of the second harmonic P1/P2 can be used as a diagnostic

tool, given that the density stratification causes it to diverge from unity [Andries

et al., 2005a; McEwan et al., 2006]. It can therefore be used for deducing information

about the longitudinal density structure of the coronal loop.

Including the effect of the energy transport within the coronal loop can have an

effect on the properties of the fundamental harmonic of the fast kink mode. The

transverse oscillations of radiatively cooling coronal loops were studied by Morton

and Erdélyi [2009], Ruderman [2011] and Magyar et al. [2015]. The decrease of

temperature at the loop top due to the radiative cooling was found to lead to a

gradual flow of plasma towards the loop footpoints as a result of the decrease in the

stratification scale height. This results in the redistribution of the plasma along the

length of the loop. Such changes in the loop density profile lead to change of the

period of the fundamental harmonic of the loop during the cooling process.

The damping of the transverse loop oscillations occurs on the time scales of few

oscillation periods and is thought to be caused by resonant absorption [Hollweg and

Yang, 1988; Ruderman and Roberts, 2002; Goossens et al., 2002, 2010; Okamoto

et al., 2015; Antolin et al., 2015a] and subsequent phase mixing [Heyvaerts and

Priest, 1983; De Moortel et al., 1999]. The resonant absorption corresponds to the

transfer of kink mode energy into localised azimuthal Alfén oscillations and occurs
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in a magnetised cylinder with a non-homogeneous boundary layer, where the density

varies between the internal (i.e. density of the loop plasma) and external value (i.e.

density of the background medium). The sharp change of the plasma density at the

boundary leads to mode conversion of global fast kink modes to the local Alfvén

modes when the frequency of the kink mode matches with local Alfvén frequency.

Local Alfvén waves are subsequently dissipated through phase mixing. The phase

mixing corresponds to the energy dissipation in an inhomogeneous medium and

is linked to the variation of the Alfvén speed in neighbouring field lines due to

the spatial variation of quantities such as plasma density and temperature. This

results in the Alfvén waves on different field lines propagating at different speeds

and becoming increasingly out of phase, leading to large gradients in the direction

perpendicular to the magnetic fields and hence to enhanced dissipation. The decay

rate of the global oscillation due to resonant absorption is given by [Ruderman and

Roberts, 2002]:
τd

P
=

2

π

a

l

ρi + ρe

ρi − ρe
, (1.72)

where a is the diameter of the cylinder, l is the width of the inhomogeneous boundary

layer, P is the oscillation period and the constant (in this case 2/π) depends on the

shape of the transition layer. However, due to large uncertainties associated with

the determination of the densities of coronal plasma, comparison with the observed

decay rates is difficult.

1.5 Interplay of MHD oscillations and coronal rain

Strong coupling between the recombined atoms created during the condensation

phase and the local ion population means that the motion of the coronal loop in-

cluding transverse loop oscillations are traced by the individual coronal rain blobs

[Antolin and Verwichte, 2011]. The coronal rain therefore has important seismolog-

ical potential, especially when using high resolution observations in chromospheric

and transition region temperatures that are otherwise insensitive to the coronal

temperature plasma.

The transverse oscillatory motion of the coronal loop triggers an action of a pon-

deromotive force (PMF); a non-linear component of the Lorentz force acting along

the direction of the magnetic field, directed towards the locations of the maximum

oscillation amplitude that results from a transverse perturbation of the magnetic

field. The problem can be addressed using the perturbation approach similarly as
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in the previous sections, but this time expanding the physical quantities up to the

second order and considering 1D case for simplicity [Rankin et al., 1994]. Here it

should be pointed out that the solution for the standing Alfvén wave in the 1D case

is equivalent to the solution for the standing transverse wave in the 2D case with

the wave vector parallel to the magnetic field. The resulting individual components

of the ponderomotive force are second-order in the perturbed quantities. In the

β << 1 case, the second order driven perturbations in the density ρ′′ and velocity

along the magnetic field V ′′z satisfy

∂V ′′z
∂t

=
C2

S

ρ0

∂ρ′′

∂z
− 1

2ρ0

∂B′2y
∂z

(1.73)

∂ρ′′

∂t
= −ρ0

∂V ′′z
∂z

. (1.74)

The PMF effect on the velocity of the plasma along the equilibrium magnetic field

can then be determined by substituting the oscillatory solution for B′y of the form

−V0/VAB0 sin(ωt) sin(kzz) corresponding to the standing Alfén wave. This subse-

quently results in a density perturbation ρ′′ given by

ρ′′

ρ0
=

1

2

( V0

VA

)2( ω
ωs

)2
[1− cos(ωst)] cos(2kzz) , (1.75)

where ωs = 2kzCS is the period of the PMF-induced density variation and V0 is the

velocity amplitude of the oscillation. As the wavelength of the density perturbation

is a half of the wavelength of the standing wave, the accumulation of mass occurs at

the location of the maximum oscillation amplitude. We should note that here the

zero-β approximation breaks down, as neglecting the effect of the plasma pressure

leads to Eq. (1.75) becoming secular in time [Verwichte et al., 1999].

It has been shown that the ponderomotive force resulting from loop oscillations can

cause large scale flows of plasma in the loop and create density enhancements in the

antinodes of the oscillation [Terradas and Ofman, 2004]. For the case corresponding

to the fundamental harmonic of the kink mode of the loop, this leads to the accumu-

lation of the mass at the loop top, creating a non-hydrostatic density profile along

the loop. The flows triggered by non-linear effects can in principle affect the motion

and evolution of the individual condensations. Analytical results however suggest

that for realistic loop oscillation amplitudes the effect of ponderomotive force is not

strong enough to have significant effect on the motion of the coronal rain compared

to other factors such as pressure effects that are present regardless of whether the

loop is oscillating or not [Verwichte et al., 2017a].
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The finite mass of the coronal rain blobs can also trigger oscillations, due to defor-

mation of the loop axis by the massive condensations which is then restored through

the action of the magnetic tension force leading to the transverse oscillatory motion

of the loop and due to the centrifugal force that results from the downfalling rain

blobs moving under the influence of gravity along a semicircular loop leading to

outward displacement of the coronal loop axis. However, in order for the latter to

have an observable effect, high speeds of the moving condensations are required, of

the order of
√
g�R ∼ 100 km s−1 [Verwichte et al., 2017b]. These can in principle

be achieved e.g. in the presence of a background siphon flow in the coronal loop.

1.6 Observations

The solar atmosphere has been subject to observations for hundreds of years. Mod-

ern era solar observations are done by a variety of ground-based and space-based

observatories. The largest ground-based solar observatories such as Big Bear Solar

Observatory, Swedish 1-m Solar Telescope and Daniel K. Inouye Solar Telescope

(currently under construction and to be completed in 2019) use large-aperture vac-

uum telescopes and are typically located at high altitudes to reduce effects of atmo-

spheric seeing. Their main advantage is their cost-effectiveness, ability to use large

diameter optics, long lifetime and easy maintenance. The ground-based observa-

tions are however limited by the Earth’s atmosphere and their spatial resolution is

affected by seeing. This effect can be partially reduced by using adaptive optics.

The spacecraft missions on the other hand benefit from not being affected by the

Earth’s atmosphere, which means that it is possible to achieve higher resolution as

well to observe the Sun in wavelengths that are normally blocked by the atmosphere,

such as many FUV/EUV emission lines essential for observing the plasma at tran-

sition region and coronal temperatures. High resolution observations from recent

solar missions have unveiled a dynamic nature of the solar corona and enabled us

to study the coronal activity in unprecedented detail. For full understanding of the

properties of thermally unstable coronal loops and of the formation and evolution

of the coronal rain we require observations in both hot coronal wavelengths provid-

ing information about the unstable coronal loop before and after the catastrophic

cooling occurs, as well as cool chromospheric and transition region lines necessary

for observing the cool condensation plasma. Coordinated observations by differ-

ent space-based and ground-based instruments combined to provide imaging and

spectral data as well as coverage across a broad range of wavelengths are therefore
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necessary to fully exploit the capabilities of the solar observatories for the study of

coronal rain.

1.6.1 Solar Dynamics Observatory

The Solar Dynamics Observatory (SDO) is a space-based observatory designed to

provide continuous observations of the full solar disk and was launched in Febru-

ary 2010. The instrument payload onboard SDO consists of Atmospheric Imaging

Assembly (AIA) [Lemen et al., 2012], Extreme Ultraviolet Variability Experiment

(EVE) [Woods et al., 2012] and Helioseismic and Magnetic Imager (HMI) [Scherrer

et al., 2012]. AIA provides imaging data in 7 EUV bandpasses with 1.5′′ spatial

resolution and 12 s cadence. The bandpasses are centered on coronal and transition

region emission lines: Fe XVIII (94 Å), Fe VIII, XXI (131 Å), Fe IX (171 Å), Fe

XII, XXIV (193 Å), Fe XIV (211 Å), He II (304 Å), and Fe XVI (335 Å). The

transmission functions for each bandpass are shown in Figure 1.10. EVE measures

the solar EUV spectral irradiance in order to investigate short and long term solar

irradiance variability. HMI provides magnetograms for full solar disk. Main advan-

tage of using SDO observations for studies of thermal instability and coronal rain is

getting continuous imaging data at multiple wavelengths enabling us to investigate

the thermal evolution of the region of interest. The low AIA resolution (compared

to other missions) is however a limiting factor for coronal rain observations and

prevents an in-depth analysis of detailed structure, morphology and evolution of

the individual condensations. Hence, SDO/AIA is useful for studying the heating

and condensation phase of the coronal loop thermal cycle, but not the evacuation

phase, during which the condensation plasma becomes too cool and the scale of the

individual condensations becomes too small to be detected by AIA.

1.6.2 Interface Region Imaging Spectrograph

Interface Region Imaging Spectrograph (IRIS) [De Pontieu et al., 2014] is a space-

craft mission launched in June 2013. Its main aim is to study mass and energy

flow in the chromosphere and transition region. It provides spectral and imaging

data with maximum field of view of 175′′ × 175′′, 0.33′′ - 0.4′′ spatial resolution

and 2 s maximum cadence. The imaging data is provided by slit-jaw imager in 4

passbands centered on 2 transition region lines (C II 1335 Å and Si IV 1400 Å),

one chromospheric line (Mg II k 2796 Å) and one photospheric wavelength (2830

Å). The spectral data is provided using a spectrograph covering 2 FUV passbands
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Figure 1.10: Transmission functions for each AIA bandpass.

(1332 Å - 1358 Å and 1389 Å - 1407 Å) and one NUV passband (2783 Å - 2835 Å)

with the possibility of multiple rastering modes scanning over the region of inter-

est. These range from sit-and-stare (fixed slit, no rastering) modes, dense rasters

(providing high spatial resolution) to coarse rasters (allowing rapid scans of large

regions). Sensitivity to plasma at chromospheric and transition region temperatures

makes IRIS suitable for coronal rain observations, while the high spatial resolution

enables detailed study of the coronal rain structure and evolution. High temporal

cadence of the data is crucial for in-depth studies of waves and oscillations.

1.6.3 Hinode

Hinode [Kosugi et al., 2007] is a spacecraft in sun-synchronous polar orbit and was

launched in September 2007. Its main objective is to study solar magnetic field gen-

eration, transport and dissipation. Its instrumental payload consists of three instru-

ment suites: Solar Optical Telescope (SOT) [Tsuneta et al., 2008], X-ray Telescope

(XRT) [Golub et al., 2007] and EUV Imaging Spectrometer (EIS) [Culhane et al.,

2007]. SOT contains Optical Telescope Assembly, a 50 cm Gregorian telescope and

a Focal Plane Package. Focal Plane Package consists of narrowband and broadband

filtergraphs providing intensity, Doppler shift and polarimetric imaging and a Stokes

Spectropolarimeter, which provides line profiles in all Stokes parameters. XRT is a

30 cm grazing incidence telescope and provides X-ray images in 9 bandpasses with
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34′ × 34′ field of view, i.e. covering the full solar disk and 1′′ maximum spatial res-

olution. EIS provides spectral data in 170 Å - 211 Å and 246 Å - 292 Å wavelength

bands with 2′′ maximum spatial resolution. SOT observations are particularly suit-

able for coronal rain analysis due to their 0.2′′ resolution, large 218′′ × 109′′ field of

view, high cadence and sensitivity to cool chromospheric lines, such as Ca II H.

1.7 Simulations - Lare2d

In order to solve a nonlinear set of MHD equations, a fully numerical approach must

be used. This work uses Lare2d [Arber et al., 2001], a Lagrangian remap code that

solves the full set of MHD equations on a staggered Cartesian grid. The code is sec-

ond order accurate in space and time and uses shock viscosity and gradient limiters

to handle shock problems. It also includes effects of gravity, thermal conduction

and radiative losses making it well suited for studying the formation and evolution

of plasma condensations in coronal environment.

The standard resistive MHD equations solved by Lare2d are of the form:

∂ρ

∂t
= −~∇ · (ρ~V ) (1.76)

D~V

Dt
=

1

ρ
~j × ~B − 1

ρ
~∇p (1.77)

∂ ~B

∂t
= −~∇× ~E (1.78)

Dε

Dt
= −P

ρ
~∇ · ~V +

η

ρ
j2 (1.79)

~E + ~V × ~B = η~j (1.80)

~∇× ~B = µ0
~j . (1.81)

Pressure and temperature are given in terms of the specific internal energy density

ε:

p =
ρkBT

µm

ε =
p

ρ(γ − 1)
,

where µm is the reduced mass.

The equations are solved in normalised form. The physical variables are related
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Figure 1.11: The staggered grid used by Lare2d.

to the dimensionless variables via user defined normalising constants L0, ρ0 and

B0, such that x = L0x̃, ρ = ρ0ρ̃ and ~B = B0
~̃B, where x̃, ρ̃ and ~̃B are normalised

quantities. The normalising constants for all other quantities can expressed in terms

of L0, ρ0 and B0.

Each timestep consists of a Lagrangian step and a remap step. During the La-

grangian step the above equations are solved in the Lagrangian frame (where grid

moves with the fluid) using a second order accurate predictor-corrector scheme.

This approach means it is straightforward to add additional terms into the MHD

equations. During the remap step the solution is conservatively remapped onto the

original Eulerian grid, while applying van Leer gradient limiters to ensure correct

treatment of shocks.

Lare2d is essentially a 2.5D code, given that all vector variables have 3 components,

but the equations are solved on a 2-dimensional grid, assuming no variation in the

3rd dimension. The grid is staggered to prevent the development of the checker-

board instability. The velocities are defined at cell corners, scalar quantities and

Bz magnetic field component are defined at cell centres. Bx and By magnetic field

components are defined at cell edges (Figure 1.11).

Thermal conduction used in the code is based on the Braginskii thermal conduction

and is given by

∂ε

∂t
= ~∇.

((
κ

~B

B2 + b2min

.~∇T

)
~B

)
+ ~∇.

(
κ

b2min

B2 + b2min

~∇T
)
, (1.82)
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where thermal conductivity κ = κ0T
5
2 . Finite parameter bmin is used to make the

thermal conduction isotropic in the absence of magnetic field. If sufficient heating

occurs, the heat flux can exceed the free streaming heat flux qf = vthkBT , where vth

is the electron thermal velocity. In this case the heat flux is limited to FLvthkBT with

FL being the flux limiter typically set to 0.05. The thermal conduction is treated

using super time stepping methods. Super time stepping is an approach used to

accelerate explicit time-stepping schemes by speeding up integration of parabolic

operators [Meyer et al., 2012, 2014].

Lare2d also contains a user specified heating function that enables input of heating

anywhere in the simulation domain. Optically thin radiative losses are calculated

using the exact integration method by Townsend [2009] and are modelled by RTV

radiative loss function. The exact integration method is based on integrating the

cooling equation exactly rather than using an explicit finite difference scheme. The

cooling equation can be written as

dT

dt
= −(γ − 1)m̄nenHΛ(T )

ρkB
, (1.83)

where Λ(T ) is the radiative loss function. Explicit schemes are based on solving

fully discrete form of the cooling equation with the radiative loss function evaluated

at the initial temperature Tni :

Tn+1
i − Tni

∆t
= −(γ − 1)m̄nenHΛ(Tni )

ρikB
. (1.84)

The updated temperature is then given by

Tn+1
i = Tni

[
1− ∆t

tcool

]
, (1.85)

where tcool is the single point cooling time given by

tcool =
2m̄kBT

n
i

(γ − 1)ρiΛ(Tni )
. (1.86)

The main issue associated with use of explicit finite difference scheme is that solu-

tions significantly depart from the exact values when the timestep ∆t is comparable

or larger than tcool, due to using the initial value of the radiative loss function which

is not adjusted in response to the cooling process. This can be overcome by solving
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Table 1.1: RTV radiative loss function coefficients

T (K) log10(χ) α

2× 104 − 3.98× 104 -34.85 0
3.98× 104 − 7.94× 104 -44.0 2
7.94× 104 − 2.51× 105 -34.2 0
2.51× 105 − 5.62× 105 -23.4 -2
5.62× 105 − 1.995× 106 -34.94 0

1.995× 106 − 1× 107 -30.73 -2/3

the semi-discrete cooling equation exactly; rearranging it as

dT

Λ(Ti)
= −(γ − 1)m̄nenH

ρikB
dt , (1.87)

and integrating across the timestep

∫ Tn+1
i

Tn
i

dT

Λ(Ti)
= −(γ − 1)m̄nenH

ρikB
dt . (1.88)

The integral can be evaluated by introducing a dimensionless temperature evolution

function Y (T ) given by:

Y (T ) =
Λ(Tref)

Tref

∫ Tref

T

dT ′

Λ(T ′)
, (1.89)

where Tref is an arbitrary reference temperature. Substituting this into Eq. (1.88)

leads to
Tref

Tni

ΛTni
Λ(Tref)

[Y (Tni )− Y (Tn+1
i )] = − ∆t

tcool
. (1.90)

The updated temperature is then given by

Tn+1
i = Y −1

[
Y (Tni ) +

Tni
Tref

Λ(Tref)

Λ(Tni )

∆t

tcool

]
. (1.91)

The form of the temperature evolution function depends on the functional form of

the radiative loss function. We assume RTV radiative losses based on piecewise

power law parametrisation [Rosner et al., 1978] given by

Λ(T ) = χkT
αk Tk ≤ T < Tk+1 (1.92)

where αk and χk are coefficients given in Table 1.1 for N − 1 temperature intervals.
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TN is chosen as the reference temperature. Y (T ) is given by

Y (T ) = Yk +

{
1

1−αk

ΛN
Λk

Tk
TN

[
1−

(
Tk
T

)αk−1
]

αk 6= 1

ΛN
Λk

Tk
TN

ln
(
Tk
T

)
αk = 1

, (1.93)

where Λk = χkT
αk
k , ΛN = ΛN−1(TN/TN−1)αN−1 and Yk is the integration constant

ensuring the continuity of Y (T ) that can be determined from

Yk = Yk+1 −

 1
1−αk

ΛN
Λk

Tk
TN

[
1−

(
Tk
Tk+1

)αk−1
]

αk 6= 1

ΛN
Λk

Tk
TN

ln
(
Tk
Tk+1

)
αk = 1

, (1.94)

given that YN = Y (Tref) = 0. The inverse of the temperature evolution function is

then given by

Y −1(Y ) =

 Tk

[
1− (1− αk) Λk

ΛN

TN
Tk

(Y − Yk)
]1/1−αk

αk 6= 1

Tk exp
[
− Λk

ΛN

TN
Tk

(Y − Yk)
]

αk = 1
Yk ≤ Y < Yk+1 .

(1.95)
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Chapter 2

Analysis of coronal rain

observed by IRIS, Hinode/SOT

AND SDO/AIA: transverse

oscillations, kinematics and

thermal evolution

Contents of this chapter have been published in Kohutova and Verwichte [2016].

2.1 Introduction

The resolution and cadence of solar observations from currently operational space-

based instruments enables detailed analysis of coronal rain properties and evolution.

This includes the detection of small amplitude oscillations with amplitudes of few

hundred km, analysis of the fine-scale structure of the condensations down to length

scales of 100 km and precise analysis of the condensation dynamics, with most of the

uncertainties in the speeds and accelerations of the condensations coming from pro-

jection effects rather than from the limitations of the instruments. High resolution

observations are particularly useful for precise determination of MHD oscillation

parameters. MHD oscillations in coronal rain have coronal seismological potential

and can be a source of information about coronal loop properties and magnetic field

structure in the loop. They can also help to quantify the effect of the plasma con-
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densations on the coronal loop and can affect dynamics of the coronal rain through a

ponderomotive force exerted on the falling blobs. This highlights the importance of

addressing the interplay between the coronal rain and MHD waves in order to better

understand the coronal loop structure, evolution and energy transport mechanisms.

Coordinating observations between different instruments provides the possibility for

simultaneous observations in a range of wavelengths covering temperatures ranging

from chromospheric to coronal, giving us a better picture of the thermal structure

and evolution of coronal loops subject to catastrophic cooling.

This chapter covers analysis of a coronal rain event observed simultaneously by IRIS,

Hinode/SOT and SDO/AIA. It is the first study of a coronal rain event covering

analysis of transverse oscillations of the studied coronal loop traced by coronal rain,

kinematics of the individual coronal rain condensations and the thermal evolution

of the coronal loop plasma at the same time. Transverse oscillations in coronal rain

were first observed in Hinode/SOT data by Antolin and Verwichte [2011]. They

found the coronal rain oscillations to have small amplitudes on the order of few

hundred km, periods ranging from 100 to 200 s, which are in agreement with the

estimated period of the fundamental kink mode of the studied coronal loop and no

observable damping. It became apparent that it is crucial to obtain and analyse ob-

servations of transverse oscillations of rainy coronal loops under a range of different

conditions to pin down the factors affecting the oscillation properties and to under-

stand the oscillation excitation mechanisms associated with thermal instability and

coronal rain formation. In the following study, coronal rain oscillations were simul-

taneously observed by multiple instruments for the first time, enabling us to deduce

information about the multi-thermal nature of the rain in different loop strands,

and the degree to which the oscillatory behaviour of the individual strands occurs

in a collective manner. The kinematics of the individual coronal rain condensations

has been analysed by De Groof et al. [2004], De Groof et al. [2005], Antolin and

Verwichte [2011], Antolin and Rouppe van der Voort [2012], Antolin et al. [2012]

and Antolin et al. [2015b], finding that individual condensations mostly move with

acceleration much less than the effective gravity in the loop. We employ similar

approach to analysing the coronal rain kinematics. Finally, thermal evolution of

coronal loop plasma during an onset of the thermal instability and coronal rain for-

mation has been addressed by [Antolin et al., 2015b] by combining multiwavelength

observations from SST/CRISP, IRIS, Hinode/SOT and SDO/AIA. They observed

signatures of a gradual cooling of the plasma at the loop top, with the cooling itself

exhibiting signatures of a two-step process, which was interpreted as being caused

by the transition of the condensing plasma from optically thin to optically thick
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regime. We therefore look for similar cooling signatures, focusing on the interpre-

tation of the observations in the context of the evolution of both temperature and

density of the coronal loop plasma.

The chapter is organized as follows: Section 2.2 covers the details of IRIS, Hin-

ode/SOT and SDO/AIA observations used for analysis and the methods used for

data processing. Section 2.3 focuses on analysis of MHD oscillations detected in

the coronal rain. In Section 2.4 we investigate the kinematics of individual coro-

nal rain blobs and present statistics of blob velocities and accelerations. In Section

2.5 we analyse the evidence for the thermal evolution of the loop plasma and the

heating-condensation cycle of the coronal loop responsible for the coronal rain for-

mation. Section 2.6 contains detailed discussion of the analysis outcomes and their

implications.

2.2 Observations and data processing

We focus on observations taken by IRIS [De Pontieu et al., 2014], AIA on board

SDO [Lemen et al., 2012] and SOT on board Hinode [Tsuneta et al., 2008]. The

dataset analysed below was taken as a part of Hinode-IRIS-SST coordination (HOP

262) during August 2014 observing campaign focused on coronal rain with Warwick

participation. An event from 2014 August 25 near NOAA AR 12151 is analysed us-

ing coordinated IRIS-Hinode observations and complemented by full-disk SDO/AIA

data. We used IRIS level 2 SJI data taken between 7:46 and 10:30 UT retrieved from

mission web page (http://iris.lmsal.com/search) in the NUV (Mg II k) and FUV (Si

IV) filters with an exposure time of 8 s, 19 s cadence and the field of view centered

at [−984′′,−196′′] in solar heliocentric coordinates. We further used Hinode level 0

Ca II H data centered at [−993′′,−205′′] in solar heliocentric coordinates, with the

exposure time of 1.229 s and 12 s cadence taken between 8:20 and 9:37 UT. Using

the AIA Cutout Service (http://www.lmsal.com/get aia data/) we retrieved the re-

quired subframes of level 1.5 SDO/AIA data with 12 s cadence that were normalised

by the exposure time.

IRIS level 2 and SDO/AIA level 1.5 data used in this work already include ge-

ometric correction, dark correction and flat-fielding. The dark current correction

and the flat-fielding of the Hinode level 0 data was carried out using the fg prep

Solarsoft routine. The data further required additional pre-processing in order to

be suitable for the coronal rain analysis, in particular noise reduction, edge en-
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Figure 2.1: Left: Complete field of view of the IRIS Si IV observation used for
analysis with the axis of the studied loop outlined. The cuts for the time-distance
plots were taken along 10 slits perpendicular to the loop axis. Right: Position of
IRIS field of view in the full-disk image as seen by SDO/AIA.

hancement and removal of trends in brightness variation across the data cube. Two

dimensional Mexican hat wavelet transform filtering was used to achieve this by

enhancing the features in the image with sizes close to the characteristic scale of

the wavelet [Witkin, 1983; White and Verwichte, 2012]. We focus on a coronal loop

outlined in Figure 2.1 showing IRIS Si IV SJI data. The loop is visible during the

whole observing sequence; the coronal rain occurring in the loop can be observed for

about an hour. The studied loop does not cross the spectrograph slit; no spectral

information is therefore available and the analysis is restricted to the imaging data.

The coronal rain is visible in IRIS FUV and NUV, Hinode Ca II H and SDO/AIA

304 Å bandpasses suggesting a multithermal nature of the phenomenon. The indi-

vidual plasma condensations are best discernible in the Si IV line (1400 Å), which

was therefore chosen for analysis.

The studied loop exhibits significant amount of coronal rain downflows as well as

upflowing material. Most of the upward flow of the plasma occurs in the remote leg

while the condensations are falling down preferentially along the loop leg closer to

the observer. This asymmetry is likely caused by a background siphon flow due to

a pressure difference between the footpoints. Such background flow can move the

region where the thermal instability and subsequent condensation occurs to the side

away from the apex resulting in coronal rain falling along one leg only.
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The view of the observed event is limited to a single vantage point, we can therefore

only make approximate estimates about the loop geometry. The loop plane appears

approximately perpendicular to the solar surface. The positions of the axis of the

loop, loop apex and foot points were determined from a series of multiple SJI time

frames superimposed on each other to highlight the flows of the material in the loop.

Multiple strands of plasma tracing the loop’s magnetic field lines are observed, the

loop therefore appears to have considerable thickness. The radius of the loop was

estimated to be 40.9 Mm using the distance from the apex to the loop baseline

connecting the two footpoints. Assuming the loop has a semi-circular shape, the

estimate of the loop radius and the observed projected distance between the foot-

points of 12.8 Mm was used to estimate the angle between the loop plane and the

line-of-sight to be 9◦.

The plasma condensations falling along the coronal loop are found to have consider-

able thickness of about 0.5 Mm, often grouping into strands. The individual strands

clearly exhibit transverse oscillations which are best visible near the loop apex. The

strands were observed to separate and merge again multiple times, thus complicat-

ing the tracking of the individual plasma blobs. The most pronounced elongation

of the plasma blobs into strands occurs in the lower half of the loop. Individual

strands were observed to converge as approaching the loop footpoints.

Longer duration AIA 304 Å dataset covering two 12 hour windows before and after

the coronal rain event observed by IRIS and Hinode shows that it is a part of a

sequence of successive coronal rain events occurring in the same coronal loop. A

total of 4 events were detected on the day of observation. Other events were however

much less clear due to multiple short-lived rainy loops appearing in the foreground,

detailed analysis of the full 24 hour AIA dataset has therefore not been carried out.

2.3 Transverse oscillations

In order to detect any transverse oscillations of the structure, we set up 10 slits per-

pendicular to the loop axis (Figure 2.1). A cut through data was then taken along

each slit and the data was superimposed over 30 pixels in longitudinal direction

to detect oscillations of small blobs as well as of longer strands. The longitudinal

superposition length was chosen as being long enough to detect short strand oscil-

lations and short enough to capture any behaviour dependent on the longitudinal

distance. The cuts at each time step were then stacked to create time distance
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plots, each corresponding to different position along the loop. The time distance

plots created using aligned IRIS Si IV, Mg II k and Hinode Ca II H data show large

degree of similarity with the majority of strand-like structures being identifiable in

all three wavelengths (Figure 2.2). This co-spatial emission with comparable inten-

sities across temperatures ranging from chromospheric to transition region suggests

multithermal nature of the coronal rain plasma. Time distance plots created using

IRIS Si IV observations corresponding to two slits, one at the loop apex and another

22 Mm above the footpoint are shown in Figure 2.3. Multiple transverse oscillations

are visible along the whole loop length. The contamination lasting from 75 min to

85 min in the IRIS observational sequence is caused by a surge of particles due to

the spacecraft passing through the South Atlantic Anomaly.

Due to the large number of strands present at the same longitudinal distance, tra-

ditionally used automated strand detection methods based on fitting a Gaussian to

the image intensity profile at each time step [Verwichte et al., 2009, 2010] proved

unsuitable. The strand centre coordinates were therefore extracted manually from

the time-distance plot for each slit to avoid errors that an automated procedure

might introduce due to the nature of the intensity profiles. The strand centre dis-

placement time series for each oscillation was then extracted and fitted with function

ξ(t) = ξ0 sin(ωt + Φ) using Levenberg-Marquardt algorithm in order to determine

oscillation parameters. 150 oscillations were observed in total. The standard devia-

tions on the best fit parameters for the individual oscillations were found to be 7%,

3% and 40% for the amplitude, period and phase respectively.

The time distance plots created using IRIS FUV data shown in Figure 2.3 suggest

presence of two oscillation regimes: short period oscillations with small amplitude

present along the whole loop length but being most prominent in the upper part

of the loop; and long period oscillations with larger amplitudes visible only in the

lower half of the loop. We repeat above analysis using SDO/AIA observations in

171 Å. Due to the 1.5 ′′ resolution of SDO/AIA, only large amplitude long period

oscillation regime can be observed. Figure 2.4 shows the variation of the oscilla-

tion amplitude with the longitudinal distance of the corresponding slit from the

loop apex corrected for the projection effects. There is no clear trend in the ampli-

tude variation; however, the plot shows the distribution of the two populations of

oscillations.

The amplitudes of the short period oscillations were found to mostly lie within

a range 0.2 - 0.4 Mm. No prominent damping of the individual oscillations was

observed, although one should note that since only few periods of the individual
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Figure 2.2: Time-distance plots corresponding to slit near the apex in IRIS Si IV
(top), Mg II k (centre) and Hinode Ca II H line (bottom). Hinode data was inter-
polated to match IRIS time resolution and time range. Co-spatiality of the plasma
emission suggest a multithermal nature of the coronal rain. Note somewhat different
features at t = 40-50 min captured by Hinode only.
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Figure 2.3: Time-distance plots corresponding to slits near the apex (top) and 22
Mm above the footpoint (bottom). We repeat each plot with the oscillation patterns
highlighted. Small scale oscillations are present in both plots. A prominent large
scale oscillating structure is visible only in the lower part of the loop. The particle
contamination occurring during 75-85 min is due to the spacecraft passing through
the South Atlantic Anomaly.

50



0 10 20 30 40 50 60
Slit distance along the loop (Mm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A
m
p
li
tu
d
e
(M

m
)

IRIS 1400 Å
AIA 171 Å

Figure 2.4: Variation of oscillation amplitude with the longitudinal distance of each
slit from the loop apex corrected for projection effects.

oscillating strands can be observed, any gradual damping is likely to remain unde-

tected. The mean period of the short period oscillations was found to be 3.4 min.

The scatter of the periods of the individual oscillations around the mean value is

likely to be a result of the uncertainty on the period measurements. If, despite

the measurement errors, this scatter was real, varying periods of the oscillations

detected in different positions within the loop would suggest large variations in the

properties of the coronal loop plasma. However, due to the fact that a certain level

of a collective behaviour of individual strands has been observed, we consider this

scenario unlikely. A change of the mean oscillation period with time would in turn

imply a presence of a non-linear driving process.

Multiple groups of nearby strands were observed to oscillate in phase. Synchronous

oscillations were observed to be most prominent in the upper half of the loop. This

is likely connected to the fact that only a small number of oscillations was observed

near the loop foot points rather than being a significant evidence of a loss of collective

behaviour in this part of the loop. There was no significant phase shift detected by

comparing different heights, suggesting that the short period oscillation patterns are

a manifestation of a global standing wave. However, the best-fit phase estimates are

limited by large uncertainties due to the thickness of the individual strands.

The presence of synchronous oscillations of nearby strands together with the stand-

ing wave assumption points towards a number of possible scenarios for the nature

of the wave in the coronal loop responsible for the observed oscillation patterns;
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one such possibility is a global kink mode affecting the coronal loop as a whole.

Alternatively, multiple kink modes present in the loop affecting each strand sepa-

rately could cause in-phase transverse oscillating behaviour if triggered by a common

source. Short period oscillations traced by the coronal rain with similar character-

istics as described above were reported previously [Antolin and Verwichte, 2011].

Amplitudes of the long period oscillations observed in IRIS 1400 Å passband are of

the order of 1 Mm. When observing the cool coronal rain plasma emitting at the

chromospheric wavelengths they appear to be most pronounced in the lower part of

the loop and fading higher up. At a distance of 37 Mm from the apex they cannot be

observed at all. This is due to the cool plasma being more sparse in the upper part

of the loop during the latter half of the observational sequence, which complicates

tracking of long period oscillatory patterns. In the hot coronal wavelengths the

long period oscillations are observable along the whole loop length, having similar

periods as in IRIS observations but lower amplitudes (Figure 2.4). This amplitude

discrepancy can be attributed to limited resolution of SDO/AIA, with the typical

peak to peak amplitude of this oscillation regime being 3 pixels. At such short scales,

the standard deviation of best-fit oscillation parameters estimated from a sample

oscillation pattern might be an underestimate of the true uncertainty. The mean

period of this oscillation regime is 17.4 min, i.e. much longer than typical period

of the fundamental standing mode of the kink oscillation expected for a loop with

comparable length. This suggests that the oscillatory pattern is a manifestation

of a propagating rather than standing wave. In the propagating wave scenario the

expected phase shift for such long period oscillations would be too small to be

observed in the dataset with this duration.

2.4 Kinematics of coronal rain

The kinematics of the plasma condensations was analysed by tracking the individual

blobs along their paths over the period during which they could be observed in the

given bandpass. The individual plasma blobs were best discernible in the data taken

in the IRIS Si IV filter, which was therefore chosen for kinematics analysis. Not all

plasma blobs were observable during their entire motion from loop apex all the way

to the footpoints; this is likely due to change in emission in the SI IV line following

a temperature change.

By superimposing multiple time frames on each other, we were able to track 18 paths
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Figure 2.5: Observation snapshot with superimposed paths followed by condensa-
tions.

along which the condensations were moving (Figure 2.5). For each such path a time-

distance plot was extracted. Three such time-distance plots are shown in Figure 2.6.

The bright traces correspond to the trajectories of the individual condensations. A

total of 115 plasma blobs were tracked, out of which 18 were part of the upflowing

material and the remaining 97 blobs were falling condensations. In the subsequent

analysis we focused on the coronal rain blobs. We extracted their trajectories and

corrected them for projection effects by calculating the real distance travelled along

the loop corresponding to the observed distance of the blob from the apex (assuming

9◦ loop plane angle and semicircular loop axis). For each blob an initial and final

velocity was determined, enabling us to deduce mean acceleration of each blob.

The initial and final velocities and mean accelerations of the coronal rain blobs are

shown in Figure 2.7. The distribution of velocities is broad ranging from small veloc-

ities of only few km s−1 to large velocities over 150 km s−1, with the mean velocity

being 45 km s−1. The variation of the observed velocity with height is shown in

Figure 2.8. The observed velocities of the individual blobs are largely below free-fall

values, shown by the solid line. The distribution of blob accelerations is on the other

hand much narrower and is clustered around the mean acceleration of 95 m s−2. The

average effective gravity along an ellipse is given by 〈geff 〉 = 2/π
∫ π/2

0 g� cos θ(s)ds
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Figure 2.6: Time-distance plots extracted along 3 different paths followed by con-
densations. The horizontal axis corresponds to the projected distance along the
path. The bright traces correspond to trajectories of individual blobs. In the right-
most plot, a number of blobs can be observed to oscillate around the loop top before
falling down to the solar surface. The faint features stationary in the longitudinal
direction are caused by background loops intersecting the axis of the studied coronal
loop.
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Figure 2.7: Left: the distribution of blob initial (red) and final velocities (black).
Right: The distribution of mean blob accelerations. The dashed lines correspond
to the average values of 45 km s−1 and 95 m s−2 for velocities and accelerations
respectively.

where s is the coordinate along the ellipse and θ is the angle between the tangent

to the path and the vertical. If assuming a semicircular loop axis, the average ef-

fective gravity along the loop is 174 m s−2. The measured average acceleration is

therefore significantly lower than what would be expected for a free-fall motion.

Such sub-ballistic fall rates of coronal rain condensations were reported previously

[Schrijver, 2001; De Groof et al., 2004; Antolin et al., 2010; Antolin and Verwichte,

2011; Antolin and Rouppe van der Voort, 2012]. Complete velocity and acceleration

profiles of individual blobs also show multiple acceleration and deceleration phases

as opposed to purely accelerated motion expected if the blobs would be moving

solely under the influence of gravity (Figure 2.6).

2.5 Heating-condensation cycle

In order to determine the temperature evolution of the plasma in the studied coronal

loop during the period of observation, we analyse the temporal change in emission

in selected SDO/AIA filters. Here we use level 1.5 SDO/AIA data with 12 s cadence

normalised by the exposure time, that we aligned with previously analysed IRIS and

Hinode datasets. We select a region of the size 5× 5 pixels at the loop top as shown

in Figure 2.9. The normalised emission intensity in each filter is determined by

averaging the data number (DN) counts over the region of interest and normalising

by the total mean DN counts in each filter. Figure 2.9 shows the evolution of the

total and normalised emission in 94 Å, 131 Å, 171 Å, 193 Å, 211 Å, 304 Å and
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Figure 2.8: Dependence of blob velocity on the height above the solar surface. The
velocity dependence expected for a free fall motion is shown by the solid line and
the velocity dependence expected for a motion with the mean observed acceleration
of 95 m s−2 is shown by the dashed line.

335 Å. The emission first peaks in 94 Å, followed by peaks in 335 Å, 171 Å, 131

Å and 304 Å, i.e. in progressively cooler bandpasses. It should be however noted

that low intensities measured in 94 Å and 335 Å suggest that uncertainties in these

light curves are large, thus reducing their reliability. In addition, the lack of single

well-defined peak in the instrumental response functions of the 94 Å and 335 Å

channels [Boerner et al., 2011] makes it non-trivial to infer a cooling sequence from

the light curves in these two channels. The emission in 193 Å and 211 Å is on the

other hand observed to be steadily increasing, with a number of secondary peaks.

The sequence of prominent peaks in 171 Å, 131 Å and 304 Å channels therefore

clearly suggests a gradual cooling of the plasma at the loop top, while the emission

in 94 Å, 335 Å, 193 Å and 211 Å channels does not provide additional evidence of

cooling.

We further estimate the temperature distribution of the emission of the loop plasma

integrated along the line of sight as a function of time. This can be quantified by

the differential emission measure (DEM) ξ(T ) defined as

ξ = n2
e

dz

dT
(2.1)

where ne is the electron density, z is the distance along the line of sight and T is

the temperature. The observed intensities are a result of a convolution of the DEM
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Figure 2.9: Left: SDO/AIA 171 Å view of the studied coronal loop. The marked
region at the loop top used to obtain the evolution of the intensity of the emission.
Top right: Evolution of the observed emission intensities in 7 SDO/AIA filters
corresponding to the region at the loop top. Bottom right: Emission intensities
normalised by the average number of counts.

with the instrumental response functions:

Fi =

∫
ξ(T )Ri(T )dT (2.2)

where Fi is the intensity measured in the ith bandpass and Ri is the instrumental

response function of the ith filter dependent on the temperature. This can be

projected into finite-dimensional space as:

Fi = Ri,jξ(Tj) (2.3)

Determining the DEM from the above linear equation however poses two main chal-

lenges. First, due to the limited number of the instrument bandpasses the number of

the temperature bins of the observed intensities is typically smaller than the number

of the temperature bins for which the DEM is evaluated, thus leading to the DEM in-

version being an under-constrained problem. Second, the large differences between

the magnitudes of the individual components of the response matrix R result in

large noise amplification by the inverse mapping. These can be overcome by adding

additional constraints to the problem. To do this, we use the zero-order Tikhonov

regularisation based on selecting the solution with the smallest norm [Tikhonov,
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1963]. This is equivalent to using Lagrange multipliers to solve the least square

problem subject to constraints imposed by adding the regularisation term:

Φ = |Rξ(T )− F |2 + λ|L(ξ(T )− ξ0(T ))|2 (2.4)

with Φ to be minimised, λ being the regularisation parameter, L being the constraint

matrix (proportional to the identity matrix in the case of zero-order regularisation)

and ξ0(T ) being the expected (or guess) solution. This is then solved by diagonalising

the matrices R and L using generalised singular value decomposition, with the

1/λ term in the resulting expression effectively smoothing the solution by filtering

out small singular components. To implement the steps above, we use the DEM

regularisation method by Hannah and Kontar [2012], which we adapted to Python

programming language. We run the DEM regularisation using the SDO/AIA data

in the same bandpasses as above averaged over the region of interest shown in Figure

2.9. We further averaged the data over 20 time frames to increase signal-to-noise

ratio. We reconstruct the DEM for a temperature range between log T = 4.5 and

log T = 7.3 and further apply additional constraint on DEM by requiring it to be

positive. Time evolution of the resulting DEM is shown in Figure 2.10.

The prominent DEM peak is centred around log T = 6.0. We are most concerned

with the DEM evolution below log T = 6.0, especially with the secondary peak

that develops around log T = 5.0. The amount of plasma in the transition region

temperature increases during the first 50 min of the observation coinciding with the

time interval of the coronal rain occurrence in the upper part of the loop. It should

however be noted that the validity of the DEM inversion is based on the implicit

assumption of the optically thin emission, the resulting DEM evolution in the lower

end of the analysed temperature range should therefore be treated with caution.

Given that the 304 Å channel is most likely to be sensitive to optically thick emis-

sion, we repeated the DEM inversion without using the 304 Å channel (Figure 2.10).

This mostly affects the evolution of the low-temperature region, with the early time

peak shifted to log T = 5.5. Aside from that the overall shape remains similar. Fig-

ure 2.11 shows the evolution of the DEM integrated along the whole temperature

range (representing the evolution of the total amount of plasma at the loop top) and

the intensity in the IRIS Si IV time-distance plot corresponding to the slit at the

apex (as shown in Figure 2.3) averaged in transverse direction. The linear correla-

tion coefficients between the Si IV emission intensity and EM recovered with and

without using the 304 Å channel are 0.41 and −0.10 respectively. When including
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Figure 2.10: Evolution of the regularised DEM plotted every 100 time steps including
(top) and (bottom) excluding the 304 Å channel.
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Figure 2.11: Evolution of the emission measure integrated along the whole tem-
perature range (red) and of the Si IV emission intensity in the time-distance plot
corresponding to the slit at the loop apex (blue). The solid and dashed lines show
the emission measure recovered with and without using 304 Å channel respectively.
All time series have been smoothed for clarity. The data gap in Si IV emission time
series corresponds to the SAA-contaminated data.

the 304 Å channel the overall amount of plasma correlates well with the evolution

of the emission in Si IV line, with matching time scales on which the quasi-periodic

large scale variations occur. In the second case no clear correlation is present. We

therefore conclude that due to its broad temperature response the 304 Å channel

can help to better constrain the DEM in the lower temperature range.

The DEM reconstruction and the evolution of the individual light curves together

with the occurrence of successive coronal rain events in the same loop suggest that

the observed sequence is a part of a continuously repeating heating-condensation

cycle, consisting of a heating phase, followed by radiative cooling of the loop top

leading to the thermally unstable regime and subsequent condensation of the plasma,

which is then followed by another heating phase.

We further verify the above scenario by forward modelling the expected emission in-

tensities in the individual SDO/AIA bandpasses corresponding to a simple heating-

cooling process. We created a synthetic time-dependent model of the DEM con-

sisting of 2 components. The constant background component corresponds to the

background emission of the coronal plasma and was modelled using the CHIANTI

active region model [Dere and Mason, 1993]. The low temperature part (below

log T = 5.5) was removed and the remaining DEM scaled down by an arbitrary fac-

tor of 20 to account for the fact that we are modelling an off-limb region. The emis-
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Figure 2.12: Top: Evolution of the mean temperature T0 (solid line) and density
(dashed line) of the plasma at the loop top used to generate the DEM model. The
coloured sections mark the individual phases of the loop thermal cycle: Heating
(red), condensation (yellow) and evacuation (blue). Bottom: The DEM model at t =
0 used to calculate simulated intensities is shown in red. The individual components
(constant CHIANTI active region DEM and Gaussian DEM corresponding to the
loop plasma) are shown by the dashed line.
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sion therefore does not contain the low-corona, transition region and chromospheric

elements present in on-disk observation. The foreground component corresponds to

the emission of the plasma at the loop top and is time-dependent. We model the

foreground DEM as a Gaussian of the form:

ξ(T ) = ξ0(T ) exp(
−(log T − log T0)2

2σ2
) (2.5)

where ξ0(T ) ∝ n2
ez is the peak emission measure dependent on the electron den-

sity and the line-of-sight integration depth, which we estimate to be of the order

of 1 Mm, σ = 0.1 and log T0 is the mean temperature of the loop plasma. log T0

evolves according to a process consisting of a heating stage characteristic by a linear

increase in temperature up to maximum value of log T = 6.0, catastrophic cooling

stage associated with the coronal rain formation where the temperature decreases

exponentially and a final gradual cooling stage down to log T = 5.0 (Figure 2.12).

The evolution of the plasma density is modelled in a similar manner to vary linearly

between log ne = 9.0 and log ne = 9.4 but with the peak slightly delayed, as shown

in Figure 2.12. The initial and peak values were chosen based on typical values

expected in active region coronal loops. No direct correlation between the plasma

temperature and density is explicitly assumed due to hydrostatic non-equilibrium

being the fundamental characteristic of the footpoint-heated loops likely to undergo

catastrophic cooling. This evolution effectively marks 3 distinct phases in the cycle:

1. heating with chromospheric evaporation associated with increasing T and ne, 2.

radiative cooling followed by thermal instability and plasma condensation associ-

ated with decreasing T and increasing ne and 3. further cooling accompanied by

evacuation of the plasma at the loop top associated with decreasing T and ne.

The synthetic light curves for each SDO/AIA bandpass are calculated by convolving

the composite DEM with the SDO/AIA instrumental response functions [Boerner

et al., 2011] using Eq. (2.2). Figure 2.13 shows the absolute modelled emission

intensities and the intensities normalised by the average value in each bandpass for

the sake of easy comparison with the observed values. Large scale characteristics,

average values and amplitude of variations in the observed emission intensities are

generally in good agreement with those predicted for the heating-cooling cycle with

the given temperature and density evolution. The average observed emission inten-

sities in the 193 Å and 211 Å bandpasses are however higher than predicted; this is

likely is caused by the fact that the background model used here underestimates the

emission in hot coronal wavelengths for the observed region. As with the observed
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Figure 2.13: Comparison of the observed (left) and simulated emission intensities
based on a 2 component DEM model corresponding to a simple heating-cooling
process (right). The linear trend from the observed emission in 193 Å and 211 Å
channels has been removed. Bottom panels show the emission intensities normalised
by the average number of counts. The coloured sections mark the individual phases
of the loop thermal cycle: Heating (red), condensation (yellow) and evacuation
(blue).
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intensities, a clear signature of gradual cooling of the plasma in modelled evolution

of the emission is present, consisting of the emission peaking in subsequently cooler

bandpasses. As mentioned above, the emission in 193 Å and 211 Å is observed to

gradually increase, with a number of smaller secondary peaks present, which is in

disagreement with the single peak in each bandpass predicted by the model. This

can be attributed to the temperature of the background coronal plasma steadily

increasing. Such evolution could be expected e.g. for a bundle of thermally un-

stable loops in the background which are also going through the heating phase of

the heating-condensation cycle but with the instability timescale being longer (e.g.

due to longer loop length). This is further supported by the fact that the multi-

ple prominent peaks in the 193 Å and 211 Å are each accompanied by secondary

peaks in other bandpasses, which are not exactly co-temporal due to the expected

temperature change. The observed evolution is therefore likely a result of super-

position of multiple cooling/heating sequences in the foreground/background. The

simulated emission peaks in 171 Å, 131 Å and 94 Å are narrower than observed and

the decay of all light curves is more rapid than observed. Here it should be noted

that the DEM model used is valid for a monolithic loop. Multithermal structure of

the coronal loop would result in greater width of the emission peaks, in line with

the observations. Considering the above limitations of the background model and

the fact that at lower temperatures the plasma is likely entering the optically thick

regime, the forward modelling approach should be viewed as a demonstration of the

feasibility of the limit cycle model given the observed light curve evolution rather

than as a direct reproduction of the observations.

2.6 Discussion and conclusions

2.6.1 Transverse oscillations traced by coronal rain

There is a number of possible sources that could potentially be responsible for the

two distinct oscillation regimes with different periods. The 3.4 min average period

characteristic for the small scale oscillation regime is consistent with the period of

the fundamental standing mode P ≈
√

2L/vA ∼ 3 min if using typical estimate

for the Alfvén speed (∼ 1000 km s−1) and loop length determined previously (129

Mm). Absence of observable damping in the small scale case suggests a presence of

a continuously operating non-resonant driver. The mean period of the large scale

oscillation regime is much longer than one expected for the fundamental harmonic
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and therefore cannot be associated with the standing mode scenario, suggesting

the agent instead being a propagating wave. Here the intermittent nature of the

oscillations implies localised, transient driving mechanism operating near the foot

points of the coronal loop.

Most prominent sources of the MHD waves in the corona are solar flares and other

energetic events, which can be observed in a number of passbands (radio, UV,

X-ray) as well as in the particle flux measurements. Such events were found to

excite transverse oscillations in the coronal loops with the periods on the order of

minutes [Aschwanden et al., 2002; Nakariakov et al., 2009], matching the time scale

of the small scale oscillation regime observed and discussed in this work. However,

event-triggered loop oscillations usually exhibit strong damping and were found to

typically decay within few oscillation periods [Nakariakov et al., 1999; White and

Verwichte, 2012], unlike the oscillations described here. There were no detected

flares or other energetic events occurring on the date of the observation near AR

12151. An M class flare occurred in this active region during the previous day and

a series of C class flares was observed in AR 12149 and AR 12150 on the day of

observation; these were however perceived as being too distant to have a significant

effect on the studied coronal loop. The limited STEREO-A dataset available for

the day of observation was also checked to exclude the possibility of a nearby flare

occurring behind the limb.

The persistent nature of the small scale oscillations and their lack of observable

decay instead suggests that there is a possible link with the decayless transverse

oscillations of coronal loops in non-flaring active regions having similar characteris-

tics which were observed at EUV wavelengths [e.g. Nisticò et al., 2013]. If the small

scale oscillation regime is indeed a manifestation of the same process as these decay-

less loop oscillations, the common occurrence of this phenomenon implies a global

nature of the driving mechanism; possibly a stochastic driver (e.g. small scale recon-

nection events or stochastic motions in the chromospheric network resulting from

granular flows). Another possibility is a global helioseismic p-mode coupling to the

loop footpoints. Because of the large number of other loops in the vicinity of the

studied coronal loop, a possibility of an interaction with neighbouring loops has

to be taken into account. Assuming that their proximity is not just a projection

effect, interaction with the neighbouring loops could perturb the conditions in the

studied loop and trigger both condensation region formation and transverse loop

oscillations. It has also been suggested that if the inertia of the coronal rain blobs is

not negligible the condensations themselves could excite the oscillations in the loop.
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Detailed analysis of this scenario will be addressed in the following chapters.

2.6.2 Kinematics of the individual condensations

The reasons behind sub-ballistic fall rates of the coronal rain blobs are less clear

and subject to ongoing discussion. Gas pressure gradients in the loop are thought

to have strong effect on the dynamics of plasma condensations. As the condensation

falls down along the magnetic field line, it compresses the plasma below. The result-

ing strong pressure could slow down the blob significantly. Numerical simulations

show that these pressure effects can be strong enough to account for some of the

observed deceleration [Müller et al., 2005; Fang et al., 2013; Oliver et al., 2014]. The

motion of the blobs would also appear sub-ballistic if the blobs would be moving

along paths resulting from helical structure of magnetic field lines. Such helical con-

figuration of the magnetic field would however need to be stable for extended periods

of time which we consider unlikely. Another factor that needs to be considered is

the ponderomotive force (PMF) exerted by the transverse oscillations in the loop.

The PMF can be directed either along or against the direction of the motion of the

condensations depending on their position along the loop and on the harmonic of

the transverse standing wave in the loop. This would provide an explanation for

the multiple acceleration and deceleration phases in the blob motion. The scenario

that the coronal rain evolution is at least partially affected by the PMF is further

supported by the fact that a number of coronal rain blobs was observed to oscillate

around the loop top, as shown in Figure 2.6. Model of the effect of the PMF on the

kinematics of the coronal rain has been proposed by Verwichte et al. [2017a].

2.6.3 Thermal evolution of the coronal loop and limit cycles

Our observations of the thermal evolution of the plasma in the studied coronal loop

are consistent with the limit cycle model, where steadily heated loops are expected to

undergo periodically repeating cycles consisting of heating and condensation phases

with the periods on the time scales of hours, typically dependent on the loop length

and the shape of the heating function. A possibility of cyclic evolution of coronal

loops was first addressed by Kuin and Martens [1982] who obtained an oscillatory

solution if the strength of the coupling between the coronal loop and the chro-

mosphere was lower than a critical value, using a relatively simple semi-analytical

model based on modelling the loop as a 0-dimensional system. Their model was

further generalised by Gomez et al. [1990] by fully accounting for the hydrodynamic
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Figure 2.14: Phase diagram of the loop evolution deduced from forward modelling
the SDO/AIA emission intensities. The dashed line shows extrapolated evolution
prior to the start of the observational sequence.

considerations whose solution has the form of subcritical Hopf bifurcation. These

models are of course highly simplified and use average values of the temperature

and density along the loop, hence they do not account for a variation in the spatial

distribution of the heating function, which we now know is an important factor that

determines the thermal instability onset. They can be however still used for predic-

tion of the general behaviour of the system, since they account for key ingredients

of the heating-condensation cycle: chromospheric evaporation, catastrophic cooling

and subsequent evacuation of the loop. The limit cycle behaviour has been also

predicted by a number of numerical studies [e.g. Karpen et al., 2001; Müller et al.,

2003; Fang et al., 2015].

Considering an idealised temperature-density limit cycle similar to the oscillatory

solution of Kuin and Martens [1982], we expect presence of 4 different stages of the

loop evolution in one cycle period (Figure 2.14): a heating phase associated with

increasing temperature and density due to the chromospheric evaporation of the

plasma into the loop; a radiative cooling phase associated with the rapid cooling

and subsequent condensation of the plasma at the loop top, resulting in the de-

creasing temperature and increasing density, gradual cooling phase accompanied by

the evacuation of the loop top as the coronal rain plasma falls towards the solar

surface, thus decrease in the plasma density and final reheating phase where the

density continues to decrease and the heating starts again. It can be immediately
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seen that the first three stages of expected limit cycle behaviour are in agreement

with the evolution of the plasma density and temperature deduced by the forward

modelling of the observed emission intensities carried out in this study. It should be

noted that when looking at the evolution of the observed emission intensities alone,

only the cooling part of the heating-condensation cycle has a clear observational

evidence (i.e. sequential peaks in progressively cooler bandpasses), given the lack

of a simple observational signature of the presence of a heating phase immediately

preceding the cooling of the loop plasma. The deduced effect of adding the heating

phase on the onset of cooling progression when forward modelling the emission in-

tensities however seems to be in line with the observations. This, together with the

repeated coronal rain occurrences in the same coronal loop supports the complete

heating-condensation cycle scenario.

Whereas the resulting DEM evolution calculated using the regularisation method is

in agreement with the results deduced using the forward modelling approach, care

must be taken with the interpretation of the thermal evolution of the plasma in the

lower end of the analysed temperature range, where it is likely entering the optically

thick regime. In addition, contamination of the emission from the studied region

by the emission of the hot coronal background seems to be an ongoing problem. In

order to evaluate the degree to which the DEM determined in this work is affected

by the coronal background, it should be pointed out that due to the greater column

depth, the contamination by the background emission is likely to be more severe

near the solar limb than near the centre of the solar disk, where the DEM is usually

much more accurate [e.g. Warren et al., 2010; Hannah and Kontar, 2012]. Since the

coronal rain is best observed off-limb, this poses a challenge for the extraction of the

relevant information about temperature evolution of the studied coronal loop. The

background subtraction was not carried out in this work, as it proved impossible to

select a reference area where the average intensity in the most noisy channels (94 Å

and 335 Å) would be less than the average value in the analysed region in all time

frames. An alternative approach would be to simply exclude these two channels

from the analysis. However, this was viewed as undesirable due to the fact that it

would lead to the DEM being even more under-constrained. Including the effect of

the hot coronal background and tackling the problem using the forward modelling

therefore seems to be the most viable approach for the off-limb regions. However, as

shown by this work, the steady background model has its limitations, since a change

in the background temperature during the period of the observation (e.g. due to

a bundle of loops undergoing similar heating-cooling cycles, but with longer cycle

periods) is entirely possible.
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The change of plasma density near the loop top resulting from the chromospheric

evaporation and subsequent condensation is expected to have an effect on the Alfvén

speed in this part of the loop. For the change in density by a factor of 2.5 as estimated

in the previous section, the Alfvén speed vA = B/
√
µ0ρ is expected to change by

a factor of 1.6. With vph ≈
√

2vA and vph = λ/P , this decrease in density will

result in decrease in the oscillation period by a factor of 1.6 and vice versa. The

observed scatter in the period of the oscillations traced by the coronal rain blobs

could therefore be partially caused by the density change due to evacuation of the

loop top.
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Chapter 3

Dynamics of plasma

condensations in a

gravitationally stratified coronal

loop

Contents of this chapter have been published in Kohutova and Verwichte [2017a].

3.1 Introduction

High-resolution solar observations show that the motion of coronal rain blobs is

significantly sub-ballistic [e.g. Antolin and Verwichte, 2011; Antolin and Rouppe

van der Voort, 2012], suggesting that forces other than gravity have an important

effect on its dynamics and evolution. The formation and evolution of plasma con-

densations have been addressed by a number of numerical studies using 1D hydro-

dynamic simulations. The thermal instability onset and coronal rain formation in

a coronal loop with footpoint-concentrated heating typically depends on the spatial

distribution of the heating input and often occurs in periodically repeating limit

cycles [Müller et al., 2003, 2004]. Using a 1D approach, the pressure effects are

found to have a strong influence on the motion of the individual coronal rain blobs,

often counteracting the effect of gravity [Antolin et al., 2010; Oliver et al., 2014]

in the case of a compressed plasma below the condensation, providing net upward

pressure gradient force. Conversely, if a plasma condensation is moving in a low-
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pressure region, such as in the wake of a previously formed condensation, this can

result in motion that is faster than free-fall [Müller et al., 2005].

The 1D hydrodynamic simulations modelling the evolution along a single field line

neglect the effect of the finite magnetic field, however, as all of the plasma is con-

fined below the condensation, and therefore 1D simulations likely overestimate the

decelerating effects of coronal loop plasma pressure gradients. The effect of the fi-

nite magnetic field on the coronal rain evolution is only properly accounted for when

using multidimensional magnetohydrodynamical (MHD) models.

Siphon flows due to local pressure variations can also have a strong effect on the

motion and morphology of coronal rain condensations, as shown by 2D MHD studies

of coronal rain formation and evolution [Fang et al., 2013, 2015].

Using 2D MHD simulations, Mackay and Galsgaard [2001] investigated the evolu-

tion of a density enhancement in the context of cool prominence material. The

density enhancement was found to rebound multiple times in this setup, which was

explained as a two-step process: a deceleration phase caused by the pressure build-

up below the enhancement, and a rebound phase caused by the restoring action of

the Lorentz force, stressing the importance of the effect a finite magnetic field can

have on the evolution of plasma condensations. Similar longitudinal oscillations of

cool condensations can be seen in coronal rain observations [Verwichte et al., 2017a]

as well as in prominences [e.g. Jing et al., 2003; Zhang et al., 2012; Luna et al.,

2014].

In order to investigate the mechanisms affecting the dynamics of the coronal rain

and potential reasons behind the sub-ballistic speeds seen in observations, we carry

out 2.5D MHD simulations of coronal rain dynamics. We model the evolution of

a cool plasma condensation in a realistically stratified atmosphere that includes a

cool high-density chromosphere, a transition region layer, and a hot corona. We

choose our problem setup to be representative for small coronal rain condensations

that are typically formed in thermally unstable loops as a result of catastrophic

cooling. The geometry of the problem is therefore set up to reflect the coronal

loop geometry, accounting for the reduced effective gravity due to the semicircular

shape of the loop. We furthermore analyse condensation trajectories, velocities, and

accelerations in order to be able to compare them to recent high-resolution coronal

rain observations. Finally, we propose an analytical model for the condensation

dynamics in order to explain the oscillatory behaviour of the plasma condensations

and compare it with the numerical findings.
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The chapter is structured as follows. Section 3.2 describes the numerical setup used

to study dynamics and evolution of a cool plasma condensation in a gravitationally

stratified coronal loop. In Section 3.3 we analyse condensation dynamics. High

magnetic field or low condensation densities are found to lead damped oscillatory

motion of the condensations. In Section 3.4 we investigate the evolution of the indi-

vidual forces acting on the condensation to determine the mechanisms responsible

for the oscillatory behaviour. Using these findings, in Section 3.5 we further propose

an analytical model for the damped oscillatory motion of the condensations. Section

3.6 contains detailed discussion of the simulation results and their implications.

3.2 Numerical model

We solve the nonlinear MHD equations using Lare2d [Arber et al., 2001] assuming

quasi-neutral fully conductive plasma and including gravity and shock viscosity. We

use the ideal equation of state. Thermal conduction and radiative transport are

not included in the energy equation. We introduce a rectangular simulation domain

with the extent −30 Mm 6 x 6 30 Mm in horizontal direction and −120 Mm

6 y 6 120 Mm in the vertical direction with 512 × 2048 resolution. The coronal

loop is modelled as a straight slab along the y-direction. We adopt the variable

s to describe the position along the loop from one footpoint to the other, that is,

s = y + 120 Mm. Thus, the loop has a length of 240 Mm. The density variation

between the loop and the background medium in the x-direction is given by the

symmetric Epstein profile [Nakariakov and Roberts, 1995]:

ρ(x) = ρe + (ρi − ρe) sech2

(
x

a

)
, (3.1)

where ρe and ρi are external and internal densities, respectively, and a = 3 Mm is

the loop scale width. We assume a constant density contrast ρi/ρe = 10 throughout

the whole domain. In order for the setup to be representative of a semicircular

coronal loop with both footpoints anchored to the photosphere, the effective gravity

geff is determined assuming a semicircular coronal loop of length L and varies with

the coordinate along the loop s as

geff(s) = g� cos

(
πs

L

)
, (3.2)
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Figure 3.1: Initial effective gravity, density, and temperature profiles as a function
of s at x = 0.

such that it equals zero at the loop top in the centre of the domain and g� = 274 m

s−2 at the loop footpoints at the top and bottom domain boundaries (Figure 3.1).

The temperature is constant in the x-direction. In the vertical direction we create a

realistic temperature variation representative of an atmosphere consisting of a cool

chromosphere, transition region layer and hot corona by adopting a smoothed step

function temperature profile [Cargill et al., 1997]:

T (s) =
1

2
(Tcor + Tph) +

1

2
(Tcor − Tph) tanh

(
h(s)− st

∆s

)
, (3.3)

with photospheric temperature Tph = 6× 103 K, coronal temperature Tcor = 106 K,

st = 4 Mm, ∆s = 1 Mm and h(s) = L
π sin πs

L . The temperature variation controls

the pressure scale height H(s):

H(s) =
kbT (s)

mgeff
. (3.4)

The density profile for the non-isothermal stratified atmosphere is then determined

by numerically solving for a hydrostatic pressure balance:

p(s) = p0 exp

(
−
∫ h(s)

0

cos
(
πs′

L

)
ds′

H(s′)

)
, (3.5)
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ρ(s) =
mp(s)

kbT (s)
. (3.6)

The density stratification in the initial configuration is calculated using a footpoint

density of ρ0 = 6.5× 10−7 kg m−3. This results in the densities in the upper region

of the loop of the order of 10−11 kg m−3 , which are representative of real coronal

densities. The top and bottom boundaries are fixed to create a line-tied loop, and

the boundary conditions along the vertical direction are symmetric (i.e. gradients

are set to 0). The plasma condensation is superimposed on the background density

and temperature profiles as follows. A 2D Gaussian enhancement is added to the

equilibrium density profile and is positioned at x0 = 0 Mm and s0 = 100 Mm, that

is, below the loop apex, of width σ = 0.5 Mm and height ρblob = rbc ρbg(x0, s0), with

rbc being the density contrast between the peak blob density and the density of the

background loop plasma ρbg at the same position. We surround the condensation

with a low-temperature region to maintain the plasma pressure balance and to

prevent rapid initial expansion of the condensation in the vertical direction (the

expansion in the transverse direction is counteracted by the magnetic Lorentz force).

A grid convergence study using a grid with 1024 × 4096 resolution has been carried

out in order to check the convergence of the numerical results.

3.3 Blob evolution and kinematics

The evolution and kinematics of the plasma condensation, or blob, is analysed in

detail for a magnetic field strength ranging from 20 G to 100 G and for three values

of the initial density contrast between the condensation and the coronal loop plasma

rbc = 102, 103, and 104 corresponding to peak blob densities of 2.5×10−9, 2.5×10−8,

and 2.5 × 10−7kg m−3, respectively. The corresponding plasma-β ranges from 0.01

to 0.3.

The evolution of the density profile of the blob during the first 5600 s is shown in

Figure 3.2 for the B = 100 G, rbc = 103 case. This leads to an initial decrease of

the blob density and to the emission of sound waves, most clearly seen in the case

of rbc = 104. As the condensation falls, it develops an elongated tail as a result of

the differential component of the effective gravity acting along the finite longitudinal

extent of the blob. This elongation of the plasma condensations is in line with recent

high-resolution coronal rain observations [e.g. Antolin and Verwichte, 2011; Antolin

and Rouppe van der Voort, 2012; Kohutova and Verwichte, 2016]. The build-up

of the density near the leading edge of the blob is further enhanced during the

74



0 30 60 90 120
s (Mm)

0
1
2
3
4
5
6
7
8
9
10

ρ
(1
0
−9

k
g
m
−3
)

t=280 s

t=840 s

t=1400 s

t=1960 s

t=2520 s

t=3080 s

t=3640 s

t=4200 s

t=4760 s

t=5320 s
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Figure 3.3: Time-distance plot of the density along s at x = 0 for the rbc = 103,
B = 100 G case.

deceleration phase that occurs as the blob approaches the transition region (Figure

3.2). Here the blob can be seen to rebound multiple times (Figure 3.3). When

the blob hits the transition region, a rebound shock occurs that results in further

sound wave emission. For low magnetic field strengths, the impact of the blob is

accompanied by the ejection of chromospheric material since the finite plasma-β in

the transition region and below does not restrict the transverse motion of the plasma.

Except for heating the plasma along the blob edges, the overall temperature of the

blob stays approximately constant during its downward motion. The temperature

of the plasma below the blob increases as it is being compressed, whereas the plasma

in the wake of the blob cools down. After the first rebound, the blob temperature

slightly increases as a result of rebound shock dissipation.

The trajectory of the plasma condensation is determined by finding the position of

the maximum in blob density along the vertical direction at each time step. This is
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subsequently used to deduce the evolution of the vertical velocity and acceleration.

Two types of motion depending on the magnetic field strength and blob density are

observed: a purely downward motion with the blob hitting the transition region, or

damped oscillatory motion with the blob rebounding multiple times and eventually

settling in an equilibrium position in the corona (Figure 3.4). Higher magnetic

field strengths lead to greater heights of the rebound points and greater heights of

the equilibrium positions around which the blob oscillates. In addition, increasing

the blob density leads to a decrease of the rebound point height and to a greater

number of condensations reaching the surface. Similarly, Figure 3.5 shows that the

maximum downward velocity increases with increasing blob density and decreasing

magnetic field strength. For rbc = 102, the rebound motion occurs for all values

of magnetic field strengths. For rbc = 103, purely downward motion occurs at low

magnetic field strengths, while for rbc = 104, no rebound motion is observed.

For the lowest blob density, the blob motion shows distinct acceleration and decel-

eration phases: during the first ∼ 300 s the blob accelerates downwards, afterwards

it decelerates to t ∼ 1000 s, followed by another acceleration phase lasting up to
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Figure 3.5: Dependence of the equilibrium height (left), maximum downward veloc-
ity (centre), and average period of blob oscillations (right) on the magnitude of the
magnetic field strength for various blob densities.

t ∼ 1500 s and so forth, with the maximum values of the downward velocity ranging

from 23 km s−1 to 45 km s−1 depending on the magnetic field strength.

The distinction between acceleration and deceleration phases is similarly clear for

higher blob densities. There the maximum values of downward velocities are much

higher, ranging from 107 km s−1 to 130 km s−1. The motion is sub-ballistic only in

the case of lowest blob density, in the other two cases before the rebound, the blob

falls approximately with free-fall speed. For the highest blob density, the effect of

the varying magnetic field strength on the motion of the blob is negligible.

The motion of the coronal rain blobs deduced from high-resolution solar observations

is mostly sub-ballistic with only few extreme cases [e.g. Antolin and Verwichte, 2011;

Antolin and Rouppe van der Voort, 2012; Kohutova and Verwichte, 2016]. When

we consider the significant effect that the peak blob density was found to have on its

motion, the broad distribution of the blob velocities typically seen in the observations

is therefore likely due to variations in masses of individual condensations. The

extreme cases of observed velocities are likely caused by the variations in the plasma

pressure across the coronal loop, for instance, when one blob travels in a wake of

another, it can be siphoned into the region of the low pressure left behind by the

first blob, which results in a motion that is faster than free fall [Müller et al., 2005].
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3.4 Force balance analysis

In order to determine the relative influence of the individual forces on the motion and

evolution of the plasma condensation, the vertical components of the gravitational

force ρ~geff , pressure gradient force −~∇p, magnetic pressure force −~∇B2/2µ0, and

magnetic tension force ( ~B · ~∇) ~B/µ0 were calculated inside the loop and averaged

in the transverse direction to obtain the longitudinal dependence. The evolution of

the force balance during the first 5600 s is shown for the rbc = 103, B = 100 G case

in Figure 3.6.

For a rebounding blob, the force balance evolves as expected according to the con-

ceptual model proposed by Mackay and Galsgaard [2001]. As the condensation falls,

it compresses the coronal loop plasma below it, leading to a build-up of the pressure

gradient. For a high magnetic field strength (low plasma-β), the plasma is confined

by the magnetic field, and as it expands below the blob, it pulls the magnetic field

lines with it. The magnitude of the magnetic field strength therefore decreases and

plasma moves away from the centre of the loop, as demonstrated by the positive di-

vergence of the plasma velocity (Figure 3.7). This results in a net upward magnetic

tension force as shown in Figure 3.6 before the first rebound at t ∼ 1500 s. The blob

rebounds upwards, and as a result of the lower pressure below the blob, the plasma

now moves towards the centre of the loop, which leads to a negative plasma velocity

divergence. The field lines return to their original position, and the magnitude of

the magnetic field strength increases (Figure 3.7). This occurs multiple times until

the blob eventually settles in an equilibrium position. The bending of the magnetic

field lines is shown in Figure 3.8.

In the case of weak magnetic field, the plasma-β in the transition region is high

enough to allow the plasma below the blob to be displaced sideways, which prevents

the pressure build-up. Hence no rebound motion occurs, and the blob falls directly

towards the solar surface.

It should be noted that the initial uniform magnetic field configuration used here

leads to a zero magnetic pressure gradient. However, in an expanding flux tube

configuration, this is no longer the case. In this case, the magnetic pressure gradi-

ent force would have an additional decelerating effect and would therefore lead to

lower downward velocities and greater equilibrium height of the oscillating blobs.

Similarly, neglecting thermal conduction very likely affects the morphology of the

cool condensations without significantly affecting the condensation dynamics. Given

that the thermal conduction acts predominantly along the magnetic field lines, the
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Figure 3.9: Setup of the 1D model of the blob motion, showing plasma blob with
length 2∆s, effective cross-section A and centre of mass at sb, and coronal loop
plasma confined above (u) and below (d) the blob.

only relevant exchange of energy will occur in the vertical direction. It is therefore

not sufficient to remove significant amounts of thermal energy from the compressed

underlying plasma, which would lead to large changes in plasma pressure.

3.5 Blob oscillations

We further focus on the damped oscillatory motion of the plasma blob. The period

of the individual rebound phases varies strongly with the blob density, while the

dependence on the magnetic field magnitude is weak (Figure 3.4). We therefore

propose an analytical model for the period of the blob oscillations assuming a high β

limit when the transverse motion of the plasma is prevented by the strong magnetic

field in the vertical direction. We model a falling rain blob as a piston problem,

where the rain blob is a piston compressing gas below it. We use a 1D model with

s as the spatial coordinate along the loop. The rain blob has a fixed length 2∆s

and its centre of mass is located at the position sb(t) (Figure 3.9). Its equation of

motion is

m
d2sb

dt2
= −mg(sb)− [pu(sb+∆s)− pd(sb−∆s)] A , (3.7)

where m is the blob mass, A is the effective cross-section of the blob, and g(s)

is the solar gravitational acceleration along a semi-circular loop, that is, g(s) =

g� cos(πs/L). It is measured at the blob’s centre of mass. In order to be able to
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solve the problem analytically, in the subsequent steps we neglect the stratification

of the plasma. pd(sb−∆s) is the plasma pressure of the plasma below the blob,

measured at the lower interface with the blob at s=sb−∆s; pu(sb + ∆s) is the

plasma pressure of the plasma above the blob, measured at the upper interface with

the blob at s=sb+∆s.

The blob is in equilibrium at position s0. We assume that there is no exchange of

mass between the background plasma. Subsequently, the plasma masses above and

below are conserved, and we may write the equilibrium densities as

ρu0 =
Mu

(L−s0−∆s)A
, ρd0 =

Md

(s0−∆s)A
. (3.8)

This allows us to rewrite the equilibrium pressures as

pd0 =
kBTd0Md

m̃(s0−∆s)A
, pu0 =

kBTu0Mu

m̃(L−s0−∆s)A
. (3.9)

Then, the equilibrium position of the blob is the solution of the transcendental

equation

g� cos
(πs0

L

)
= − kBTu0Md

m̃(L−s0−∆s)m
+

kBTd0Mu

m̃(s0−∆s)m
. (3.10)

We introduce the lower density scale height H and sound speed CSd defined as

H =
kBTd0

m̃g�
, CSd =

√
γkBTd0

m̃
, (3.11)

and the following dimensionless variables

θ0 =
πs0

L
, ∆θ =

π∆s

L
, θ1 = π −∆θ ,

h =
πH

L
, ν =

Tu0

Td0
. (3.12)

Subsequently, Eq. (3.10) may be rewritten in dimensionless form as

cos θ0 =
Md

m

h

(θ0 −∆θ)
+
Mu

m

νh

(θ0 − θ1)
. (3.13)

We linearise the equation of motion by considering small amplitude oscillations

around the equilibrium position s0, found by solving Eq. (3.10), such that s = s0+s1
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with |s1| � L. Hence,

m
d2s1

dt2
= −m dg

ds
(s0) s1

−
[
∂pu0

∂s
(s0+∆s)− ∂pd0

∂s
(s0−∆s)

]
s1A

− [pu1(s0+∆s)− pd1(s0−∆s)] A , (3.14)

where p1 is the linear perturbation of plasma pressure. The linear plasma displace-

ment parallel to the equilibrium magnetic field ξ is governed by

ρ0
∂2ξ

∂t2
= −∂p1

∂s
, (3.15)

where ρ0 is the equilibrium plasma density, which we assumed to be uniform. Fur-

thermore, this displacement satisfies the boundary conditions

ξ(0, t) = 0 , ξ(s0−∆s, t) = s1(t) , ξ(s0)+∆s, t) = s1(t) , (3.16)

and is allowed to propagate in the upper region. We find

ξ(s, t) =

{
s1(t) sin(kds)

sin(kd(s0−∆s)) 0 ≤ s ≤ s0 −∆s

s1(t) exp(ikus)
exp(iku(s0+∆s)) s ≥ s0 + ∆s

, (3.17)

where kd and ku are the wave numbers in the lower and upper regions, respectively.

The corresponding pressure perturbation is found from Eq. (3.15):

p1(s, t) =

{
d2s1
dt2

1
kd

Md
(s0−∆s)A

cos(kds)
sin(kd(s0−∆s))

d2s1
dt2

i
ku

Mu
(L−s0−∆s)A

exp(ikus)
exp(iku(s0+∆s))

. (3.18)

Equations (3.9) and (3.18) are substituted into Eq. (3.14):

d2s1

dt2
=

πg�
L

sin
(πs0

L

)
s1

− Md

m

kBTd0

m̃

s1

(s0−∆s)2

+
Md

m

1

kd

1

(s0−∆s)
cot(kd(s0−∆s))

d2s1

dt2

− Mu

m

kBTu0

m̃

s1

(L−s0−∆s)2

− Mu

m

i

ku

1

(L−s0−∆s)

d2s1

dt2
, (3.19)
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Figure 3.10: Solutions for the equilibrium position normalised by the loop length
(left), and for the real and imaginary part of the normalised frequency of the blob
oscillations (centre and right) as a function of loop-to-rain plasma mass ratios.

for which normal mode solutions of the form s1(t) ∼ exp(−iωt) are sought. Equation

(3.19) then turns into a dispersion relation for ω. We introduce the additional

dimensionless variables

Ω =
ωH

CSd
, Kd = kdH , Ku = kuH

√
ν . (3.20)

Equation (3.19) becomes in dimensionless form

Ω2 =
h

γ

[
− sin θ0 +

Md

m

h

(θ0−∆θ)2
+
Mu

m

νh

(θ0−θ1)2

]

+ Ω2h

Md

m

cot
(
Kd(θ0−∆θ)

h

)
Kd(θ0−∆θ)

+ i
Mu

m

√
ν

Ku(θ0−θ1)

. (3.21)

Here <e(ω) determines the angular frequency of the blob oscillations and −1/=m(ω)

sets the e-folding time for the damping due to wave radiation. Lastly, a dispersion

relation is required in the two plasma regions to be able to connect Kd and Ku with

ω. For a slow magnetoacoustic sausage mode, we find k in each region, defined by

the solution to the dispersion relation [Edwin and Roberts, 1983]:

κis

(ω2 − v2
Aik

2)

I ′0(κisa)

I0(κisa)
=

(
ρ0es

ρ0is

)
κes

(ω2 − v2
Aek

2)

K′0(κesa)

K0(κesa)
, (3.22)
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with the squared radial wave number

κ2
ps =

(ω2 − C2
Spsk

2)(ω2 − v2
Apk

2)

(C2
Sps + v2

Ap)(ω
2 − c2

Tpsk
2)

, (3.23)

where a =
√
A/π is the loop cross-section radius, vA the Alfvén speed, cT the tube

speed, and s ∈ {d,u}, p ∈ {i, e}. index i (e) refers to internal (external) conditions

to the loop. The density contrast and Alfvén speed are assumed to be identical in

the lower and upper regions. I0(x) and K0(x) are the modified Bessel functions of

the first and second kind, respectively. We further note that the oscillation seen

in the simulations is essentially a slow magnetoacoustic sausage mode. We solve

for the fundamental radial mode with the phase speed in the interval [cT, cS]. For

ka� 1 the solution is approximately k ≈ ω/CTi.

This is also true for a slab geometry as used in the numerical simulations. Further-

more, for the range of values of density, temperature, and magnetic field strength,

the tube speed varies from the sound speed by less than 10%. Therefore, it is reason-

able to describe the mode with the dispersion relation of a one-dimensional acoustic

mode with k = ω/CSi. Then, Kd = Ku = Ω. Equation (3.21) is solved numerically

together with the equilibrium Eq. (3.13) and the corresponding dispersion relation.

We solve Equations (3.13) and (3.21) for a range of loop-to-rain mass ratios.
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Table 3.1: Blob oscillation parameters

rbc B(G) Md/m Mu/m s0sim (Mm) s0A (Mm) Psim (s) PA (s)

102 20 3.73 7.55 47 ± 4 103 ± 7 3497 ± 100 2344 ± 100

102 30 3.00 4.86 60 ± 4 116 ± 10 3245 ± 100 2805 ± 200

102 40 3.13 4.83 64 ± 4 120 ± 10 3139 ± 70 2830 ± 200

102 60 3.16 4.59 68 ± 4 123 ± 7 3080 ± 40 2869 ± 200

102 100 3.35 4.82 72 ± 4 123 ± 6 3055 ± 10 2818 ± 300

103 100 0.31 1.81 19 ± 1 40 ± 6 1538 ± 200 1393 ± 200

Blob equilibrium positions and average oscillation periods determined from the

simulation (s0sim, Psim) and using the analytical model (s0A, PA) for different

values of blob density and magnetic field strength.

There is a discontinuity in the solution for the equilibrium position of blob from

one loop leg to the other in the case of a high mass of plasma that is confined

below the blob and a low mass of the plasma in the rest of the loop (Figure 3.10).

This discontinuity then further propagates into the solutions for <e(ω) and =m(ω),

resulting in discontinuity in the gradient. This is not likely to occur in a real

gravitationally stratified loop that is initially symmetric, however, unless there is a

direct mass injection occurring into one loop leg alone.

We further focus on the behaviour of the oscillation parameters in limit cases. In

high M/m limit (no coronal rain) both <e(ω) and =m(ω) increase linearly with

M/m. In low M/m limit (no coronal plasma) <e(ω) decreases with
√
M/m while

=m(ω) remains constant (Figure 3.11). Assuming realistic values of the loop-to-rain

mass ratio are of the order of 1-10, the corresponding solutions for <e(ω) and =m(ω)

are of the order of 0.001, or equivalently 1000 s for the period and damping scaling

time.

The comparison of blob oscillation periods determined from the simulation and pe-

riods predicted by the analytical model is shown in Table 3.1. We determine the

loop-to-rain mass ratios (serving as an input for the analytical model) from the final

simulation snapshot at t = 11200 s, which we assume to be the best representation

of the equilibrium state. The blob mass is determined by integrating the plasma

density between blob boundaries, and the mass of the coronal loop plasma above and

below the blob is determined by integrating the density between the blob boundary

and loop footpoints while excluding the high-density chromosphere layer. Estimates

of uncertainties in the parameters predicted by the analytical model are determined
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assuming 20% uncertainty on the position of blob boundaries. The agreement be-

tween the two is best for higher blob density and for high values of the magnetic

field strength. This is as expected given the limitations of the analytical model. It

should be noted that the analytical model considerably overestimates the height of

the equilibrium position in the case of the lowest blob density. The equilibrium posi-

tion predicted by the analytical model is heavily dependent on the input loop-to-rain

mass ratios. In the low-density case, these are inherently more difficult to determine

accurately from the simulation because we lack a well-defined upper boundary of

the plasma blob. Here the elongated tail of the blob accounts for a higher fraction

of the total blob mass than in the higher density cases. The low-density blob is also

more sensitive to sound waves that are reflected from the boundaries (the analytical

model neglects the presence of the upper domain boundary and assumes a radiating

solution above the blob). The validity of the analytical periods and damping times

in the rbc = 102 case is therefore also limited.

Similarly, the agreement between the analytical model and the simulation is worse

for cases with lower magnetic field strength when the plasma below the blob is

less constrained in the transverse direction and hence allowed to expand, whereas

the model explicitly assumes a constant loop cross-section. This also means that

while the blob oscillates, transfer of plasma can occur from the lower loop leg to the

region above the blob, thus invalidating the assumption of a piston-like behaviour.

However, when we use the values corresponding to the case with B = 100 G and

rbc = 103 , which best adheres to assumptions made by the analytical model, this

results in the predicted period of 1393 s and a damping scaling time of 1695 s, which

corresponds to about three clearly observable oscillation periods. This is in good

agreement with the simulation results.

3.6 Discussion and conclusions

The motion and evolution of plasma condensations were found to be strongly affected

by the pressure of the coronal loop plasma, and the pressure gradients can be high

enough to account for the lower-than-free-fall speed of the coronal rain even in finite

magnetic field cases. The fastest downward velocities are in agreement with recent

coronal rain observations. High coronal magnetic field strength or a low mass of

the condensations can lead to oscillatory motion consisting of multiple rebounds

damped through sound wave emission, with the condensation eventually settling

in an equilibrium position supported by the pressure of the underlying plasma.
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Rebounding of the condensation is due to a combined effect of the pressure gradient

force and the magnetic tension force that results from bending of the magnetic field

lines in the lower part of the coronal loop. The period and damping scaling time

of the oscillatory motion are consistent with values determined using an analytical

model for the balance of forces that act on the condensation.

Although the majority of coronal rain condensations are observed to fall directly

towards the solar surface, the individual blobs are sometimes observed to longitu-

dinally oscillate up and down before falling, as show in Chapter 2. This loss of

equilibrium has not been accounted for in our simulations and could be due to the

change in mass of the coronal loop plasma that supports the blob or due to presence

of other condensations. It should further be noted that in the non-equilibrium sce-

nario, siphon flows caused by pressure differences in the loop can significantly affect

the motion of the condensations, sometimes completely overriding the effects of the

plasma pressure gradient and magnetic tension force addressed here.

The analytical model also highlights the fact that the dynamics of the plasma con-

densations (i.e. presence or lack of oscillatory motion and oscillation parameters) is

determined by the loop-to-rain mass ratio. There is still considerable uncertainty

about what fraction of the total mass of the coronal loop plasma condenses into coro-

nal rain after catastrophic cooling takes place; current estimates of the loop-to-rain

mass ratio from observations are in the order of 1 - 10 [Antolin et al., 2015b]. These

estimates are subject to the spatial resolution limits of the instruments, however,

it is therefore likely that a significant fraction of the condensation mass remains

undetected.

The longitudinal oscillations of the coronal rain blobs were typically observed in

transversely oscillating coronal loops [Verwichte et al., 2017a]. This means that

the action of the ponderomotive force that is due to transverse oscillations should

be taken into account [Terradas and Ofman, 2004]. It has been proposed that the

ponderomotive force can in fact affect the motion of the coronal rain condensations;

however, typical amplitudes of the transverse loop oscillations are not sufficient to

fully explain the observed oscillatory motion and sub-ballistic fall rates of coronal

rain on their own [Verwichte et al., 2017a]. The ponderomotive force may still play

a non-negligible role in the condensation dynamics, however, in addition to the ef-

fects of the coronal plasma pressure gradients and magnetic field effects addressed

in this chapter. This is further supported by the fact that the oscillatory behaviour

of coronal rain is usually observed near the loop top, and it suggests that the force

that counteracts the motion under the gravity has a maximum near the loop apex,
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whereas the pressure gradient force was found to have greatest effect on the conden-

sations in the lower part of the loop legs.
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Chapter 4

Excitation of vertical coronal

loop oscillations by plasma

condensations and flows

Contents of this chapter have been published in Kohutova and Verwichte [2017b]

and Kohutova and Verwichte [2018].

4.1 Introduction

Coronal loops are commonly subject to transverse oscillations [e.g. Aschwanden

et al., 1999; Nakariakov et al., 1999; Verwichte et al., 2004; White and Verwichte,

2012]. The basic properties of observed transverse oscillations can be modelled by

assuming a homogeneous flux tube model [Nakariakov and Verwichte, 2005]. This

approximation works reasonably well for predicting basic oscillation characteristics

such as fundamental mode period; however, for more complex oscillatory loop be-

haviour the effects of the density variation within the loop should be considered.

The effect of longitudinal density stratification on the period and spatial structure

of the fundamental kink mode has been studied for straight flux-tube coronal loop

models [Andries et al., 2005a,b; Dymova and Ruderman, 2005, 2006]. For line-

tied flux tubes, the effect of the density structuring on the fundamental kink mode

properties is most significant when it is located near the loop apex and almost

negligible in the case of the density structuring near the loop footpoints [Dı́az et al.,

2006].
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The transverse loop oscillations have been observed to occur in two polarisations;

horizontal [Aschwanden et al., 2002; Schrijver et al., 2002] and vertical [Wang and

Solanki, 2004; Mrozek, 2011; White et al., 2013]. The horizontally polarised oscilla-

tions are typically excited by a nearby flare [e.g. Aschwanden et al., 1999; Verwichte

et al., 2004], while the source of excitation of the vertical oscillations remains un-

clear. They are usually explained by placing an external driver below the loop, by

the reconnection process or by footpoint motion [Brady and Arber, 2005; Gruszecki

and Murawski, 2008; Selwa et al., 2010; White et al., 2013]. Subsonic siphon flows

have also been proposed as a possible excitation mechanism [Ofman et al., 2012].

Given that many coronal loops are subject to thermal instability undergoing catas-

trophic cooling, as shown by recent observations [Antolin and Rouppe van der Voort,

2012], a significant fraction of loops are likely to contain an overdense region in the

part of the loop where the condensation occurs which is typically near the loop apex.

As shown in Chapter 2, small amplitude transverse oscillations are often present in

rainy coronal loops, with the observed loops in question typically tilted with respect

to the photospheric normal [Antolin and Verwichte, 2011; Verwichte and Kohutova,

2017].

A 1D mechanical model for the excitation of small amplitude transverse oscillations

by the coronal rain condensations via their concentrated mass was proposed by

Verwichte et al. [2017a]. These authors also showed that small amplitude transverse

oscillations analysed in Chapter 2 could be excited by the coronal rain. In the

special case of a coronal loop lying in a plane perpendicular to solar surface, this

mechanism would lead to the excitation of oscillation polarised in vertical direction

only.

The first observational evidence of excitation and evolution of vertical coronal loop

oscillations caused by catastrophic cooling and coronal rain formation was shown in

Verwichte and Kohutova [2017]. The observations presented therein also showed a

change of the oscillation period over the duration of the loop evolution caused by

the drainage of the coronal loop mass by the coronal rain.

In the following study we carry out 2.5D MHD simulations of a coronal loop with cool

plasma condensation region at the loop apex in order to investigate the possibility

of the excitation of transverse loop oscillations by the mass of the condensation

plasma. We also look for signatures of shift in the fundamental kink mode period

previously seen in coronal rain observations by Verwichte and Kohutova [2017].

In addition, we investigate effects of plasma flows on the coronal loop. High speed
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plasma flows are ubiquitous in the solar corona. Flow velocities are measured by

Doppler shifts in the spectral data in the case of line-of-sight motions and by feature

tracking using imaging data when the motion is perpendicular to the line of sight.

Sub-Alfvénic flows with speeds around 100 km s−1 are the most common, with faster

flows sporadically occurring in the vicinity of energetic events such as CMEs or in

flaring regions [Innes et al., 2001, 2003; Harra et al., 2005]. Unidirectional flows along

the coronal loop from one footpoint to the other caused by the pressure difference

between the footpoints are known as siphon flows and multiple analytical solutions

for which exist for non-hydrostatic coronal loops [Cargill and Priest, 1980; Mariska

and Boris, 1983; Orlando et al., 1994]. Siphon flows were observed in imaging data

by TRACE [Doyle et al., 2006] and STEREO [Tian et al., 2009] as well as by using

Doppler shifts in spectral data by SOHO/SUMER and Hinode/EIS [Teriaca et al.,

2004; Tian et al., 2008]. They are also often seen in simulations of coronal loop

dynamics and evolution, often in the response to the asymmetric footpoint heating

of the coronal loop [McClymont and Craig, 1987; Mariska, 1988], or as a result of

internal pressure gradients in the loop following the onset of thermal instability and

coronal rain formation [Fang et al., 2013, 2015].

The interplay between flows and coronal loop oscillations is twofold. Presence of

a steady flow in a uniform flux tube modifies the oscillation profile and increases

the period of the fundamental harmonic [Terradas et al., 2011]. Conversely, flows

in a coronal loop can lead to excitation of a variety of magnetoacoustic modes

as shown in Ofman et al. [2012], who studied excitation of slow and fast mode

oscillations in a coronal loop with high speed inflow driven either continuously or

periodically. The main effect of the flow was to excite damped slow magnetoacoustic

modes propagating along the loop. They also observed excitation of an oscillation

mainly in the plane of the loop in the direction parallel to solar surface with the

displacements of both loop legs in phase, with properties similar to the second

harmonic of a vertical kink mode. It was suggested here that the oscillations are

excited by the momentum of the initial pulse and the centrifugal force. We therefore

carry out 2.5 MHD simulations of a coronal loop with an impulsive flow triggered

by the pressure difference between the footpoints to investigate the possibility of the

excitation of transverse loop oscillations by fast moving plasma.

The chapter is structured as follows. Section 4.2 describes the numerical setup used

to study evolution of a coronal loop arcade embedded in a realistically stratified

atmosphere. In Section 4.3 we study the excitation of transverse loop oscillations by

plasma condensations. The presence of a dense condensation region near the loop
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apex is found to excite sustained, small amplitude, vertically polarised transverse

loop oscillations. We analyse the oscillation parameters as a function of condensa-

tion region mass and calculate the expected change in the period of the fundamental

mode due to changing density profile along the loop, which is a result of the conden-

sations falling down towards the loop footpoints under the influence of gravity. In

Section 4.4 we investigate excitation of transverse loop oscillations by an impulsive

flow triggered by the pressure difference between the footpoints and show that the

excitation is primarily caused by the centrifugal force due to plasma moving along

curved magnetic field lines. We also investigate the dependence of the oscillation

amplitude on the kinetic energy of the fast-flowing material and deduce conditions

under which are the flow-excited oscillations observable. Section 4.5 contains de-

tailed discussion of the simulation results and their implications.

4.2 Numerical model

We solved the nonlinear MHD equations using Lare2d [Arber et al., 2001] assuming

perfectly ionised, fully conductive plasma and using the ideal equation of state. We

included the effect of gravity and shock viscosity. The role of shock viscosity is to

introduce dissipation at strong gradients only, preventing false oscillations behind

the shock that would arise from applying second order accurate finite difference

scheme when the pressure difference exceeds the jump condition. Thermal conduc-

tion and radiative transport terms were not included in the energy equation. The

equations were solved on a square, uniform 1024× 1024 grid with the extent −100

Mm 6 x 6 100 Mm in horizontal direction and 0 Mm 6 y 6 200 Mm in the ver-

tical direction. Grid convergence study has been carried out in order to check the

convergence of the numerical results. We set up the problem so as to represent a

relatively long coronal loop embedded in a magnetic arcade which contains a high-

density, low-temperature condensation region at its apex (Figure 4.1). The gravity

was assumed to be uniform and along negative y-direction. Both the coronal loop

and the ambient plasma are gravitationally stratified.

The equilibrium magnetic field is given by a current-free magnetic arcade model

determined by the potential ~A = −B0HB cos(x/HB)e(−y/HB)~̂z [Priest, 1982] such

that the magnetic field components are given by:

(Bx, By, Bz) = B0[cos(x/HB),− sin(x/HB), 0]e−y/HB , (4.1)
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Figure 4.1: Left: Initial density configuration of the coronal loop with cool conden-
sation region for µ = 0.7. The white lines show the B-field direction. Right: Alfvén
speed profile along the centre of the coronal loop.

where HB is the magnetic scale height given by HB = W/π with W = 200 Mm

being the horizontal extend of the arcade and B0 = 70 G is the magnetic field at

y = 0. This results in the magnetic field of ∼ 20 G at coronal heights, which is

representative of real coronal conditions.

We assumed the background temperature to be constant in the x-direction and in the

y-direction we create a smoothed step function temperature profile representative

of an atmosphere consisting of a cool chromosphere, transition region layer and hot

corona [Cargill et al., 1997]:

T (y) =
1

2
(Tcor + Tph) +

1

2
(Tcor − Tph) tanh

(
y − yt

∆y

)
, (4.2)

with photospheric temperature Tph = 6× 103 K, coronal temperature Tcor = 106 K,

yt = 4 Mm and ∆y = 1 Mm. The temperature variation controls the pressure scale

height Λ(y):

Λ(y) =
kbT (y)

mg�
, (4.3)

where g� = 274 m s−2 is the average solar surface gravity and m is the mean par-

ticle mass. The density profile for the non-isothermal stratified atmosphere is then

determined by numerically solving for a hydrostatic pressure balance:

p(y) = p0 exp

(
−
∫ y

0

dy′

Λ(y′)

)
, ρ(y) =

mp(y)

kbT (y)
. (4.4)

The coronal loop was modelled as a density enhancement along a magnetic field line
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defined by:

yL(x) =
1

2
HB

[
ln

(
cos(x/HB)

cos(h/HB)

)
+ ln

(
cos(x/HB)

cos((h− a)/HB)

)]
, (4.5)

where h = 90 Mm and a = 3 Mm is the loop scale width. The density variation

between the loop and the background medium is given by the symmetric Epstein

profile [Nakariakov and Roberts, 1995]:

ρ(x, y) = ρe(x, y) + (ρi(x, y)− ρe(x, y)) sech2

(
(y − yL(x))

a

)
, (4.6)

where ρe and ρi are external and internal densities respectively. We assumed a

constant density contrast χ = ρi/ρe = 10 along the whole loop. The density strat-

ification was calculated using base density ρ0 = ρe(y = 0) = 5 × 10−8 kg m−3,

resulting in a density in the upper half of the loop of the order of 10−11 kg m−3,

that is, representative of coronal values. The bottom domain boundary was fixed

to create a line-tied loop and the boundary conditions along the remaining three

boundaries are symmetric (i.e. gradients set to zero).

4.3 Excitation of vertical loop oscillations by plasma

condensations

The plasma condensation region was represented as a density enhancement su-

perimposed on top of the equilibrium density profile, accompanied by the corre-

sponding low temperature region necessary to maintain the plasma pressure bal-

ance and to prevent rapid initial expansion. The two-dimensional (2D) Gaussian

density enhancement is positioned at x0 = 0 Mm and y0 = yL(x0) and has widths

σx = 7 Mm in horizontal direction and σy = 1 Mm in vertical direction and height

ρblob = rbcρbg(x0, y0), with rbc being the density contrast between the peak conden-

sation density and the density ρbg of the hot background plasma at the loop axis at

the same position in height.

Without the presence of the condensation region, the whole system is in near-

equilibrium state (it should be noted that we are not explicitly forcing plasma

pressure balance inside and outside of the coronal loop, this is however negligi-

ble, since the plasma-β is small and the magnetic pressure dominates, preventing

loop expansion). The finite mass of the condensation region, however, displaces the

axis of the coronal loop downwards which triggers vertically polarised transverse
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Figure 4.2: Top: Ripples due to Rayleigh-Taylor instability formed at the interface
between the condensation region and ambient coronal plasma near at the top of
the loop at t = 5544 s. Bottom: Subsequent fragmentation of tails of downfalling
plasma condensations at t = 6720 s.

loop oscillations.

The excitation of the vertical oscillations is studied for six different values of peak

density of the condensation region, with the density contrast ranging from rbc = 10

(ρ = 9.2×10−11 kg m−3) to rbc = 200 (ρ = 1.8×10−9 kg m−3). This corresponds to

fraction of rain mass relative to total loop mass including rain ranging from µ = 0.19

to µ = 0.83.

Initially, the loop top is displaced downwards by the mass of the condensation re-

gion, resulting in onset of a vertically polarised transverse loop oscillation. For low

condensation region densities (µ = 0.19 to µ = 0.54) the cool plasma is confined to

the loop top by combination of the pressure from the underlying plasma and the

ponderomotive force resulting from the loop oscillations directed towards the antin-

ode of the oscillation, that is, the loop apex for the fundamental harmonic [Verwichte

et al., 2017a]. The amplitude and period of the loop oscillation stays approximately

constant for the duration of the simulation. For the high condensation region den-

sities (µ = 0.62 to µ = 0.83) the cool plasma falls towards the loop footpoints along

both sides of the loop similar to a real coronal rain shower scenario. This results in

long period, large amplitude oscillations transitioning into persistent, smaller am-

plitude, shorter period oscillations once the condensations have fallen into the lower

loop legs, where their mass has negligible effect on the loop oscillation period. The

downfalling plasma blobs elongate as they fall due to the differential effective gravity
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Figure 4.4: Loop axis displacement from its original position as a function of time
and position along the loop for µ = 0.7.

component acting along the finite length of the blob. The blobs develop elongated

wings, leaving an evacuated region behind. The development of this v-shape is likely

caused by the fact that the motion of the blob is subsonic in the background plasma

but supersonic for its own temperature, leading to shock behaviour. The blobs are

then gradually slowed down and ultimately rebound multiple times in the lower loop

leg due the combined effect of the underlying plasma pressure and magnetic tension

force counteracting the effective gravity [Mackay and Galsgaard, 2001]. This type

of oscillatory motion of plasma condensations in longitudinal direction was studied

in detail in Chapter 3.

The density difference between the condensation region and the background plasma
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Figure 4.5: Time-distance plots at the loop apex for different values of condensation
region masses. White solid lines show the centre of the loop profile determined by
Gaussian fitting. Black dotted lines show best-fit damped sine function.
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leads to onset of the Rayleigh-Taylor instability at the loop apex. Ripples of cool

plasma are formed in the condensation region and later lead to fragmentation of the

tails of the downfalling plasma blobs (Figure 4.2). A similar phenomenon can be

seen in coronal rain observations, which typically show a lot of structuring in the

longitudinal direction, resulting in a clumpy appearance of the downfalling coronal

rain material [e.g. Antolin and Rouppe van der Voort, 2012; Antolin et al., 2015b].

Small fraction of the cool condensation plasma remains confined at the loop apex.

This is caused by the action of the ponderomotive force pushing the plasma in the

vicinity of the loop top towards the apex point where the effective gravity is zero. As

the simulation setup is symmetric, the plasma remains trapped here for the duration

of the simulation.

In order to analyse the evolution of the oscillation in detail, at each timestep we

take a cut along the domain centre perpendicular to the loop axis to create den-

sity time-distance plots. The loop displacement time series is obtained by fitting

a Gaussian to the density profile at each timestep. For the two peak profile seen

at the higher condensation densities due to evacuation of the loop centre this ap-

proach leads to tracking one of the loop edges. Damped sine function of the form

ξ(t) = ξ0 exp(−t/τ) sin(ωt + φ) is fitted to the loop top displacement timeseries at

the beginning and end of the simulation to obtain oscillation periods and ampli-

tudes shown in Table 4.1. The periods and amplitudes of the oscillation during the

initial phase increase with increasing mass of the condensation region (Figure 4.3).

After most of the condensation mass has fallen from the loop top towards the loop

footpoints, the oscillation period decreases to less than half of the original value.

This is a result of change in the longitudinal density distribution along the loop,

even though the total mass of the plasma in the loop remains conserved. A small

degree of periodic modulation of the period can be observed during the latter half

of the simulation as the plasma blobs oscillate in lower loop legs. The oscillation

displacement profile of the fundamental harmonic also evolves with time, starting

with a concentrated peak at the loop top and gradually broadening into a sine-like

profile as the dense plasma moves towards loop footpoints (Figure 4.4).

Using an expression from Verwichte et al. [2017a] for the amplitude of a vertical

oscillation excited by a dense plasma blob ξ0 based on a 1D mechanical coronal rain

model:

ξ0 = (5.0± 0.6)10−3

√
1− 2θ

π
µL , (4.7)
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Figure 4.6: Internal density profiles used for the calculation of the oscillation period
in thin flux tube approximation for the µ = 0.7 case. Solid and dashed line show
initial and final state of the loop respectively.

where θ is the angle between the loop plane and the photospheric normal, µ is the

rain mass fraction and L is the length of the loop we estimate expected oscillation

amplitudes for all condensation masses. We find that amplitude values predicted

by this model agree with the oscillation amplitudes determined from the simulation

for lowest masses of the condensation region, while at higher masses the two diverge

and the 1D mechanical model underestimates the oscillation amplitude (Figure 4.3).

Here we note that the simulated scenario does not comply with number of assump-

tions made in the 1D mechanical model, namely the assumption of small size of

the plasma blobs and the constant loop length. The size of the condensation region

used in the simulation is extended in the longitudinal direction, that is, along the

loop axis and therefore cannot be approximated by a point-like mass. Similarly the

coronal loop is significantly deformed in the simulation, thus violating the constant

loop length assumption. The applicability of the 1D kinematic model to the cases

with high condensation region masses studied here is therefore limited. It is how-

ever encouraging that the two models agree within their common range of validity

at low condensation region masses. Furthermore, these results not only confirm that

the presence of coronal rain is a possible excitation mechanism of transverse loop

oscillations but also show that its effect is even greater than originally predicted.

We further determine the dependence of the loop oscillation periods on the longi-

tudinal density profile of the loop semi-analytically using a 1D model. The vertical

oscillation of a loop with longitudinal density dependence can be modelled in the

thin flux tube limit using the equation [Dymova and Ruderman, 2005, 2006]:
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d2ξ

ds2
+
ω2

C2
k

ξ = 0 , (4.8)

where ξ(s) is the loop displacement, ω is the mode frequency, C2
k = 2B2/µ0(ρi(s) +

ρe(s)) and s is the coordinate along the loop. To model a line-tied coronal loop, ξ(s)

must satisfy the boundary conditions ξ(0) = ξ(L) = 0. Equation (4.8) is derived

for the case of the uniform magnetic field. In the case of magnetic field variation

in the longitudinal direction ξ(s) in Eq. (4.8) modifies to ξ(s)/
√
B(s) [Ruderman

et al., 2008]. This change of the normalisation however only affects the displacement

profile of the oscillation; the oscillation period remains unchanged.

Equation (4.8) for the thin flux tube model is solved numerically, with the mode

frequency subsequently determined using a shooting method. Internal and external

plasma density and magnetic field strength profiles along the loop are determined

using the same magnetic field and density configuration as described in Sect. 2

and by averaging along the transverse direction of the loop. We solve the equation

for all condensation region masses and for each mass we use two different density

profiles; one corresponding to the initial state of the loop with density enhancement

located at the loop apex, and one with the density enhancement split into two

components each located in one loop leg, representative of the final state of the

loop, where the condensation mass has fallen down under the influence of gravity

(Figure 4.6). The resulting initial and final periods are shown in Table 4.1. For

all condensation region masses, the thin flux tube model is found to overestimate

the periods of the fundamental oscillation mode by about a factor of two compared

to the periods determined from the simulation. The simulation setup used in this

work is equivalent to modelling the loop as a curved magnetic slab rather than thin

flux tube model used in the above calculation. We therefore attribute this difference

to a different geometry used by the two models. The initial to final period ratios

however agree with the simulation results for the higher condensation region masses

(µ = 0.62 to µ = 0.83). We refrain from calculating the final state periods (i.e. with

two density enhancements in the loop legs) for the low condensation region masses

(µ = 0.19 to µ = 0.54) as in these cases there is no significant mass redistribution

along the length of the loop during the simulation.

We further proceed to 1D calculation done for the case of a magnetic slab. The main

caveat in this approach is that in the slab case, the kink speed is not well defined

and the phase speed of a fast kink mode in a slab instead tends to external Alfvén

speed in the long wavelength limit [Edwin and Roberts, 1982]. External Alfvén
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speed of the loop in our setup however does not contain the information about the

high density region. In order to incorporate the density variation inside the loop

into a slab model, Ck in Eq. (4.8) is replaced by VAe(s) = B(s)/
√
µρi(s)/χ, where

ρi is the density along the centre of the loop and χ = 10 as specified in Sect. 2. This

is not strictly correct as it assumes constant density contrast between the internal

and external density profile which is equivalent to assuming that the structure of

the external medium self-adjusts such that it reflects the density structuring along

the centre of the loop. This is further supported by the fact that both the oscillation

periods and period ratios calculated using this approach diverge from the simulation

values with increasing mass of the condensation region (Table 4.1).
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Table 4.1: Loop oscillation parameters

rbc µ Ps1 ξ0s1 Ps2 ξ0s2 Ps1/Ps2 Ptube1 Ptube2 Ptube1/Ptube2 Pslab1 Pslab2 Pslab1/Pslab2

(s) (Mm) (s) (Mm) (s) (s) (s) (s)

1× 101 0.19 356 0.16 354 0.15 1.0 758 - 1.0 555 - 1.0

3× 101 0.41 459 1.01 460 0.77 1.0 931 - 1.0 850 - 1.0

5× 101 0.54 537 1.79 554 1.13 1.0 1079 - 1.0 1068 - 1.0

7× 101 0.62 602 2.56 341 1.97 1.8 1210 712 1.7 1248 474 2.6

1× 102 0.70 711 3.76 311 2.69 2.3 1385 735 1.9 1478 532 2.8

2× 102 0.83 902 7.01 409 3.68 2.2 1853 809 2.3 2068 697 3.0

Initial and final oscillation periods and amplitudes for different condensation region masses determined from the

simulation (Ps1, Ps2) and calculated using the thin flux-tube model (Ptube1, Ptube2) and slab model (Pslab1, Pslab2).

We do not include 1D model final state periods for the low condensation region masses as there is no significant

mass redistribution during the simulation.
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Figure 4.7: Left: Initial density configuration of the coronal loop. Right: Initial
pressure configuration showing enhanced pressure in the left foot point. The white
lines show the B-field direction.

4.4 Excitation of vertical loop oscillations by siphon

flows

In order to establish a siphon flow, the pressure difference between the loop foot-

points is created by increasing the pressure of left footpoint according to

P = ΠPeq exp

(
−

(x− xfp)2

2σ2
x

− (y − yL)2

2σ2
y

)
(4.9)

where σx = 5 Mm, σy = 1 Mm, xfp is the x-coordinate of the left footpoint, Peq(x, y)

is the background equilibrium pressure and Π is the contrast between the peak

and equilibrium values at the footpoint (Figure 4.7). This pressure enhancement

corresponds to increase in temperature by the same factor, assuming the density

remains at the equilibrium values.

We run simulations for 5 different values of amplitude of the pressure enhancement

corresponding to the values of the pressure contrast Π = 30, 40, 50, 70 and 100. In

all cases, the pressure imbalance between the footpoints triggers a flow of material

from the left footpoint to the right, as clearly seen in a time-distance plot of the

density along the loop against time (Figure 4.8). As the material approaches the

right footpoint, it rebounds in the opposite direction. This process repeats with the

material traversing the apex multiple times with decreasing speeds. The mechanism

for this rebound is associated with the pressure build-up in the plasma close to the

footpoints and with the action of the magnetic tension force resulting from bending

of magnetic field lines and has been investigated in detail in Mackay and Galsgaard
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Figure 4.8: Time-distance plot of the density along the loop averaged over 3 Mm in
the direction perpendicular to the loop axis for Π = 50 during first 5600 s.

[2001] and in Chapter 3.

During the initial phase of the flow, the fast moving material travels past the loop

apex at the maximum speed. The centrifugal force on the fast flowing plasma

initially displaces the loop axis outwards. The restoring action of the Lorentz force

pulls it back down resulting in onset of a fundamental harmonic of a fast kink

mode, as seen in the plot of the loop axis displacement determined as a function

of distance along the loop. As seen from the time-distance plots of the location of

the loop apex as a function of time shown in Figure 4.9, there is a delay of ∼ 300 s

between the launch of the flow and the onset of the oscillation. This suggests that

the excitation happens when the fast moving material first passes the apex of the

loop. This is as expected taking into account the magnetic field geometry in our

setup; the centrifugal force is inversely proportional to the radius of the curvature,

which is greatest at the loop apex.

These oscillations are not predominantly caused by the overdensity at the loop apex

as studied in Section 4.3, despite the fact that a considerable mass of plasma is

passing through the loop apex, as this would result in a downward displacement of

the loop axis. Figure 4.10 shows that the loop axis is displaced outwards, suggesting

that this effect is negligible compared to the effect of the centrifugal force.

In order to analyse the loop oscillations, at each timestep we take a cut along the

centre of the domain perpendicular to the loop axis to create density time-distance

plots. The loop apex displacement time series is obtained by fitting a Gaussian to

the density profile at each timestep. We determine the loop oscillation parameters

by fitting a sine function of the form ξ(t) = ξ0 sin(ωt+ φ) to the loop displacement

time series. The average oscillation period is ∼ 340 s; although a slight modulation of
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Figure 4.10: Loop axis displacement from its original position as a function of time
and position along the loop for Π = 50.
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Figure 4.11: Dependence of loop oscillation amplitude on kinetic energy density of
the moving plasma at the loop apex. Solid blue line shows exponential fit to the data
and dashed blue line shows linear expansion for small values of εk. Black dashed
line shows linear fit to the data.
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the oscillation period is present for all pressure amplitudes, caused by the changes of

the longitudinal density profile of the loop resulting from the motion of the flowing

material along the loop axis (as studied in Section 4.3). The amplitude of the

oscillation varies from 0.7 to 2.2 Mm and increases with increasing pressure contrast

at the footpoint, leading to faster flow velocity. The average speeds at which the flow

passes the loop apex vary from 63 to 96 km s−1, while the sound speed at the loop

apex is ∼ 170 km s−1. We determine the kinetic energy density of the flow plasma

using the average flow speed and the average density of the fast moving plasma at

the apex. The dependence of the oscillation amplitude on the flow kinetic energy

is approximately linear for small values of kinetic energy density and diverges from

the linear regime for larger values (Figure 4.11).

An estimate of the amplitude of the oscillation excited by the flow can be obtained

by writing down an equation for a flow driven kink oscillation:[
∂2

∂t2
− C2

k

∂2

∂s2

]
ξ =

ρ∆s

ρLLloop

V 2
0

R(s)
G(s, t) , (4.10)

where Ck is the kink speed and the right hand side represents the driving centrifugal

force. Here V0 is the average flow velocity, R(s) is the radius of the curvature of

the loop as a function of distance along the loop, the ρ∆s/ρLLloop term represents

the mass of the plasma contained in the flow normalised by the total loop mass and

G(s, t) is the shape of the flow pulse (to account for the fact that the flow due to

the footpoint pressure difference is localised, as opposed to a uniform flow along

the whole loop) represented by a dimensionless and normalised function of time and

distance along the loop. The loop displacement ξ can be written as a superposition

of normal modes ξ = Σan sin(kns). Similarly, G(s, t)/R(s) = Σgn(t)/Rn sin(kns).

Equation (4.10) therefore becomes[
d2

dt2
− ω2

n

]
an =

ρ∆s

ρLLloop

V 2
0

Rn
gn(t) , (4.11)

where ωn is the mode frequency. This leads to the estimate of the mode amplitude

given by

an ∼
ρ∆s

ρLLloop

V 2
0

Rn

gn(t)

ω2
n

. (4.12)

Assuming V0 = 80 km s−1, g1 = 1 for a sine-like pulse, R1 = 90 Mm, ω1 = 0.018 rad

s−1 corresponding to oscillation periods of ∼ 340 s, ∆s/Lloop = 0.5 and ρ/ρL ∼ 10

results in the amplitude of the fundamental harmonic a1 ∼ 1 Mm, i.e. in agreement

108



with the simulation amplitudes.

4.5 Discussion and conclusions

4.5.1 Effect of dense condensation region

We presented 2.5D MHD simulations of the evolution of a coronal loop with a cool

and dense condensation region located at the loop apex. The mass of the condensa-

tion region was found to excite vertically polarised transverse loop oscillations. We

analysed the dependence of the amplitudes and periods of the excited oscillations

as a function of condensation region mass. The observed shift in the fundamental

kink mode period of the loop following a coronal rain shower seen in the simulation

agrees with the period shift described in Verwichte and Kohutova [2017], where it

was explained as a consequence of the drainage of the total loop mass by the coro-

nal rain into the chromosphere. Here we have shown that period shifts can also be

explained by redistribution of the mass along the length of the coronal loop as the

cool dense plasma falls from the top of the loop.

Long term confinement of the plasma at the loop apex seen in the simulation is

not likely for real loops undergoing condensation formation due to lack of symmetry

being common in these cases. This lack of symmetry can be due to a number of

reasons such as the asymmetric nature of footpoint heating mechanism or due to

siphon flows caused by the pressure difference between the footpoints. It has indeed

been observed that the latter can lead to shifting the condensation region away from

the loop apex such that the coronal rain is seen to fall along one loop leg only as

shown in Chapter 2.

The development of Rayleigh-Taylor instability along the interface between the

dense condensation plasma and coronal plasma at the bottom edge of the loop apex

resulting from the density difference between the two was seen during early stages

of the loop evolution. This resulted in a formation of ripples along the interface and

subsequently lead to fragmentation of the tails of the downfalling condensations.

The Rayleigh-Taylor instability has been observed to develop in prominence-corona

transition region in cases where dense prominence plasma is suspended above a

coronal cavity [Berger et al., 2010; Hillier et al., 2012]. It is however unclear if such

scenario is realistic in coronal loops undergoing condensation formation, given the

realistic density estimates and taking into account typical magnitudes and orienta-

tion of the magnetic field (which at the loop top is parallel to the fluid interface).
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The fragmentation of the condensed plasma seen in our simulation resulting from

the Rayleigh Taylor instability is however in line with observed clumpy structure of

the coronal rain.

The approach used here imposes the existence of the condensation region as an

initial condition and hence the density enhancement is introduced abruptly, which

is equivalent to assuming that the catastrophic cooling leading to condensation

formation occurs instantaneously. Here we point out that in the real scenario, the

condensation formation process will be gradual and the coronal loop can be expected

to readjust to some extent while the condensation region is being formed. This will

limit the effect of the density enhancement on the oscillatory behaviour of the loop.

We can estimate whether the vertical oscillations will still be triggered during the

gradual formation process by comparing the characteristic radiative cooling time

scale with the typical oscillation amplitude. The radiative cooling time scale τrad

can be estimated using the RTV radiative loss function:

n2
eχRT

α ' kb

(γ − 1)
ne

T

τrad
, (4.13)

where ne is the plasma electron density, γ is the ratio of specific heats, χR and α are

radiative loss function coefficients as given in Rosner et al. [1978]. Using the typical

coronal values T = 106 K and ρ = 10−11 kg m−3 as employed in the simulation,

we obtain τrad = 300 s, i.e. similar but less than the typical oscillation periods of

400 - 900 s. This is the higher bound on the τrad since as the condensation forms,

the density increases from coronal to chromospheric values and the characteristic

radiative cooling time scale will further decrease. In this particular scenario it

can be concluded that the condensation formation is abrupt enough for the loop

oscillations to be triggered. In addition, we also use the temperature and density

values determined from the observations in Verwichte and Kohutova [2017] and

obtain τrad ∼ 500 s as compared to the typical oscillation period of ∼ 150 s observed

therein, i.e. the same order of magnitude but larger. Here it should be pointed out

that the determination of the plasma electron density from the observations depends

on the assumption of line-of-sight depth of the loop and is therefore subject to large

uncertainties. The oscillations and catastrophic cooling can therefore be expected to

occur on similar time scales, exact balance of which is subject to specific conditions

in the loop.

A decrease in the oscillation period similar to the one studied in this work was

found in cooling loops [Morton and Erdélyi, 2009; Ruderman, 2011; Magyar et al.,
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2015]. Both have the same fundamental cause, the change in the longitudinal density

profile of the loop, namely the redistribution of the loop plasma from the loop top

to the loop footpoints. However, the processes leading to the mass redistribution

are different in the two cases; in our case the cause are downfalling condensations,

modelled as a result of catastrophic cooling process with short timescale τcool. The

change in period due to downfalling condensations is therefore abrupt and occurs

on a timescales of ∼ 100 s, that is, the time it takes for the condensations to move

significantly under the influence of gravity. In the latter scenario it is the gradual

flow of mass from the loop top to the loop points caused by temperature decrease

leading to scale-height decrease as a result of gradual cooling process with long τcool.

The period change due to loop cooling obviously depends on the cooling timescale,

but is usually more gradual and in the above studies occurs on timescales of ∼ 1000

s.

A natural extension of the work presented here is to model the coronal rain self-

consistently, that is, model the whole process of thermal instability onset and coronal

rain formation starting with a footpoint-heated stratified loop and look for signatures

of vertical oscillations. The excitation of the vertical oscillations will then depend

on the fraction of the total loop mass that condenses to form coronal rain and on the

spatial distribution of the condensed plasma as well as on the temporal evolution of

the condensation process. The approach used in this chapter however enables us to

carry out a parameter study. Imposing the existence of the condensation region as

an initial condition gives us control over its properties, which makes it easier for us

to understand the conditions under which the excitation of the vertical oscillations

is significant and how the condensation mass affects the periods and amplitudes of

the excited oscillations.

4.5.2 Effect of siphon flow

The flows of plasma with speeds below 100 km s−1 are common in dynamic coronal

loops [Teriaca et al., 2004; Doyle et al., 2006]. We found that a siphon flow with

realistic speed is capable of exciting vertically polarised transverse loop oscillations

with observable amplitudes ranging from few hundred km to 2 Mm, depending on

the flow speed and the length of the loop. In addition to rapidly damped large

amplitude transverse loop oscillations excited by a blast wave or a nearby flare and

damped within few oscillation periods [e.g. Aschwanden et al., 1999; Nakariakov

et al., 1999; White and Verwichte, 2012], there are multiple observations of small

amplitude persistent transverse loop oscillations seen by SDO/AIA in quiet regions
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with no apparent excitation mechanism [Wang et al., 2012; Nisticò et al., 2013].

These are typically explained by footpoint motions driven from the photosphere. In

addition to the excitation of oscillations linked to thermal instability and coronal

rain formation [Verwichte and Kohutova, 2017] also studied in Section 4.3, siphon

flows (whether sustained of intermittent) hence act as another possible excitation

mechanism that can explain these small amplitude sustained oscillations.

Pressure enhancement at one footpoint, which is equivalent to enhancement in tem-

perature can occur as a result of asymmetric footpoint concentrated heating. Hence

our problem could also be set up by enabling thermal conduction and heating one

footpoint, rather than imposing a pressure enhancement as an initial condition.

Neglecting thermal conduction does not have a significant effect on the large scale

evolution of the loop and excitation of the oscillations, as verified by a test run for

the Π = 50 case with the thermal conduction enabled. This is not surprising as the

thermal conduction timescale τκ ∼ L2nekB/κ0T
5/2 is of the order of ∼ 1000 s for

coronal values used here and L = 10 Mm, which is long compared to the timescale

on which the flow with average speed 100 km s−1 travels over the same distance

τflow ∼ 100 s. Our approach was therefore chosen purely due to being less computa-

tionally expensive. Considering likely differences in the response of the loop plasma

to the pressure enhancement once both thermal conduction and radiative losses are

taken into account, the most accurate way to simulate flow velocities resulting from

pressure imbalance would be using a fully self-consistent approach. This would

involve including thermal conduction together with radiative losses, steady back-

ground coronal heating and using additional asymmetric footpoint heating term to

create the pressure imbalance and trigger the flow.

We note that we observed excitation of fundamental harmonic with the maximum

displacement of the loop axis at the loop apex, in contrast to oscillations with

maximum displacement in the loop legs reminiscent of second order harmonic seen

in Ofman et al. [2012]. We attribute this difference to differences in the magnetic

field configuration used in the two studies, with the radius of curvature of magnetic

field lines being greater in coronal loop legs using our model.

It has also been proposed that the centrifugal force can result in excitation of trans-

verse loop oscillations by fast moving coronal rain condensations formed in the loop

as a result of thermal instability [Verwichte et al., 2017b]. However, the coronal rain

blobs typically move with sub-ballistic speeds caused by pressure of the underlying

plasma [Oliver et al., 2014] with only a small fraction having faster than free fall

speeds [Antolin and Verwichte, 2011]. The fast speeds are typically explained by
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the blobs being accelerated by a background flow of the plasma [Müller et al., 2005;

Fang et al., 2015]. In this scenario, it is the combined effect of the fast moving cool

blobs and the flow that can act as an oscillation excitation mechanism.
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Chapter 5

Summary

This work addressed the interplay between MHD oscillations and coronal rain. We

presented observational evidence of thermal instability and an associated analysis

of temperature and density evolution of a thermally unstable coronal loop; evidence

and analysis of transverse coronal rain oscillations; and a detailed study of kine-

matics and evolution of coronal rain condensations utilising high resolution solar

observations from multiple space-based instruments. We further studied observed

phenomena by carrying out large scale numerical simulations of coronal rain for-

mation and evolution to pinpoint fundamental physical mechanisms responsible for

behaviour seen in observations. We established possible reasons for observed sub-

ballistic motion and for longitudinal oscillations of coronal rain condensations. We

further established that the thermal instability and coronal rain can lead to the ex-

citation of transverse coronal loop oscillations and addressed excitation mechanisms

linked to presence of a cool and dense condensation region and to siphon flows

caused by pressure imbalance between loop footpoints. This section summarises

conclusions resulting from each chapter.

In Chapter 2 we analysed transverse oscillations and kinematics of coronal rain

observed by IRIS, Hinode/SOT and SDO/AIA. Two different regimes of transverse

oscillations traced by the rain in the studied coronal loop were observed: small-

scale oscillations with mean period of 3.4 min and amplitudes between 0.2-0.4 Mm

observable along the whole loop length and large-scale oscillations with mean period

17.4 min and amplitudes around 1 Mm, observable only in the lower part of the loop.

The small scale oscillations were visible during most of the duration of the dataset

without any observable damping, they were therefore likely driven by a continuously

operating process. The collective behaviour of the individual oscillating strands and
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lack of phase shift suggests they correspond to a standing wave excited along the

whole loop. The 3.4 min period of this oscillation regime is consistent with period

expected for a fundamental harmonic of the loop with similar length. The large

scale oscillations were only visible in the latter half of the observational sequence.

The unusually long period suggests a propagating wave scenario, where the wave is

excited by a transient mechanism localised near the loop footpoints.

Plasma condensations were found to move with speeds ranging from few km s−1

up to 180 km s−1 and with accelerations that were largely below the free-fall rate.

The broad velocity distribution, sub-ballistic motion and complex velocity profiles

of individual blobs showing multiple acceleration and deceleration phases suggest

that forces other than gravity have significant effect on the evolution of the coronal

rain, with the likely candidates being pressure effects and the ponderomotive force

caused by the transverse loop oscillations.

The evolution of the emission of the plasma at the loop top observed in individual

SDO/AIA bandpasses was found to exhibit clear signatures of a gradual cooling

linked to the formation of plasma condensations. The temperature evolution of the

plasma was examined in more detail using DEM regularisation technique and by

forward modelling the emission intensities in the SDO/AIA bandpasses using a two

component DEM model dependent on the evolution of the temperature and density

of the plasma near the apex of the coronal loop. The inferred evolution was found to

be consistent with the limit cycle model of the coronal loop and suggests the observed

loop was going through a sequence of periodically repeating heating-condensation

cycles.

In Chapter 3 we analysed mechanisms responsible for the sub-ballistic fall rates and

for longitudinal oscillations of coronal rain condensations seen in the observational

study. To do this, we carried out 2.5D MHD simulations of dynamics and evolution

of a cool and dense plasma condensation in a gravitationally stratified coronal loop.

The problem set up was chosen to be representative of small coronal rain conden-

sations formed near the top of a coronal loop as a result of thermal instability. The

geometry of the problem was set up to reflect the coronal loop geometry, accounting

for the reduced effective gravity due to the semicircular shape of the loop. Realistic

stratification of the atmosphere was subsequently achieved by using a temperature

profile representative of a cool chromosphere, thin transition region layer and hot

corona.

We analysed the dynamics of the plasma condensations for a range of condensa-
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tion densities and magnetic field strengths by tracking condensation trajectories,

speeds and accelerations and by comparing them to high resolution coronal rain ob-

servations. We found that the motion and evolution of plasma condensations were

strongly affected by the plasma pressure in the coronal loop, and the coronal plasma

pressure gradients can be high enough to account for the lower-than-free-fall speed

of the coronal rain. The fastest downward velocities of plasma condensations seen in

the simulations were found to be in agreement with recent coronal rain observations.

We also found that high coronal magnetic field strength or low mass of condensa-

tions can lead to oscillatory motion consisting of multiple rebounds damped through

sound wave emission, with the condensation eventually settling in an equilibrium

position supported by the pressure of the underlying plasma. We further analysed

the balance of forces acting on the condensation. Rebounding of the condensation

was found to be due to a combined effect of the pressure gradient force and the

magnetic tension force resulting from bending of the magnetic field lines under the

condensation in the lower part of the coronal loop. The period and damping scaling

time of the condensation oscillations were consistent with values determined using

an analytical model based on an idealised MHD piston scenario.

This analysis also highlighted the fact that the dynamics of the plasma condensa-

tions, especially the presence or lack of oscillatory motion and the parameters of the

condensation oscillations are determined by the mass of the condensation relative

to the total coronal loop mass. There is still considerable uncertainty about what

fraction of the total mass of the coronal loop plasma condenses into coronal rain af-

ter catastrophic cooling takes place; current estimates of the loop-to-rain mass ratio

from observations are of the order of 1 - 10 [Antolin et al., 2015b], these are however

subject to the spatial resolution limits of the instruments. It is therefore likely that

a significant fraction of the condensation mass in thermally unstable coronal loops

remains undetected.

In Chapter 4 we analysed mechanisms responsible for excitation of transverse coronal

loop oscillations associated with thermal instability and coronal rain, as the obser-

vational evidence suggested presence of a link between the two phenomena. This

was done by carrying out 2.5D MHD simulations of a coronal loop embedded in a

realistically stratified atmosphere consisting of cool chromosphere, thin transition

region and hot corona.

We first investigated the effect of a cool and dense condensation region located

at the apex of the loop. We found that the presence of the condensation region

excites fundamental harmonic of a vertically polarised kink mode. We analysed the
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dependence of the amplitudes and periods of the excited oscillations on the mass

of the condensation region. The change in the longitudinal density profile of the

coronal loop caused by the condensations falling from the top of the loop towards

the solar surface due to gravity was found to lead to the decrease of the oscillation

period. It was therefore shown that the evolution of the oscillation period can be

used to determine the fraction of the condensation plasma relative to the total loop

mass from observations of coronal loop oscillations.

We further investigated the effect of plasma flow directed from one footpoint to

another caused by a pressure imbalance between the footpoints. Such flows are

though to be a consequence of an asymmetric footpoint heating likely to lead to

coronal rain formation, and therefore are often present in thermally unstable loops.

The siphon flow was found to excite fundamental harmonic of a vertically polarised

kink mode due to the effect of the centrifugal force acting on the fast moving plasma.

Dependence of the oscillation amplitude on the amplitude of the pressure difference

was found to diverge from expected linear relationship, likely as a result of change

in the distribution of the total mass of the plasma contained in the flow.

These two mechanisms therefore provide explanation for the excitation of vertically

polarised transverse loop oscillations in quiescent loops without the need for specific

external drivers placed below the loop. Approach used in this chapter based on im-

posing the existence of the condensation region as an initial condition provides full

control over the condensation properties. This enabled us to carry out a parameter

study of the dependence of loop oscillation properties on the mass of the condensa-

tion region. However, in order to study the effect of the two mechanisms formed in

self-consistent manner, a complete simulation including coronal rain formation as a

result of footpoint-localised asymmetric heating is necessary.

The observational evidence shown in this work together with other studies [Antolin

and Verwichte, 2011; Verwichte et al., 2017a; Verwichte and Kohutova, 2017] sug-

gest that coronal rain oscillations are not a rare phenomenon. Their small oscillation

amplitudes, lack of observable damping and oscillation periods matching the loop

fundamental harmonic period mean that coronal rain oscillations share many char-

acteristics with so-called ”decayless” coronal loop oscillations, recently reported in

AIA observations [Wang et al., 2012; Nisticò et al., 2013] and hence are their likely

counterpart in hotter wavelengths. These are now known to be abundant in the solar

corona [Anfinogentov et al., 2015]; however, their excitation mechanism is unclear.

It was previously proposed that their excitation might be related to p-mode leakage

or that they might be driven by footpoint motions [Nisticò et al., 2013]. This work
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has shown that this oscillation regime can also be excited by thermal instability

and coronal rain formation, rather than being driven from the photosphere, which

has implications for our understanding of coupling and dissipation of oscillations in

lower solar atmosphere. This work, together with the observational study by Ver-

wichte and Kohutova [2017] has further highlighted the seismological potential of

coronal rain oscillations, as they can be used to determine what fraction of coronal

loop plasma becomes thermally unstable and hence how localised the coronal loop

heating is.

A natural extension of the work presented here is to carry out numerical simula-

tions of the coronal rain formation by including the effects of thermal conduction,

radiative losses and footpoint-localised coronal heating. Studying coronal rain for-

mation under different conditions and looking for evidence of oscillation excitation

mechanisms investigated in this work would establish their validity in more general

context. Numerical simulations of the complete thermal cycle of a coronal loop

can be further linked to observations of all phases of a coronal rain event in wave-

lengths covering temperatures ranging from chromospheric to coronal. This will be

possible after DKIST observations become available, providing unprecedented spa-

tial and temporal resolution as well as spectral information across a wide range of

wavelengths.

118



Bibliography

J. Andries, I. Arregui, and M. Goossens. Determination of the Coronal Density

Stratification from the Observation of Harmonic Coronal Loop Oscillations. ApJ,

624(1):L57, 2005a. doi: 10.1086/430347.

J. Andries, M. Goossens, J. V. Hollweg, I. Arregui, and T. Van Doorsselaere. Coro-

nal loop oscillations - Calculation of resonantly damped MHD quasi-mode kink

oscillations of longitudinally stratified loops. A&A, 430(3):1109–1118, 2005b. doi:

10.1051/0004-6361:20041832.

J. Andries, T. Van Doorsselaere, B. Roberts, G. Verth, E. Verwichte, and R. Erdélyi.
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