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00014 University of Helsinki





Faculty of Science Department of Physics

Milla Kalliokoski

Synthetic extreme ultraviolet images for the validation
of the magnetofrictional inner coronal simulation

Physics

Master’s thesis June 2018 111

solar physics, solar atmosphere, coronal loops

Kumpula Campus Library

Solar eruptions are key large-scale heliospheric structures that impact the terrestrial space weather,
and may even harm technology both in space and on the ground. The processes triggering these
eruptions are closely related to the magnetic field of the Sun and, in particular, to the complex
evolution of the magnetic field in the solar corona. Therefore, comprehensive understanding of the
coronal dynamics is required to be able to predict hazardous solar events.

Since directly measuring the coronal magnetic field is difficult, the field evolution must be studied
by alternative means, namely via data-driven modeling. One such model is the magnetofrictional
method (MFM) which provides computationally efficient modeling, where photospheric magneto-
gram measurements are used to compute the time-dependent boundary condition. To evaluate the
physical validity of the output of the MFM simulations, the modeled coronal evolution must be
compared with actual solar observations.

Observations at the extreme ultraviolet (EUV) and X-ray wavelengths show that the corona is
populated by bright arcs of plasma. These structures – the coronal loops – are supported by
closed magnetic field lines. Hence, coronal loops present a visual indication of the topology of the
coronal magnetic field. Coronal loops exist especially in the so-called active regions which are the
origin of solar eruptions. Observations of coronal loops and methods to numerically model them
are presented in this thesis, in addition to discussing the formation, observation and modeling of
coronal EUV emission.

In this thesis, the performance of the MFM technique is assessed by investigating two inner coronal
simulations of the same active region complex, employing different assumptions in the calculation
of the boundary conditions. The simulations encompass a time period of four days on June 2012,
when two Earth-directed coronal mass ejections (CMEs) are observed to erupt from the studied
region. The model is compared with real coronal EUV observations via synthesizing mock coronal
EUV images based on an ad hoc proxy for coronal EUV emission using a visualization toolkit
created by the author. Realistic coronal emission cannot be directly computed from the MFM
output, since the thermodynamic properties of the coronal plasma are not modeled.

The degree of correspondence between synthetic and observed coronal EUV images is examined by
visually considering the intensity structure and the connectivity of coronal loops in the images. Also
the magnetic field topology in itself is investigated. While neither of the studied simulations produce
eruptive loop structures associated with the observed CMEs, the other of the two simulations is
found to qualitatively reproduce observed coronal loop structures and their evolution.
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Introduction

The Sun is a large ball of plasma that exhibits numerous phenomena, giving rise to
radiation over the whole electromagnetic spectrum from high-energy gamma photons to
meter-wavelength radio waves. The proximity of the Sun makes it an excellent research
subject to these stellar processes. With state-of-the-art instruments it is possible to
discern structures less than 200 km wide on the Sun.

Understanding the dynamics of the Sun, especially the mechanisms triggering violent
solar eruptions, is also important in the context of solar-terrestrial relations. Eruptions
impinging the near-Earth environment can pose a serious threat to satellites and ground-
based technology, and risk the health of humans. The impact of these eruptions is called
the space weather, whose prediction is of high interest in the increasingly satellite-based
society.

A main facilitator of the solar activity is the complex solar magnetic field, which
is dragged into the interplanetary space by the continuous outflow of plasma, the solar
wind, and which is continuously replenished in the dynamo motions in the solar interior.
When new magnetic flux emerges into the solar atmosphere, it can create so-called active
regions which contain concentrations of strong magnetic fields. This field holds the free
magnetic energy needed to drive the regularly occurring solar eruptions: sudden intense
brightenings – solar flares – and coronal mass ejections (CMEs). CMEs are large clouds
of magnetized plasma propagating away from the Sun, and they play a key role in driving
space weather.

Since the three-dimensional structure of the solar magnetic field in the upper atmo-
sphere of the Sun – the corona – is very difficult to be routinely captured by observational
means, we must rely on modeling the coronal magnetic field based on the available data
from the solar surface, the photosphere. One promising approach is the magnetofrictional
method (MFM), which allows computationally feasible time-dependent and data-driven
modeling. Long lasting simulations of active regions, covering the whole period of interest
from the emergence of new magnetic flux and the development of unstable structures to
their subsequent eruption, have the potential to grant us an unprecedented view of the
coronal dynamics, which is required to ultimately predict space weather. To reach this
goal, the MFM technique must first be validated against the actual solar observations.
The heart of this comparison lies in investigating the structures in the coronal active
regions.

Active regions are populated by ubiquitous loops of plasma extending into the solar
atmosphere. They are suspended by the magnetic field and are called the coronal loops.
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Coronal loops are observed in extreme ultraviolet (EUV) and X-ray wavelengths due to
the extreme, over one million kelvin, temperatures in the corona. Therefore, coronal
images taken by imaging instruments monitoring the Sun at these wavelengths offer an
indirect look at the coronal magnetic field through the loop structures.

The difficulty of the comparison of the MFM simulation results and the observations
arise from two issues: 1) Coronal images provide only a two-dimensional view of an
intrinsically three-dimensional structure. The tenuous and high-temperature corona is
optically thin, meaning that the observed intensity at any point in the image is the result
of a line-of-sight integration. Thus, the identification of loop structures is complicated
by projection effects and overlapping of structures. 2) The MFM technique does not
consider plasma thermodynamics and, as such, coronal emission cannot be computed
directly from the model. Instead, an emissivity proxy must be formulated based on the
information available in the model, namely the magnetic field and the electric current
density. Further, due to the first issue, the synthesized emissivity must be projected
similarly to the considered observations to produce a comparable mock coronal image.

In this thesis, two different MFM simulations of the same active region system are
studied. The simulations last about four days, and during this time period the observa-
tions reveal that the studied region is very active, producing two Earth-directed CMEs
that have an impact on the terrestrial environment (Srivastava et al., 2018). The results
of the MFM simulations are visualized by calculating synthetic EUV emission based on
a proxy formulated in an earlier work in this context (Cheung and DeRosa, 2012). Time
series of the produced mock coronal images are examined to infer the modeled coronal
evolution, which is then compared to real EUV observations made with a high-resolution
imaging instrument, in order to assess the capability of the MFM simulations to generate
realistic coronal structures. The author of this thesis created the visualization toolkit to
produce the synthetic EUV images from the MFM results, and she also contributed to
the code that investigates the configuration of the modeled magnetic field. These Python
and C++ programs comprise the EUV Emission Modeling (EUVEM) code.

This thesis is organized as follows. In Chapter 1, a brief look at the Sun and its activ-
ity and the still open problem of coronal heating is given, and the various approaches to
the modeling of the coronal magnetic field are presented. As active region coronal loops
are the main subject of the comparison between the MFM simulations and observations,
coronal loops are discussed in detail in Chapter 2, in the perspective of both their ob-
served properties and the methods to model coronal loops theoretically and numerically.
In Chapter 3, the origin of EUV radiation in the solar corona and the conventional meth-
ods to observe it are reviewed. In addition, various ways to synthesize EUV emission in
coronal magnetic field models are presented. Chapter 4 thoroughly discusses the active
region system considered in this thesis, the assumptions made in the studied MFM sim-
ulations and the visualization methods to produce the synthetic coronal EUV images. A
comprehensive discussion of the results of the conducted study is presented in Chapter 5.
Chapter 6 summarizes the results, discusses the relation of the presented work to earlier
studies and considers the possible future improvements that can be implemented in the
investigation of the validity of the MFM simulations.
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Chapter 1

Sun, solar processes and coronal
magnetic field

1.1 Sun and solar activity

Energy is continuously produced by fusion in the core (< 0.25 R�) of the Sun, mainly via
the proton-proton chain converting hydrogen to helium. The energy propagates slowly
toward the solar surface through the radiative diffusion process, that is, photons are
absorbed and re-emitted multiple times by the dense solar plasma and are consequently
shifted toward visible wavelengths. Energy transfer through radiation becomes inefficient
at a distance of about 0.72 R� when the plasma becomes opaque to the photons, and
energy is transported instead via turbulent convection up to the solar surface (1 R� =
695, 500 km). In convection, plasma heated at the bottom of the convection zone rises up
to the solar surface, where it cools by emitting radiation, and then falls back down to be
heated again. The convection flows take place in adjacent cells, where hot plasma rises in
the middle of the cell and sinks at its boundaries. This gives rise to granulation patterns
on the solar surface (see Fig. 1.2a). (Priest, 2014, p. 4–6, 21).

At the boundary between the radiative zone and the convection zone, there is a layer
of strong shear called the tachocline (Spiegel and Zahn, 1992). It marks the transition
from uniform rotation of the inner parts of the Sun to the differential rotation of the outer
parts (rotation is faster near the solar equator and slower near the poles). It is suggested
that the solar magnetic field is generated in the vicinity of the tachocline via a dynamo
process, but dynamo models not relying on the tachocline also exist (see Priest, 2014,
ch. 8).

The basic idea of the solar dynamo is that convective motion and differential rotation
produce electric currents in the solar interior, which give rise to magnetic fields. During
the solar cycle, poloidal magnetic field is transformed into toroidal field and then back
to poloidal field. This corresponds to the nominal 11-year solar cycle, which can be seen
in sunspot observations. Since the polarity of the solar magnetic field changes in the
above-mentioned process, the full cycle, i.e., when the field has returned to the initial
configuration, takes actually 22 years.
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Magnetic flux is carried toward the solar surface by the convective plasma flows, and
magnetic flux tubes (bundles of magnetic field lines) can rise through the surface due to
magnetic buoyancy creating bipolar sunspot pairs (see Fig. 1.2; Parker, 1955). Sunspots
correspond to regions of enhanced solar activity due to the accompanying complex mag-
netic field structures in the solar atmosphere, and to understand this activity, we will
consider the solar surface and atmosphere and the structures in them in the next sec-
tions.

1.1.1 Solar surface and atmosphere

The visible surface of the Sun is called the photosphere, which is a thin layer (∼500 km) of
dense, optically thick plasma that emits most of the solar radiation. The spectrum of the
radiation approximately corresponds to a black body spectrum at an effective temperature
of 5778 K. The temperature drops with altitude in the photosphere from about 6600 K
in the bottom of the layer to 4300 K in its top, while the density of plasma decreases.
Above the photosphere is the tenuous and optically thin solar atmosphere. The first layer
is the chromosphere, where the temperature starts to rise. The chromosphere is about
2000 km thick and the temperature reaches to about 25,000 K in its upper parts. Above
this layer, there is an abrupt temperature gradient where the temperature increases to
the million kelvin regime of the upper solar atmosphere, the corona. The thin (∼100 km)
layer where the steep temperature increase takes place is called the transition region.
(Koskinen, 2011, p. 4–7).

The thermal structure of the solar atmosphere discussed above is illustrated in Fig-
ure 1.1. The corona is many orders of magnitude hotter and less dense than the pho-
tosphere. It is noted, however, that the figure only presents an average view of the
atmospheric properties, and in reality the solar atmosphere is not static or homogeneous
but in continuous change as the plasma heats and cools. For instance, the transition
region is very dynamic and its altitude varies spatially and temporarily, and instead of a
well-defined layer it may comprise of spicular jets of heating or cooling plasma (Priest,
2014, p. 7, 34). The identification of the processes taking place in the solar atmosphere,
which lead to the extreme heating of the coronal plasma, is still an open problem in solar
physics (see Section 1.2 for further discussion).

When a magnetic flux tube emerges through the photosphere, a pair of sunspots
with opposite polarities are formed (see Fig. 1.2). Sunspots appear as dark points on
the solar surface in visible light (see Fig. 1.2a), as the strong magnetic field inhibits
convection making the plasma in the sunspots colder than the surroundings. The magnetic
polarity of the sunspots can be measured via the Zeeman splitting of atomic spectral
lines. The coronal part of the magnetic field cannot be measured due the diffuse nature
of the coronal plasma, and the field configuration must be extrapolated based on the
photospheric measurements (various models for the coronal magnetic field are discussed
in Section 1.3).
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Figure 1.1: Temperature (solid line) and density (dashed line) of the solar photosphere and
atmosphere as a function height from the solar surface in a simple model. In reality, the solar
atmosphere is inhomogeneous and time-varying. Image courtesy: Eugene Avrett, Smithsonian
Astrophysical Observatory.

1.1.2 Coronal structures and solar eruptions

Sunspots are associated with solar activity owing to the strong concentrations of mag-
netic field in them, which can provide the energy for solar eruptions when the field is
stressed. Therefore, these strong field regions are called active regions. They are a cradle
of magnetic activity, such as magnetic flux emergence and magnetic reconnection. Active
regions also contribute to the heating of coronal plasma, and they are the source of the
regularly occurring solar eruptions (discussed below). In addition, active regions are char-
acterized by arcs of bright emission in coronal observations (EUV and X-ray wavelengths,
see Chapters 2 and 3). The coronal part of the solar magnetic field is responsible for these
loop structures, termed the coronal loops, as the coronal plasma is confined by magnetic
flux tubes.

Typically, the coronal loops connect the opposite polarities of a sunspot pair, and the
loops can form, for instance, extended arcades and S-shaped sigmoids, but long loops can
also connect adjacent active regions. Loops can also be connected to smaller magnetic en-
hancements residing outside of active regions in the so-called quiet-Sun (which, despite its
name, exhibits various small-scale dynamics including bright points and explosive events).
While the plasma in coronal loops is hot, the magnetic field can also support plasma that
is cooler than the surrounding corona. The structure, which is often associated with a
twisted flux tube, appears as a dark filament on the solar disk, or as a large-scale bright
prominence when seen on the solar limb (see Fig. 1.2b). Prominences can become unsta-
ble and erupt. (Aschwanden 2006, p. 8–14; Koskinen 2011, p. 300–302). See Chapter 2
for more information on coronal loops and Figure 2.1 for example images.

Active regions, which can persist on the Sun from weeks to months, exhibit constant
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Figure 1.2: Manifestations of magnetic structures in the solar surface and atmosphere. Top:
A magnetic flux tube rises through the solar surface due to magnetic buoyancy and creates a
bipolar sunspot pair, potentially supporting a coronal loop or a prominence. Image courtesy:
Priest (2014). Bottom: a) Two sunspots and the granulation pattern imaged in visible light.
Image courtesy: Hinode/SOT. b) Prominence seen at the limb of the Sun in an EUV observation.
Image courtesy: SOHO/EIT.

brightness variations, and the coronal loops structures evolve with time due to emergence
of magnetic flux and interactions in the magnetic field. Instabilities forming in the mag-
netic field structures lead to explosive events: solar flares, filament eruptions and coronal
mass ejections (CMEs). These eruptions can occur independently or concurrently with
each other, and the current understanding is that they are all related to the disruption
and reconfiguration of the coronal magnetic field (i.e., magnetic reconnection where mag-
netic energy is converted to kinetic and thermal energy of plasma) facilitated by shear or
twist in the fields (Green et al., 2018).

Flares appear as an intense flash in solar observations as the huge energy release (up
to 1025 J) accelerates particles up to MeV energies, which then emit radiation from radio
to X-ray wavelengths, and large flares even produce gamma rays. CMEs, on the other
hand, are large clouds of plasma and magnetic field that are expelled from the Sun into
the interplanetary space with speeds varying from 200 km/s to 2000 km/s (the average
speed being ∼400 km/s). The typical angular extent of a CME is in the range 40–50◦

and the amount of solar atmospheric gas contained in them is the order of 1011–1012 kg.
CMEs are observed in white-light coronagraph images, in which the solar disk is occulted
to reveal the faint coronal emission; an example image is shown in Figure 1.3. (Koskinen,
2011, p. 307–318).
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Figure 1.3: Left : A sketch of the standard model for CMEs and flares. The long, twisted line
represents the erupting magnetic flux rope, whose ejection is enabled by magnetic reconnection.
Plasma accelerated in the reconnection produces a flare and a post-flare loop arcade is also
formed. Image courtesy: Shiota et al. (2005). Right : White-light coronagraph observation of
a CME erupting from the solar limb. The three-part structure of a CME is shown clearly: the
bright core (associated with filament plasma) the cavity (associated with a flux rope) and plasma
pileup on the leading edge. Image courtesy: SOHO/LASCO.

While no single model explains the diversity of solar eruptions, the simplified “standard
model” attempts to unify the flare and CME processes as follows (e.g., Chen, 2011): A
twisted magnetic flux tube (i.e., a flux rope), which can support filament plasma, rises
due to some instability. This creates (nearly) antiparallel magnetic fields below the rising
flux rope, where reconnection occurs and drives a flare. Simultaneously, the reconnection
cuts the field lines constraining the flux rope and it is allowed to eject. This model is
illustrated in Figure 1.3. Therefore, the basis for solar eruptions lies in the complex
coronal magnetic field (typically involving flux ropes), which leads to instabilities and
magnetic reconnection.

CMEs that propagate toward the Earth are observed as a halo around the Sun when
the spacecraft is located along the Sun-Earth line. Halo CMEs are of interest since they
can be probed in situ by spacecraft instruments (nearly continuous observations from
the Lagrangian point L1 are available) to gain information on the plasma and magnetic
structures carried by them, and particularly, because these CMEs have an impact on
the Earth’s space environment. When a CME hits the magnetosphere of the Earth,
typically two to three days after its eruption, it can commence a geomagnetic storm,
i.e., a period when the Earth’s magnetic field is perturbed due to magnetic reconnection
taking place in the magnetosphere (Koskinen, 2011, p. 323–325). Reconnection occurs
due to the magnetic field carried by the CME, and therefore the magnetic field is the most
important – and also the most difficult – parameter to estimate when predicting space
weather.
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Geomagnetic storms and precipitation of high-energy particles pose a hazard on tech-
nology both in space and on the ground. These effects include current surges in power
lines (induced by the magnetic storms), degradation of satellite electronics and risking the
health of people in space and potentially in aviation (Feynman and Gabriel, 2000). The
prediction of these space weather events, and especially of extreme events, is important
in today’s society where we heavily rely on electricity and telecommunications (e.g., GPS
and cell phones), and the importance will unquestionably only increase in the future.
Ideally, predictions should be made a few days in advance to allow for preparatory ac-
tions. However, the formation of eruptive structures on the Sun is a complex process and
evident signatures of forthcoming CMEs are not present in observations sufficiently early.
Nevertheless, prediction methods are under research (e.g., Green et al., 2018; Riley et al.,
2018). A detailed understanding of coronal physics pertaining to the coronal magnetic
field is required, and the coronal dynamics can be studied via modeling of the field. We
will return to this topic after first briefly considering the coronal heating problem.

1.2 Coronal heating

The high temperatures of the solar atmosphere were discovered already in the late 1930s
when Grotrian (1939) and Edlén (1942) found that the unusual spectral lines observed
during a solar eclipse were not from a new hypothesized element called “coronium” but
are emitted by highly ionized elements, such as iron and nickel, indicating temperatures
in excess of a million kelvins. It is still unclear how the corona is heated to these extreme
temperatures (compared with the temperature of about 6000 K of the solar surface), and
multiple candidate mechanisms have been proposed and investigated. The inability to
unravel the cause is presumably due to the small temporal and spatial heating scales in
the structure and dynamics of the plasma (and, as such, of the coronal magnetic field).
At least, it is only recently that instruments with adequate cadence and resolution have
been available. Spacecraft carrying such instruments include Solar Dynamics Observatory
(SDO) launched in 2010 (Lemen et al., 2012) and Interface Region Imaging Spectrograph
(IRIS) launched in 2013 (De Pontieu et al., 2014). Their ultraviolet imaging instruments
have spatial resolution of about 1 and 0.4 arcsec and temporal cadence of about 10 and
2 seconds, respectively.

Most of the proposed heating mechanisms can be divided into two categories: heating
via wave damping or via dissipation of energy of stressed magnetic fields (e.g., reconnec-
tion). These are sometimes termed alternating current (AC) heating and direct current
(DC) heating, respectively, due to the coronal currents changing slowly in DC and rapidly
in AC heating schemes (e.g., Peter, 2015). However, the division of coronal heating to
wave heating and heating via reconnection is not unambiguous as the two processes are
interconnected: waves can drive reconnection, and reconnection can generate waves that
heat the corona (Parnell et al., 2015).

Coronal heating can also be divided into steady and impulsive heating. However,
Klimchuk (2015) claims that all coronal heating is impulsive (i.e., highly time dependent),
though, the corona can be in a quasi-steady state where dissipated energy is continuously
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replenished. This happens when the heating is due to rapidly occurring (weak) impulsive
heating events so that the plasma does not cool considerably (i.e., the time between
heating events is short compared to the radiative and conductive cooling times of the
plasma), and the magnetic energy can quickly “recharge”. For instance, Warren et al.
(2010b) have found evidence of this kind of effectively steady heating in the core of an
active region.

A localized, small-scale impulsive heating event is a called a nanoflare as proposed by
Parker (1988). He described a nanoflare as a transient burst of energy due to small-scale
magnetic reconnection, but nowadays a more generic definition has been used. That is,
the term “nanoflare” does not imply any specific physical mechanism, and a nanoflare
can occur in absence of reconnection, e.g., due to waves (Klimchuk, 2015). The order of
magnitude of nanoflare energies varies (1024–1027 erg or 1017–1020 J; Aschwanden et al.,
2000) but they produce much dimmer brightenings than flares (typical energy of 1030 erg),
hence their name. An avalanche of nanoflares occurring in rapid succession is called a
nanoflare storm, and such an event will effectively appear as a single strong nanoflare
(Klimchuk, 2015). The magnetic field needs some time to recharge, so that storms of
nanoflares appear as low-frequency heating events, as opposed to high-frequency weak
nanoflares that resemble steady heating.

1.2.1 DC heating

As suggested by Parker (1983, 1988), the turbulent convective motions in the photosphere
drive the footpoints of magnetic loops resulting in twisting and tangling of the coronal
magnetic field. This braiding of the field results in the formation of current sheets where
reconnection can occur, and thus plasma particles are accelerated and the plasma is
heated via Ohmic dissipation. Heating can also occur through damping of waves and
shocks generated by the reconnection (Parnell and De Moortel, 2012).

However, for sufficient build-up of magnetic stresses accounting for the observed mag-
nitudes of energy release (of nanoflares and larger eruptive events like flares and CMEs),
there must exist some constraint on the onset of dissipation (Klimchuk, 2015). This means
that magnetic energy is released when the critical condition of some instability is reached
in the stressed magnetic field. Klimchuk (2015) suggests that such instabilities can be due
to misalignment of the magnetic field (with respect to the current sheet), the geometric
properties of the current sheet (e.g., a very small thickness leads to fast reconnection) or
the twisting of a magnetic loop which can result in the kink instability. The photospheric
driving continuously stresses the field building up the magnetic energy, and the heating
process recurs. This is the core of the DC heating scheme, i.e., heating via the dissipation
of magnetic stresses.

1.2.2 AC heating

The Alfvén velocity is
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vA =
B
√
µ0ρ

, (1.1)

where B is the magnetic field, µ0 the permeability of vacuum and ρ the density of the
plasma.

If the photospheric convective motions are slower than the Alfvén speed, they cause
the stressing of the magnetic field discussed above. However, if these motions are faster
than the Alfvén speed, they generate waves that propagate into the corona (Parnell et al.,
2015). The dissipation of these waves is a candidate process for coronal heating, and,
therefore, it is the photospheric driving that is the energy source for the heating also for
the AC case. Here the Alfvén speed in particular is considered because Alfvénic waves
are likely the primary wave mode responsible for coronal heating as other wave types are
dissipated and refracted before reaching the corona (Parker, 1988).

Myriad of observations of waves in the solar atmosphere have been made (e.g., Ver-
nazza et al., 1975; Ulrich, 1996; McIntosh et al., 2011; Morton and McLaughlin, 2013).
The dissipation of wave energy can happen, for example, through phase mixing (Hey-
vaerts and Priest, 1983) and resonant absorption (Ionson, 1978).

Compared to radiative losses, observed temperatures and other observational con-
straints, numerical models have shown that realistic coronal features (such as coronal
loops) are produced both by DC (field line braiding, e.g., Rappazzo et al., 2008; Chen
et al., 2014) and by AC (wave turbulence, e.g., van Ballegooijen et al., 2011; Downs
et al., 2016) heating schemes. There is also observational evidence that Alfvénic waves
contain sufficient energy for coronal heating (McIntosh et al., 2011), though, Parnell and
De Moortel (2012) remark that it is not clear that the energy content observed in these
waves is readily converted into heat. Observational evidence of magnetic field line braid-
ing (Cirtain et al., 2013) and occurrence of nanoflares (or, at least, intensity variations
interpreted as nanoflares; Terzo et al., 2011; Testa et al., 2013) have been claimed as well.
Such observations of small-scale dynamics of the corona are allowed by high resolution
instruments like the High Resolution Coronal Imager (Hi-C) sounding rocket which had
a resolution of about 0.3 arcsec (Kobayashi et al., 2014).

Evidently, both the braiding and wave heating mechanisms contribute to coronal heat-
ing, as well as other processes investigated but not described here. It is still under study,
however, which process is predominant in heating the global corona and on what (small)
temporal and spatial scales these physical processes ultimately operate. Nevertheless,
there is a consensus that the energy for coronal heating originates from the photospheric
convective motions and that the heating mechanisms are closely associated with the solar
magnetic field. It also must be noted that the corona is coupled with the chromosphere
and the transition region, and so the dynamics and heating processes of those regions
contribute to the properties of the corona. In fact, much more energy is deposited in the
chromosphere than in the corona, and the heating rate per particle peaks in the transition
region (Peter, 2015).

Coronal heating in the context of coronal loops is addressed in Section 2.2.

10



1.3 Coronal magnetic field modeling

The photospheric magnetic field has been observed since the beginning of the 20th cen-
tury when Hale (1908) first hypothesized the existence of magnetic fields in sunspots.
The line-of-sight magnetic field strength and its spatial distribution are measured with
magnetographs employing the Zeeman effect (splitting of spectral lines due to the pres-
ence of a magnetic field) and have been regularly monitored for several solar cycles. In
recent years, also measuring the transverse component of the photospheric magnetic field
has been made possible by vector magnetographs, such as, the Helioseismic and Magnetic
Imager (HMI) onboard the SDO spacecraft launched in 2010 (Pesnell et al., 2012).

The magnetic field extending from the photosphere into the corona is responsible for
the plasma structures observed, such as loops and prominences, and provides energy for
eruptive events. The coronal magnetic field, however, is much more difficult to observe
due to the much lower densities and much higher temperatures in the corona than in
the photosphere, and so direct measurements are not as common (Cargill, 2009). The
Zeeman effect is smaller since the strength of the magnetic field is lower in the corona
than in the photosphere, and the high temperature affects the studied spectral lines. The
three-dimensional structure of the field is hard to infer, though, its reconstruction has
been attempted, e.g., by a tomographic inversion technique (Kramar et al., 2016).

Thus, models of the coronal field, using the photospheric magnetic field data as a
boundary condition, are needed in understanding the large-scale structure and evolution of
the magnetic field which plays a key role in the phenomena occuring in the corona. There
are different modeling techniques, each making different simplifying assumptions of the
properties of the corona, that extrapolate the coronal field configuration. These include
potential field models, force-free models and magnetohydrodynamic models. Below is a
short summary of the different models, with the magnetofrictional model – used to obtain
the simulation data studied in this thesis – being described in more detail.

1.3.1 Potential field models

The simplest technique is the Potential Field Source Surface (PFSS) model which assumes
that there are no currents in the corona below the so-called source surface (Schatten et al.,
1969; Altschuler and Newkirk, 1969). The source surface is usually set to be around 2.5
solar radii, and the magnetic field is assumed to be purely radial at this surface, so that
it acts as a source of the solar wind outflow and the interplanetary magnetic field. The
magnetic field between the photosphere and the source surface can be expressed with a
scalar potential and can be solved with the use of Legendre polynomials. The acquired
solution is unique.

One limitation of the PFSS model is that it gives the configuration of the field with
the lowest energy for the given boundary conditions and, thus, cannot contain the free
magnetic energy needed for driving the eruptive events and small-scale dynamics (Mackay
and Yeates, 2012). Nonetheless, the large-scale magnetic structure given by the PFSS
model compares reasonably well with more sophisticated models (see Fig. 1.4; Riley et al.,

11



2006).

1.3.2 Force-free field models

The force-free magnetic field models allow modeling of magnetic structures containing
currents and free magnetic energy. Since in the inner corona the magnetic pressure typi-
cally dominates over the gas pressure (Gary, 2001), i.e., it comprises of low-β plasma (β
is the ratio of gas pressure to magnetic pressure), the corona is approximately force-free.
Thus, the Lorentz force

J×B = 0, (1.2)

where B is the magnetic field and J = µ−1
0 ∇×B the current density (µ0 is the permeability

of vacuum). According to Eq. 1.2, nonzero current density must be parallel to the field,
so that

∇×B = α(r)B, (1.3)

where α(r) is a scalar function describing the relative twist of the magnetic field, the value
of which remains constant along a field line (Bray et al., 1991, p. 268–273).

Analytical solutions for the magnetic field may be found if α is assumed to be con-
stant everywhere (Durrant, 1989), since the problem then becomes linear. Hence, models
extrapolating the coronal field under this assumption are called linear force-free field
(LFFF) models. However, LFFF models can depict well only localized regions in the
corona where α can be assumed to be constant. The choice of α = 0 everywhere, i.e., no
twist and no currents, returns us to the potential field solution. A better correspondence
to observed coronal properties is achieved with nonlinear force-free field (NLFFF) models
where α = α(r) is a function of position and thus has a different value on different field
lines (Mackay and Yeates, 2012).

1.3.3 The magnetofrictional method

The magnetofrictional method (MFM) is a technique originally developed for nonlinear
force-free field modeling. In this model, introduced by Yang et al. (1986), it is assumed
that the plasma experiences a (fictitious) frictional force when moving in a medium. The
equation of motion of the plasma is assumed to be

V =
1

ν
J×B, (1.4)

where ν is the coefficient of magnetofriction. The magnetic field evolves according to the
standard resistive induction equation

∂B

∂t
= ∇× (V ×B− ηJ), (1.5)
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where η is the magnetic diffusivity (η = 1/(µ0σ) where σ is the electrical conductivity).
The MFM does not include faithful modeling of magnetic reconnection (in the sense of
producing plasma heating and accerelation), but the magnetic topology is allowed to
change via Ohmic diffusion (η) in regions of high current density. The magnetic diffussion
may also restrict the amount of twist in magnetic flux ropes (Mackay and van Ballegooijen,
2006).

Although the equation for the velocity (Eq. 1.4) is ad hoc and does not seem to satisfy
the force-free condition (Eq. 1.2), it allows the magnetic field to relax toward a force-
free state when the model is advanced in time. This is because, if there is no energy
injection into the corona, the total magnetic energy decreases monotonically in time until
J×B = 0 due to the field doing work in moving against friction (Yang et al., 1986). Thus,
the force-free state is reached when the introduced artificial velocity (Eq. 1.4) dissappears.
The relaxation can be started for example from a potential field extrapolation in which
magnetic stresses are introduced, e.g., via boundary flows.

According to Faraday’s law, the electric field E is related to the change of magnetic
field as

∂B

∂t
= −∇× E. (1.6)

We see that the Eqs. 1.5 and 1.6 relate the electric field to the velocity, magnetic field
and current density:

E = −V ×B + ηJ. (1.7)

Thus, when carrying out the MFM simulation, the boundary conditions must be specified
either by choosing the values of the electric field or the values of V, B and J distributions
at the boundaries. We notice that choosing, say, the horizontal components of the electric
field constrains the value of the remaining (vertical) component. This is because to define
the horizontal components of the electric field, all three components of V and B must be
specified (due to the cross product in Eq. 1.7), and, thus, also all three components of J
will be specified (as J = µ−1

0 ∇×B). Thus, for a consistent boundary condition, only two
components of the electric field can be specified (Cheung and DeRosa, 2012).

The problem is, however, the inference of the solar electric field from observations. The
estimation of the photospheric electric field from vector magnetogram time sequences is
currently under intense study due to the rather recent availability of high-quality vector
magnetogram data (e.g., SDO/HMI; Fisher et al., 2010, 2012; Kazachenko et al., 2014;
Lumme et al., 2017). The vector magnetograms alone do not provide enough informa-
tion to determine the electric field and, for example, Doppler velocity measurements can
be used as additional data to improve the estimation of the field (Fisher et al., 2012).
A method using only radial magnetogram data has also been proposed (Yeates, 2017).
In principle, the electric field could be directly measured via the Stark effect (the elec-
tric analogue of the Zeeman effect) but this is difficult due to the low sensitivity of the
measurements (Moran and Foukal, 1991).
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The PFSS and the force-free modeling techniques are static models that extrapolate
the magnetic field stucture from a photospheric boundary condition at a given time. Con-
secutive extrapolations can be used to investigate the time evolution of the magnetic field
but these extrapolations are independent snapshots with no physical connection between
successive time steps other than the conformance to the evolving boundary conditions.
Such a time series depicts a quasi-static corona and cannot address, for instance, the
stability of the coronal magnetic field. The MFM, on the other hand, can be used to
model the dynamic evolution of the coronal field (van Ballegooijen et al., 2000), and can
thus include the formation and eruption of unstable structures (e.g., eruption of a CME).
This requires the use of photospheric magnetogram time series as time-dependent bound-
ary conditions. Formation and ejection of magnetic flux ropes have been modeled via
magnetofriction for example by Mackay and van Ballegooijen (2006) and by Cheung and
DeRosa (2012). Thus, the MFM is a promising technique for time-dependent data-driven
coronal magnetic field modeling as it includes dynamic evolution but is computationally
significantly less demanding compared to more complicated models.

The magnetofrictional simulations considered in this thesis model a region on the
Sun localized to an active region, but MFM can also be used in global modeling of the
coronal magnetic field. This is done, for example, by Yeates et al. (2010) who couple the
MFM evolution to flux transport on the solar surface (flux emergence and shearing), and
show that this nonpotential model describes the global magnetic field better than a PFSS
model.

In conclusion, the MFM is a feasible technique that can model the dynamic solar
coronal magnetic field both on global and local scales, and it can generate erupting flux
ropes, but it must be emphasized that the MFM does not take into account the plasma
properties like temperature and density. This means that properties of the corona such as
the emission cannot be modeled truthfully based on atomic physics, and we need to use
some proxy to create synthetic images of the coronal emission that act as a visual aid in
comparing the model results with observations. In this thesis, the used proxy is current
density (see Section 3.2.2).

1.3.4 Magnetohydrodynamic models

To have self-consistent modeling of the magnetic field and plasma properties in the corona,
models employing magnetohydrodynamics (MHD) are needed. In MHD, the plasma is
treated as a fluid which evolves via transport processes such as diffusion, heat conduc-
tion and resistivity. The full MHD models include the plasma density and temperature
distributions and, thus, can be used to directly compare calculated coronal emission to
observations (see Section 3.2.1). This can be done, for example, by considering the ele-
mental abundances and using the CHIANTI database of atomic emission lines (Dere et al.,
1997; Del Zanna et al., 2015). An example of a global coronal magnetic field structure
generated via MHD simulation is shown in Figure 1.4.

However, in addition to the photospheric magnetic field data, in MHD boundary con-
ditions are needed also for the introduced plasma quantities, like density and temperature.
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Figure 1.4: Comparison of MHD and PFSS models of the coronal magnetic field for the same
photospheric magnetic boundary data. The magnetic field is more complex in the MHD model,
but the simple PFSS model captures the global structure reasonably well. Adapted from Riley
et al. (2006).

Processes such as coronal heating must be specified in the model, as well, even though
the true physical mechanism is not known. Moreover, there is no method to ensure the
uniqueness of the acquired solution, though, this also applies to the NLFFF case. The
problem of non-uniqueness is enhanced in MHD due to the larger amount of boundary
conditions, the observational values of which can be difficult to determine.

The initial configuration of the magnetic field in MHD modeling can be estimated
by a potential field (e.g., Riley et al., 2006), or the model can be coupled to MFM, first
evolving the field and forming flux ropes through magnetofriction and switching to the
more detailed MHD modeling when the flux rope is about to erupt, as is done, e.g., by
Pagano et al. (2013).

Naturally, the MHD technique is more computationally demanding than the methods
described in the previous sections that do not include plasma thermodynamics. In MHD
simulations, the length of the taken time steps must be small to model well the waves in
the corona, which can propagate at high speeds. Thus, the MHD approach is not feasible
when considering the coronal evolution for long time periods, and the modeling may be
coupled to the simpler MFM technique as mentioned above.
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Chapter 2

Coronal loops

Coronal loops are arcs of plasma in the solar atmosphere supported by the magnetic
flux tubes connecting opposite polarities of the field in the photosphere. They are often
observed in active regions, which contain large magnetic fluxes, but can also exist in the
quiet-Sun. Loops can be categorized as cool, warm and hot loops with temperatures
less than 1 MK, around 1–2 MK and over 2 MK, respectively (Reale, 2014), though the
terminology varies between authors. According to these temperatures, cool and warm
loops are observed in ultraviolet (UV) and extreme ultraviolet (EUV), whereas hot loops
are mostly observed in soft X-rays.

Coronal loops fill the corona in EUV and X-ray photographs, seen as bright arcs
in contrast to the diffuse emission of the surroundings. This brightness is due to the
higher plasma density in the loops as the intensity of radiation of optically thin plasma
is proportional to the density squared. Observed loops exist with various lengths; there
are short loops lying low near the photosphere in the cores of active regions, and long
loops that can extend to over a hundred megameters above the solar limb. Loops often
appear sheared and twisted as their footpoints are driven by the photospheric plasma
motions, and they can form arcades spanning the polarity inversion lines of the magnetic
field. Active region (AR) loops can connect opposite polarities of the magnetic field in
the same AR, or the loop footpoints can be anchored in opposite polarities of adjacent
ARs (thus called interconnecting loops).

Example images of coronal loops are shown in Figure 2.1. For instance, coronal loops
are rather clearly seen in the 171 Å wavelength passband (corresponding to a temperature
of about 1 MK) of the Atmospheric Imaging Assembly (AIA) instrument onboard SDO.

In Section 2.1, observations of loops are discussed, including both their typical spatial
structure (e.g., length scales and fine structuring) and physical properties (e.g. tempera-
ture and density distributions). Theoretical and numerical loop models are presented in
Section 2.2, and the results of selected studies are discussed.
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Figure 2.1: Examples of photographed loop structures in the corona. a) One of the first
images of coronal loops. The image is a composite limb and disk photograph taken in 1907.
Image courtesy: (Fox, 1908). b) Active region coronal loops reaching up to 200 Mm above the
solar limb. Taken in the 171 Å passband (∼1 MK). Image courtesy: SDO/AIA. c) A train of
post-flare coronal loops spanning a polarity inversion line of the magnetic field, i.e., a coronal
arcade. Taken in the 195 Å passband (∼1.5 MK). Image courtesy: TRACE. d) High-resolution
image of fine coronal loops taken in the 193 Å passband with spatial resolution of about 0.3 arcsec
(AIA and TRACE have a resolution of about 1 arcsec). Image courtesy: Hi-C.
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2.1 Observations

Coronal loops are observed due to the radiation (e.g., EUV and X-rays) emitted by the
plasma confined in closed magnetic flux tubes, and from this radiation the temperature
and density of the plasma can be estimated, for example. The magnetic confinement of
coronal plasma was inferred from the spatial coincidence of X-ray emission with strong
photospheric magnetic field regions (Reidy et al., 1968), and from observations with ade-
quate resolution (a few arcsec) to reveal the loop-like structures of the radiating plasma
in the corona (Vaiana et al., 1968).

Flows and waves in the loops can also be observed, and intensity variations can be used
to investigate the heating mechanisms of the coronal plasma. Imaging instruments provide
visual data to discern the different coronal structures, and data to quantitatively study
the emission in the wavelength passband that constitutes the image. Further analysis can
be conducted with spectroscopic techniques, such as, emission measure loci and filter ratio
methods, with the help of the previously mentioned CHIANTI database, for instance.

Photographs of loop structures in the corona have been obtained already over a century
ago; for instance, Fox (1908) presents an image of loop-shaped prominences on the solar
limb (see Fig. 2.1a). Early studies of loop properties have been reviewed by Bray et al.
(1991) in their book, and multiple studies on the structure and parameters of coronal
loops have been carried out thereafter, as well (e.g., Del Zanna and Mason, 2003; Peter
et al., 2013; Xie et al., 2017).

2.1.1 Lifetimes

Some coronal loops can persist for several hours or even for days, and some loops are
observed for less than an hour, but these short-lived individual loops can compose an
identifiable loop system that may exist for hours (Bray et al., 1991). As the lifetimes
of observed loops are longer than the characteristic plasma cooling times (conductive
and radiative cooling), heating of the loops must take place. The long lasting loops are
called quiescent loops, and they are assumed to be in a steady-state which leads to simple
theoretical models based on hydrostatic equilibrium (Rosner et al., 1978).

2.1.2 Morphology

Length scales

Coronal loops with various lengths and heights exist in the corona. The summary of
observed loop morphological properties in the book by Bray et al. (1991) indicates loop
heights around 50 Mm and lengths of 20–100 Mm for cool loops, and heights about
100 Mm and lengths of 10–500 Mm for warm and hot loops. The authors also report loop
footpoint separations of the same length scale as the loop lengths for cool and warm loops,
respectively. Bray et al. (1991) conclude that warm (and hot) loops can reach greater
heights and lengths than cool loops and that some cool loops may be much thinner than
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hotter loops. However, the data presented is rather sparse and fragmented, and the true
loop geometry is usually unknown (i.e., projection effects complicate the identification).

In a recent study, Xie et al. (2017) studied 50 active region loops. The authors re-
port loop lengths in the range 60–400 Mm and heights in the range 10–90 Mm, with no
evident differences between cool and warm loops. The 3D structure of the loops, from
which the reported loop sizes were inferred, was obtained via a linear force-free magnetic
field extrapolation. The diameters of loops, derived as the full width at half maximum
(FWHM) of a Gaussian fit to the observed intensity, varied from 2 Mm to 12 Mm.

Cross-section

The strength of the magnetic field decreases with height in the solar atmosphere. Coronal
loops are bundles of magnetic field lines, i.e., magnetic flux tubes, for which the magnetic
flux is conserved. The magnetic flux is Φ = BA, where A is the cross-sectional area of
the tube. Thus, for a weakening field, the cross-sectional area must increase and coronal
loops expand with height. This means that it is expected that loops have a funnel shape,
i.e., loops being much wider at the top than at the footpoints.

However, this expansion is not observed, and coronal loops appear to have nearly
uniform cross-sections (e.g., Klimchuk, 2000; Watko and Klimchuk, 2000). According
to Klimchuk (2000), modest width variation along the loops implies an approximately
circular shape which arises from the twisting of the flux tube. This idea is illustrated in
Figure 2.2. Since only little variation in loop width is observed and most of the coronal
field is twisted, the loops cannot have a highly non-circular shape as is shown in the right
panel. Modeling performed by Klimchuk (2000) shows that twisting the footpoints of
a coronal loop with an oval-shaped cross-section makes the loop shape circular due to
the magnetic tension introduced by the twist (left panel of Fig. 2.2). The cross-sectional
area of the loop top may remain larger than the cross-section of the loop footpoints.
Since observed width variation is modest, loops are usually assumed to have constant and
circular cross-sections in simple models.

Different explanations have been proposed, accounting for actual lack of significant
expansion in loops or pointing out why the cross-sections appear constant. López Fuentes
et al. (2006) suggest that the expansion is constrained by the tangling of the magnetic
field due to photospheric convection. They also show that as a result of non-circular cross-
section the width of the loop on the line-of-sight can appear constant even though the
real cross-sectional area varies. This apparent constant cross-section due to projection of
non-circular shape is also suggested by Malanushenko and Schrijver (2013), who state, in
addition, that this projection causes loops seen along their larger width appear brighter
as the column depth is greater (i.e., higher density on the line-of-sight and, thus, greater
intensity of radiation). This could produce a selection effect favoring brighter, more clearly
observed, thin loops that do not appear to expand when studying coronal loops.

Plowman et al. (2009), on the other hand, suggest that coronal heating would be
enhanced in separator loops (connecting two magnetic null points) in which the magnetic
field does not decrease as much with height, and show that separator loops do not display
significant expansion. A study by Peter and Bingert (2012), using MHD modeling with
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Figure 2.2: a) Untwisted magnetic field expands with height, while a twisted magnetic flux
tube (corresponding to a coronal loop) appears to have constant thickness when viewed from
the side. b) A loop with a ribbon-like cross-section displays significant width variation when
twisted. Adapted from Klimchuk (2000).

field line braiding induced heating, shows that the temperature is not constant across
a loop but increases “outwards”, i.e., with height (since the temperature increases with
height along the loop). Therefore, the temperature at the top part of the loop apex may
be so high that the emission is not in the wavelength passband observed by the EUV
imaging instrument under consideration (e.g., in the 171 Å channel of AIA/SDO). Thus,
the loop top is partly not seen and the cross-section of the observed loop can appear
nearly constant.

Fine structure

DeForest (2007) claims that loops appear to have constant cross-sections because they
are composed of thin unresolved strands and the effects of the instrument point spread
function, diffuse background and noise conceal the expansion. It has been argued that this
is not the case and that expanding loops can be discerned from the ones not expanding,
regardless if they are fully resolved or near the resolution limit (López Fuentes et al.,
2008).

Nonetheless, it is agreed on that a coronal loop consists of a bundle of thin, bright
strands as instrumentation with better spatial resolution has resolved finer structures in
loops than previous, coarser resolution instruments have. For example, in the EUV range,
the Extreme-Ultraviolet Imaging Telescope (EIT) onboard the Solar and Heliospheric Ob-
servatory (SOHO) has a spatial resolution of about 5 arcsec (Delaboudinière et al., 1995),
Transition Region and Coronal Explorer (TRACE) satellite’s telescope (Handy et al.,
1999) and the AIA instrument onboard SDO (Lemen et al., 2012) both have a spatial
resolution of about one arcsecond, and the Hi-C sounding rocket took images of the solar
corona at a spatial resolution of about 0.3 arcsec (Kobayashi et al., 2014). These reso-
lutions correspond to about 4000 km, 800 km and 200 km on the Sun, respectively, and
each imaging instrument resolved structures in the corona with widths at these scales (see
Fig 2.1b–d).
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The Hi-C instrument images the corona around the wavelength 193 Å, corresponding
to a temperature of about 1.5 MK. Brooks et al. (2013) find that some single loops seen
in AIA images correspond to multiple loops in Hi-C images, i.e., there is substructuring of
loops AIA does not resolve. Some loops appear to be a single structure with both instru-
ments. The authors measure that the width distribution of observed Hi-C loops peaks at
about 270 km. Peter et al. (2013) find loops less than 200 km and over 1000 km thick in
Hi-C images. They report that no substructure is resolved for the studied loops, around
1.5 Mm thick, from which they conclude that these loops either really are monolithic or
they are composed of strands with a maximum diameter of only 15 km. This means that
multi-stranded loops would consist of at least about 7500 strands of which 750 are bright
(i.e., contain dense plasma) at a given time and wavelength passband.

The substructuring has implications for coronal heating in loops, and multi-thread
loop models have shown that the heating of individual strands produces features of the
whole loop, like thermal structuring, that match observations (e.g., Cargill and Klimchuk,
2004; Warren et al., 2010a). This topic will be discussed more in Section 2.2.

It is good to note that when referring to a “coronal loop”, one usually means the
arch-like structure that is resolved with the imaging instrument under consideration.
With better spatial resolution, it could turn out that the considered loop consists of a
bundle of thinner loops, and these could be resolved to multiple loops with even better
resolution. The substructuring of a broad loop may also be seen in a single observed image.
Thus, what is considered a “coronal loop” depends on the resolution of the instrument
used. Multi-strand models describe loops to consist of a bundle of elemental strands (or
filaments), whose widths could be much less than 100 km and there could be thousands of
them in a single loop (Cargill and Klimchuk, 2004; Peter et al., 2013). Thus, it is perhaps
not even possible to image them, and one should distinguish these small-scale, elemental
threads from the “strands” relatively thick loops consist of when the loop is imaged with
higher resolution.

2.1.3 Physical properties

Temperature

Coronal loops can be grouped according to their temperature as cool (≤ 1 MK), warm
(1–2 MK) and hot (≥ 2 MK) loops. Hot loops are mainly located in active regions (ARs)
as there the strong magnetic flux concentrations lead to the heating of the plasma and
flares can occur. While hot loops tend to reside in the cores of ARs, warm and cool loops
are typically found at the periphery of ARs, but they can also exist in AR cores or in the
quiet-Sun. Hot loops radiate in X-rays and hot EUV lines, whereas warm and cool loops
are observed in EUV and UV bands.

Bray et al. (1991) summarize that warm and hot loops (they do not differentiate these
loops) tend to be thicker, longer and higher and have longer lifetimes than cool loops.
The authors state that warm/hot and cool loops are not cospatial. On the other hand,
warm and hot loops can coincide, as is discussed in the following.
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Reale (2014) remarks that it is not yet clear if there is a physical distinction between
these loop groups other than temperature (e.g., different heating mechanisms). Reale
summarizes that warm loops might simply be heated less, or they might represent cooling
hot loops, or a few cooling strands in a multi-stranded hot loop could be observed as a
multi-temperature warm loop in UV wavelengths. In the two latter cases, warm EUV
loops would be cospatial with hot X-ray loops; for some loops this is observed and for
others not (e.g., López Fuentes and Klimchuk, 2010).

The thermal structure of a loop can be investigated to infer the temperature profile
along the loop and if the loop is isothermal (constituting of plasma in a single temperature)
or multithermal (multiple temperatures) on the line-of-sight. Del Zanna and Mason (2003)
derive temperatures of 0.7–1 MK along a quiescent loop with the temperature increasing
with height. They also conclude that the leg of the studied loop is nearly isothermal.
Xie et al. (2017), studying 50 AR loops, find that loops are close to isothermal along the
line-of-sight, and that there is a slight increase in temperature from footpoints to loop
tops.

Huang et al. (2012) have observed loops with the temperature decreasing with height
in quiet-Sun regions during solar minimum. They report that these “down” loops are
found at low latitudes in the corona (that is, at latitudes ±30◦ around the equator),
while “up” loops (temperature increasing with height) have their footpoints rooted at
high latitudes. The discovery of down-loops was unexpected, as previously only up-loops
had been identified, and hydrostatic loop models predict the temperature maximum of a
loop to be located at its apex (Rosner et al., 1978).

Both isothermal and multithermal temperature distributions along the widths of loops
(i.e., along the line-of-sight) are observed (e.g., Schmelz et al., 2007, 2009), suggesting
that loops could be divided to two classes based on this property. A multithermal nature
of a loop indicates a multi-stranded structure, i.e., a loop that consists of a bundle of
unresolved strands heating and cooling independently. In other words, the superposition of
filaments with different temperatures results in a loop that is observed to be multithermal
across its width. Isothermality implies a monolithic loop, or a multi-stranded loop which
is heated by rapidly repeating nanoflares resembling steady heating. Provided that the
strands have similar physical conditions, the loop will appear nearly isothermal (López
Fuentes and Klimchuk, 2010).

Density

The inferred densities of the plasma in coronal loops cover a wide range of 108–1012 cm−3,
where the highest densities are achieved in flaring loops, and the typical value is about
109 cm−3 (Reale, 2014). This is some 1012 times less than the density of photospheric
plasma. The density decreases with height, and thus dimming of the loop is observed
as the intensity of emission is proportional to the square of the density. The emission
measure is defined as

EM =

∫
n2
eds, (2.1)
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where ne is the electron number density and the integration is done over the line-of-sight.
Note that the emission measure is independent of the wavelength of the radiation.

For example, Del Zanna and Mason (2003) report electron density values rapidly
decreasing from 4×109 cm−3 at the loop footpoint to 0.3×109 cm−3 at about 40 Mm along
the quiescent cool loop. Xie et al. (2017) also find electron densities to decrease toward the
loop apex in most of the cases, and conclude that most of the studied loops deviate from
hydrostatic equilibrium, i.e., have imbalance between gravity and the pressure gradient
force arising from the density distribution.

Other parameters

In addition to temperature, density and morphological properties of loops, other parame-
ters can be extracted from observations, as well. Such parameters are pressure, magnetic
field strength and filling factor (explained below), for example. Bray et al. (1991) find that
the measured gas pressure in loops seems to cover a range of only one order of magnitude
(around 1 dyne/cm2), which indicates an approximate pressure balance of the loop with
the surrounding corona.

The magnetic field strength decreases toward the loop top and can be different at the
two footpoints. Xie et al. (2017) present magnetic field strengths ranging from 5 mT to
over 0.1 T at the footpoints and strengths of a few millitesla at the loop tops, where the
values are acquired from a linear force-free field extrapolation.

The filling factor is defined as the ratio of the volume of emitting plasma to the
total observed volume of the structure under study. Thus, its upper limit is unity. For
example, an EM value can be derived from an observed intensity at some point of a loop
(since intensity is proportional to EM). If we estimate the electron number density ne and
the loop diameter h (that is, the column depth on the line-of-sight), the filling factor is
(assuming a constant ne)

φ =
Vradiating
Vstructure

≈ EM

n2
eh
. (2.2)

A small value of the filling factor suggests that the loop is composed of unresolved
strands, or that it is a single completely filled loop that has a width under the resolution
limit (Dere, 2009). Xie et al. (2017), who infer the electron density from line ratios, state
that their results of filling factors ranging from 0.08 to 0.89 support the conjecture of
coronal loops consisting of finer strands.

Plasma flows and waves along coronal loops can also be investigated to obtain, e.g.,
the flow or wave speed and flow direction of plasma. Plasma can flow along a loop due
to a difference in pressure in the loop footpoints (i.e., a siphon flow), or due to heating
(cooling) which makes plasma fill (drain from) the loop (Reale, 2014). The motion of the
plasma bulk can be inferred from Doppler shift measurements of spectral lines; a redshift
corresponds to a downflow and a blueshift to an upflow. The typical velocity of down-
and upflows is ∼10 km/s (Reale, 2014). Both standing and propagating MHD waves and
oscillations have been observed in coronal loops (for reviews see, e.g., Nakariakov and
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Verwichte, 2005; De Moortel and Nakariakov, 2012). Damping of the waves heats the
plasma as was discussed in Section 1.2.2.

Problems

When deriving physical parameters from the observational data, it is important to sub-
tract the contribution of the diffuse emission of the foreground and background, especially
when dealing with off-limb observations, as is emphasized by Del Zanna and Mason (2003).
Otherwise the derived temperature and density values are overestimated, and erroneous
conclusions can be drawn of the thermal structure of the studied loops.

This contamination by background is due to the fact that the observed intensity of
radiation is integrated over the line-of-sight. In addition, loops can cross each other or
overlap, especially in active regions where many loops exist, thus complicating the anal-
ysis. The background values used for subtraction should be chosen carefully so that they
contain as little contamination from other structures on the line-of-sight as possible, and
similarly the studied loop region should be chosen as small as is reasonable to reduce
background contamination (Del Zanna and Mason, 2003). As contamination can be hard
to avoid, the background subtraction produces significant uncertainties in the measure-
ments. The background for the observed loop can also be interpolated between the loop
edges (Watko and Klimchuk, 2000).

Due to the above difficulties in selection of loops to be studied, statistical analyses
of loops suffer from selection effects, such as, only including loops that are most clearly
observed. Thus, it might be difficult to generalize the results of these studies to the whole
solar corona.

2.2 Coronal loop models

To understand the observed properties of coronal loops, theoretical models of loops have
been formulated. Numerical modeling is usually carried out to investigate the response
of loops to different heating mechanisms (e.g., Warren and Winebarger, 2006; Klimchuk
et al., 2008; Downs et al., 2016).

Typically, in the inner corona the magnetic pressure dominates over the plasma pres-
sure (Gary, 2001), i.e., the plasma beta, which is the ratio of plasma pressure to magnetic
pressure,

β =
p

pmag
=

nkBT

B2/(2µ0)
� 1, (2.3)

where kB is the Boltzmann constant.
Therefore, plasma is confined by the magnetic field, and plasma can be assumed to

flow only along the magnetic field lines, i.e., along coronal loops, and cross-field thermal
conduction is inhibited. The magnetic flux tubes confining the plasma can be thought
to form isolated atmospheres embedded in the corona. If it is further assumed that the
loop cross-section is constant and that complex effects, such as transverse gradients and
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Figure 2.3: Sketch of a symmetric coronal loop. The distance along the loop is s, measured
from the footpoint to the apex (where the temperatures are T0 and Tm, respectively). The
length of the loop is 2L, its width is 2b and R is the radius of curvature. Image courtesy: Bray
et al. (1991).

curvature and twisting of magnetic field lines, can be neglected, the loop can be modeled
as a one-dimensional (1D) system (e.g., Reale, 2014). The loop plasma is hence described
as a compressible fluid using hydrodynamic equations along the loop coordinate s (see
Fig. 2.3).

A well-known early study on analytical loop structures was performed by Rosner
et al. (1978) on quiescent coronal loops. The authors assume a steady-state and neglect
cross-field effects, which leads to a one-dimensional hydrostatic model. They also argue
that the assumptions of zero velocity and constant pressure along a loop are reasonable
approximations for quiescent structures. With these assumptions, loop properties (e.g.,
the temperature distribution) can be derived analytically from the model.

The equation for the energy balance in a hydrostatic loop is

EH − ER −∇ · FC = 0, (2.4)

where EH describes the local heating rate, ER is the total radiative loss from an optically
thin plasma and FC is the thermal conductive flux parallel to the magnetic field. Investi-
gating this energy balance Rosner et al. (1978) show that in an equilibrium configuration
the temperature is at maximum at the top of the loop (i.e., s(Tmax) = L, see Fig. 2.3).
Such temperature structure is indeed typically observed in coronal loops, as discussed in
the previous section.

Assuming uniform heating (EH(s) = const), Rosner et al. (1978) derive the RTV scal-
ing laws, named after the authors Rosner, Tucker and Vaiana, which relate the maximum
temperature and the heating rate to the independent loop parameters, the pressure p and
the loop half length L,

Tmax ∝ (pL)1/3, (2.5)

EH ∝ p7/6L−5/6. (2.6)
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The authors find that the theoretical prediction of Eq. 2.5 compares reasonably well with
X-ray loop observations implying that these structures are approximately in hydrostatic
equilibrium.

Serio et al. (1981) expand the RTV model by taking into account gravity and a nonuni-
form heating rate. Including the gravitational force imposes a height-dependence on the
loop pressure p = p(s). The momentum equation in hydrostatic equilibrium is

dp

ds
− gsm

2kB

p

T
= 0, (2.7)

where m is the average ion mass and gs is the component of gravity along the loop. The
heating is assumed to be concentrated near the loop footpoints. Thus, both the pressure
and the heating rate can be expressed by exponential functions with scale heights sp and
sH , respectively,

p(s) = p0 exp(−s/sp), (2.8)

EH(s) = EH0 exp(−s/sH), (2.9)

where p0 is the base pressure and EH0 is the base heating rate. The scaling laws become

Tmax ∝ (p0L)1/3 exp

(
−0.08

L

sH
− 0.04

L

sp

)
, (2.10)

EH0 ∝ p
7/6
0 L−5/6 exp

(
0.5

L

sH
+ 0.5

L

sp

)
, (2.11)

where the constants in the exponent terms have been obtained from numerical calcula-
tions. Now the scaling laws involve the pressure and heating rate values at the base of
the loop. The correction to the RTV scaling laws is most prominent for heating scale
heights shorter than the loop half length, sH < L. A short heating scale height increases
the base pressure and the base heating rate in a loop. Serio et al. (1981) also find that
loops are unstable if the heating scale height is sufficiently short compared with the loop
half length (sH < L/3), since the loops will have a temperature maximum below the loop
apex, while the density increases toward the loop top.

Further generalization of the RTV scaling laws have been made by Aschwanden and
Schrijver (2002), who derive analytical approximations based on numerical hydrostatic
solutions. They take into account, for example, tilted geometry and expansion of loops,
and allow for, e.g., multi-temperature loop structures.

In the previous discussion, the magnetic field was considered to provide support for
the loop structures, but it was not explicitly treated. If the magnetic field is taken into
account, the magnetohydrostatic equilibrium can be written as (Priest, 1978)

−∇p+ J × B + ρg = 0, (2.12)
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which is the static ideal MHD momentum equation, where ρ is the mass density and g
points toward the Sun. Priest (1978) states that for thin loops (whose length is much
greater than their width, L � b, see Fig. 2.3), the gravitational term can be neglected.
Writing the current density as J = µ−1

0 ∇×B and using some vector identities, Eq. 2.12
becomes

−∇
(
p+

B2

2µ0

)
+

1

µ0

(B · ∇)B = 0, (2.13)

where the first term contains the total pressure and the second term represents the mag-
netic tension, which is important for curved magnetic flux tubes (i.e., loops) and twisted
flux tubes (i.e., flux ropes). Priest (1978) notes that in hydrostatic equilibrium, an in-
crease in loop temperature (e.g., due to a flare) leads to a decrease in density at low
heights but to an increase in density at larger heights.

The time-independent hydrostatic solutions are of high interest since they most likely
represent the observed coronal loops that can be thought to result from loops converging to
a stationary state, and other states would be unstable and hence transient in observations
(e.g., Aschwanden, 2006, p. 155). Nevertheless, to be able to model plasma flows and waves
(which have been observed in coronal loops, see Section 2.1.3), hydrodynamic models must
be employed. Hydrodynamic simulations can also be used to study the convergence of
loops to some equilibrium state.

In addition to considering the time-dependent forms of the energy and momentum
equations (Eq. 2.4 and 2.7), the continuity equation, which describes the conservation of
mass, is required. The hydrodynamic continuity, momentum and energy equations for
loops are (e.g., Aschwanden, 2006, p. 118)

∂ρ

∂t
+∇ · (ρV) = 0, (2.14)

ρ
dV

dt
= −∇p+ ρg, (2.15)

ρT
dS

dt
= EH − ER −∇ · FC , (2.16)

where S is the entropy per unit mass of the plasma and the total derivative is

d

dt
=

∂

∂t
+ V · ∇ =

∂

∂t
+ V · ∂

∂s
(2.17)

for a one-dimensional loop. If the magnetic field is explicitly included in the equa-
tions 2.14–2.16, one ends up with the magnetohydronamic (MHD) equations. However,
the advantage of 1D loop models is that they evolve the loop plasma as a fluid practically
independent of the magnetic field.

A multitude of numerical hydrodynamic simulations have been carried out to study the
plasma evolution and its response to various heating processes in 1D loop models, and the
model results have been compared with observations, e.g., to constrain parameters in the
employed heating mechanism. For instance, Winebarger et al. (2003) compare hydrostatic
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solutions, computed with uniform and nonuniform steady heating, with observed coronal
loops (namely, the loop densities are compared). The authors conclude that only about
one fourth of the observed loops are consistent with the static models, suggesting that
steady heating does not represent active region loops well.

Spadaro et al. (2003) model typical active region loops with hydrodynamics employing
transient heating localized at the loop footpoints. The authors show that during the
cooling phase, loops are overdense compared to the RTV scaling law predictions, which is
consistent with observations. The modeled loops also exhibit downflows in the transition
region (corresponding to observed redshifted line emission), and siphon flows form when
one loop footpoint is more strongly heated than the other. The conclusion is that coronal
heating must be transient, localized near the chromosphere and asymmetric in a loop to
account for the observed flows.

A multi-stranded loop (see Section 2.1.2) can be modeled simply as a collection of
many single 1D loop models (e.g., Guarrasi et al., 2010; Warren et al., 2010a). Guarrasi
et al. (2010) assign impulsive heating (namely, a nanoflare storm) in their hydrodynamic
models of strands and compute the emission of the whole loop (a bundle of many strands)
in several spectral lines. The authors show that the emission appears uniform in warm
(2–3 MK) lines and the single strands are not readily discerned, while in cool (≤ 1 MK)
lines the strands are better visible. The proposed explanation is that the strands, which
are heated by a heat pulse and then slowly cool, spend a relatively long time at the
temperatures around 2–3 MK. The long lifetimes, high densities and narrow temperature
distributions of observed coronal loops are also reproduced by multi-thread hydrodynamic
loop models with impulsive heating (Warren et al., 2010a).

In addition to heating by nanoflares (i.e., magnetic reconnection), heating of coronal
loops due to wave turbulence has been investigated via hydrodynamic modeling, and such
loop models have been shown to compare well both to quiet-Sun and active region condi-
tions (e.g., Downs et al., 2016). Downs et al. (2016) also find that dynamic heating and
cooling cycles form naturally in the model when steady-state solutions are not possible.

One-dimensional hydrodynamic loop models have also been employed to visualize
magnetic field structures, and the produced synthetic coronal images have been visually
compared with observations to determine the success of the employed heating model
(Warren and Winebarger, 2006, 2007). For example, Warren and Winebarger (2006)
populate magnetic field lines selected from a potential field extrapolation with hydrostatic
loop solutions employing steady, uniform heating. Comparison between simulated and
observed emission at X-ray wavelengths suggests that the volumetric heating rate scales
as εH ∝ 〈B〉/L, where 〈B〉 is the averaged strength of the magnetic field along a field
line. However, synthetic images at EUV wavelengths reproduce the observations poorly.
These studies are presented in more detail in Section 3.2.2, where also the significance of
synthetic coronal images in the context of the magnetofrictional model is discussed.

While coronal loops appear to have uniform cross-sections in observations, as discussed
in Section 2.1.2, some studies suggest that loops expand with height but the expansion is
concealed due to the temperature distribution (e.g., Peter and Bingert, 2012). Therefore,
to properly take into account the loop expansion, three-dimensional (3D) models have to
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be considered. For instance, Chen et al. (2014) employ a 3D MHD model to study the
formation of active region coronal loops based on simulated emergence of magnetic flux.
The forming loops expand horizontally and fragment into several strands in synthesized
EUV emission, giving rise to a multi-thread loop structure which cannot naturally form
in 1D loop models.

On the other hand, 3D MHD models and even 1D hydrodynamic loop models are too
computationally demanding to permit practicable simulations of an entire active region, if
each coronal loop is considered to consist of several individual strands that are impulsively
heated by nanoflares, at least if different parameters of the heating models are to be tested
(Klimchuk et al., 2008). According to Klimchuk et al. (2008), thermal conduction and
flows smooth out gradients along the magnetic field. Therefore, so-called zero-dimensional
(0D) loop models, which consider field-aligned averages of the loop properties, can be used.
Klimchuk et al. (2008) show that their 0D model agrees well with 1D hydrodynamic loop
models, but is much more efficient.

30



Chapter 3

Coronal EUV emission

Extreme ultraviolet is high-energy ultraviolet radiation that covers the wavelength range
from 10 nm to about 100 nm (100 to 1000 Å). EUV radiation is primarily emitted by
ionized hot matter in the corona (also in the chromosphere and transition region), while
the cooler photosphere does not radiate at these wavelenghts. Therefore, EUV observa-
tions are suited for imaging coronal structures and their evolution. EUV images of the
Sun show, for example, coronal loops extending from active regions as was discussed in
Chapter 2.

EUV radiation is efficiently absorbed by the Earth’s atmosphere, so spaceborne in-
struments are required for observing the Sun in the EUV domain. For example, the AIA
instrument onboard the SDO spacecraft images the solar disk in several EUV wavelengths,
corresponding to radiation emitted by highly ionized iron and helium (Lemen et al., 2012).
While coronal loops can be observed also in UV wavelengths and X-rays, the focus of the
present chapter is EUV radiation, since we will work with observations done by the AIA
instrument in the later chapters.

The generation of EUV radiation in the solar corona and how it is observed is consid-
ered in Section 3.1, whereas in Section 3.2 we will delve into the modeling of EUV emission
based on different coronal models. Particularly, the emission proxy used to visualize the
MFM model results in this thesis is introduced.

3.1 Formation of EUV emission in the solar atmo-

sphere and its observation

EUV photons in the wavelength range from about 10 nm to 100 nm have energies of about
100 eV to 10 eV, respectively. Photons with such energies emanate from ionized matter
(i.e., plasma), which constitutes the solar atmosphere. The tenuous plasma of the solar
corona is optically thin, i.e., the interaction mean-free-path is large, and the plasma is
not in thermodynamic equilibrium with the radiation. The emission comprises mainly of
radiation from emission lines. (An optically thick gas would emit black body radiation,
like the photosphere of the Sun.) Emission lines are born in atomic transitions (bound-
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Figure 3.1: Solar EUV spectrum on May 5, 2010, showing the emission lines of highly ionized
elements. Some of these lines (multiple iron lines and one helium) are used by the AIA instrument
to image the solar corona. Image courtesy: SDO/EVE.

bound emission), but for an extensive understanding of the solar UV spectrum, also
collisions, scattering, recombination, ionization and continuum emission must be taken
into account. The respective atomic processes in the solar coronal context are reviewed,
e.g., by Mason and Monsignori Fossi (1994).

Emission lines in the EUV range are produced by highly ionized metal atoms, such as
iron. The EUV wavelengths observed by AIA are mainly emission lines of iron that has
lost about ten to twenty of its electrons. Such strong ionization can take place only at
sufficiently high temperatures when collisions are able to knock off the strongly bonded
inner electrons of the atom. Consequently, the presence of these emission lines in the solar
spectra alludes the high temperature of the emitting plasma, and the lines can be used
for quantitative spectroscopic analysis of the temperature in the solar atmosphere.

An example of the solar EUV spectrum is presented in Figure 3.1. The spectrum is
measured by the Extreme Ultraviolet Variability Experiment (EVE) instrument onboard
SDO. According to its name, the instrument studies the variability of the solar EUV
radiation. Solar EUV irradiance is in constant change and the radiation has considerable
effects on the upper atmosphere of the Earth (e.g., Lean et al., 2011).

Figure 3.1 illustrates the multitude of emission lines present in EUV observations of the
solar atmosphere. The different charge states of the ions (indicated by the roman numer-
als), and the respective emission wavelengths, correspond to different temperatures and
thus to different regions in the solar atmosphere where temperature varies with altitude
(see Section 1.1). As opposed to EVE which observes the solar EUV spectrum, imaging
instruments image the Sun only in a narrow wavelength band usually corresponding to a
single emission line. Therefore, the images unveil different layers of the solar atmosphere.

Typically used coronal EUV emission lines include Fe IX (171 Å, ∼6× 105 K), Fe XII
(195 Å, ∼2× 106 K) and Fe XXIV (193 Å, ∼2× 107 K), the latter two of which generally
comprise a single imaging channel due to the close wavelength values. The 171 Å emission

32



images the quiet corona and the upper transition region which have temperatures around
1 MK, and the 193 Å and 195 Å emission lines correspond to the hotter corona and flare
plasma as classified by Lemen et al. (2012) (see Fig. 3.2). The 171 Å and 193/195 Å
channels are employed for example by AIA (Lemen et al., 2012), TRACE (Handy et al.,
1999), SOHO/EIT (Delaboudinière et al., 1995) and the Extreme UltraViolet Imager
(EUVI) onboard the two Solar Terrestrial Relations Observatory (STEREO) spacecraft
(Howard et al., 2008). Also the high-resolution imager on the Hi-C sounding rocket
observed the corona using the Fe XII and Fe XXIV spectral lines (Kobayashi et al.,
2014).

Other EUV emission lines used by AIA are He II (304 Å, ∼5× 104 K) corresponding
to the chromosphere and the transition region (thus, not imaging coronal loops), Fe XIV
(211 Å) and Fe XVI (335 Å) corresponding to the active regions in the corona due to their
2 MK characteristic temperatures, and Fe XVIII (94 Å) and Fe XXI (131 Å) imaging the
flaring corona with temperatures up to 10 MK. The 131 Å emission is “contaminated”
by radiation from the transition region due to the Fe VIII emission line having similar
wavelength but corresponding to 0.5 MK temperatures (see Fig. 3.2). Thus, the AIA
imaging instrument can be used to study the whole solar atmosphere, from the chromo-
sphere to the corona and the very high temperature flaring regions. In addition to its
EUV channels, AIA monitors the continuum radiation in three wavelengths: 1600 Å (in-
cluding the C IV emission line), 1700 Å and 4500 Å, to image also the photosphere and
to produce a comprehensive picture of the Sun with high resolution and cadence, along
with the photospheric magnetic field observations made by HMI on the same spacecraft.

While the wavelength of the observed emission dictates which temperature range is
imaged, the intensity of radiation depends on the plasma density, as was already men-
tioned in Section 2.1.3. The total emission can be characterized by the line-of-sight,
wavelength-independent emission measure

EM =

∫
nenids ≈

∫
n2
eds, (3.1)

where ne is the electron and ni the ion number density, and the approximations that ions
are mainly protons (ni ≈ np) and the plasma is quasi-neutral (np ≈ ne) have been used
in the last step. The emission measure can also be defined as an integral over an emitting
volume V , i.e., the volume emission measure is

EMV =

∫
n2
edV, (3.2)

which naturally gives a different unit (cm−3 instead of cm−5).
The intensity observed with an instrument additionally depends on the instrumental

response on the radiation, as well as, the electronics and optics of the device. The intensity
in a wavelength channel λ can be written as Iλ = Gλ(T )EM , where Gλ(T ) is the response
function in the corresponding channel. The temperature response of AIA’s EUV channels
corresponding to emission lines of iron are shown in Figure 3.2, which shows the large
extent of the channels in temperature. Though, the response functions are strongly peaked
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Figure 3.2: Temperature response functions of the EUV AIA channels calculated with the help
of a CHIANTI model for the solar emission (see text for the corresponding emission lines of iron).
The double-peaked structure in the 131 Å and 193 Å response functions indicate the contribution
from two iron emission lines close in wavelength corresponding to different temperatures. Image
courtesy: Lemen et al. (2012).

at the characteristic temperature(s) of the corresponding emission line(s) (note that both
axes are logarithmic). Two emission lines contributing to a single channel (the 131 Å and
193 Å channels, as mentioned above) are seen in the response functions as having two
peaks at different temperatures.

Since the emission measure does not depend on wavelength, the intensity ratio Ri,j of
different channels i, j is only a function of temperature,

Ri,j =
Ii
Ij

=
Gi(T )

Gj(T )
. (3.3)

These so called line ratios can be used to diagnose the temperature of the observed
plasma in, e.g., coronal loops (e.g., Chae et al., 2002) assuming the plasma is isothermal.
In the more general case of multithermal plasma, differential emission measure (DEM)
techniques can be used for temperature diagnostics (e.g., Schmelz et al., 2009). Some line
ratios may be used to estimate the electron density (Bray et al., 1991, p. 75–77). Also
the emission measure (Eq. 3.1) can be used to estimate the average electron density in a
coronal loop via equating EM = 〈ne〉2L and solving for 〈ne〉. The length L corresponds
to the path length through the emitting material along the LOS.

In the simplest case, the path length L would be the loop diameter at the point
of observation. However, since the coronal plasma is optically thin and the corona is
abundant with plasma structures, the observed intensity at each point is a sum of all
the structures on the line-of-sight. Therefore, identifying coronal loops in coronal EUV
images can be problematic as it might not be evident if one observes a single bright
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coronal loop or multiple fainter loops that are overlaid. This effect is especially prevalent
in active regions where hundreds of stranded loops may exist intersecting and overlaying
each other. There is also the diffuse component of the coronal emission which must be
taken into account when studying the coronal images, as was discussed at the end of
Section 2.1.3.

In Section 2.1.3, it was mentioned that warm coronal loops can be observed to be
cospatial with hot loops. That is, the coronal loop is first observed at a high-temperature
EUV or X-ray channel and when the plasma in the loop cools, the loop will eventually
disappear from that channel and reappear at a channel corresponding to a lower tem-
perature (or vice versa, if the plasma is heated; Reale and Ciaravella, 2006). However,
the transition of a loop from a certain wavelength band to another might not be readily
ascertained, for example, if there already exists a great amount of emitting structures
at the cooler (hotter) channel. Additionally, observations and models suggest that the
loop temperature can vary with height (see Section 2.1.3). If the loop top is substantially
hotter than the loop legs, the top might not be imaged in the same channel as the rest
of the loop, which leads to the loop appearing to have a constant cross-section while, in
reality, the cross-section is increasing with height (Peter and Bingert, 2012). The same
loop can also be observed simultaneously in multiple channels as the temperature range
of the plasma gives rise to emission corresponding to different channels (see Fig. 3.2).

Also, as formerly discussed, the intensity of radiation depends on the density of the
emitting plasma. If we consider an erupting loop that ejects material from the corona, the
loop will disappear from the observed wavelength channel due to the decreasing density.
Thus, it might not be evident if a loop is fading in a particular wavelength channel because
the temperature of the loop plasma is changing or because the amount of plasma in the
loop is diminishing due to material flowing out of the loop.

3.2 Modeling of EUV emission

The three-dimensional coronal magnetic field is not readily observed, but observations
of coronal loops hint at the configuration of the magnetic field. Models of the coronal
magnetic field will shed light on the evolution of coronal activity and the mechanisms of
coronal eruptions, but their results must be compared with real observations to validate
the performance of the models. Therefore, coronal emission is synthesized from the model
in order to enable a comparison.

The real solar EUV emission depends on the thermodynamic quantities of the plasma
(such as density and temperature) as discussed in the previous section. As was mentioned
in Section 1.3, where different models for the coronal magnetic field were presented, MHD
models include these plasma parameters but the MFM approach does not. Therefore,
MHD models allow the synthesis of coronal emission via imitating the true physical pro-
cesses that lead to the emission, while in the MFM case one must formulate an ad hoc
proxy for the emissivity, unless the properties of the plasma are further simulated. Re-
gardless of the use of proxies, the MFM is a considerable simulation technique owing to
its low computational cost.
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Modeling of EUV emission based on MHD simulations is presented in Section 3.2.1
to illustrate the more sophisticated methods as opposed to the proxy models used with
MFM. Section 3.2.2 describes the MFM emissivity proxies, especially the formula used
for visualization in this thesis.

3.2.1 EUV emission in MHD models

Magnetohydrodynamic (MHD) simulations model the evolution of plasma in tandem with
the magnetic field. In the solar coronal context, three-dimensional MHD models are used
to study coronal heating, which is obviously not possible with the simpler magnetic field
models that do not model the temperature (such as the MFM technique). One way
to validate the empirical heating models is to compare synthetic EUV or X-ray coronal
images to the observed emission from the corona.

Coronal heating is a greatly studied topic, but the fundamental heating processes
sustaining the over million kelvin corona are yet to be firmly established (see Section 1.2).
Since the small-scale physics ultimately responsible for the heating are computationally
expensive to incorporate in MHD models, empirical parametrizations of the heating (based
on magnetic and thermodynamic properties) are used instead (e.g., Downs et al., 2010).
The heating can be investigated on a global level (Downs et al., 2010; van der Holst et al.,
2014), where the correspondence of large-scale features (such as coronal holes) between
the model and observations is of interest, or the study can be focused on a selected active
region, allowing examination of the thermal structure and evolution in individual loops
(Mok et al., 2005, 2016).

In their simulations, Downs et al. (2010) include the entire transition region in the
MHD model in addition to the low corona. Along with the coronal heating, they take
into account electron heat conduction and radiative cooling. EUV and X-ray images are
synthesized from the three-dimensional MHD model results via calculating the emission
based on the model parameters using the CHIANTI atomic database and integrating
along the line-of-sight. The emission is computed for different wavelength bands corre-
sponding to selected channels of imaging instruments, and the instrumental response is
also considered. Following the methods of Mok et al. (2005), the synthesized response of
an imaging pixel is

R =

∫
n2
efλ(T, ne)ds, (3.4)

where fλ(T, ne) is the response function for channel λ taking into account both the atomic
physics and the instrumental properties. The temperature and density vary along the
line-of-sight. The unit of R is data numbers per second (DNs−1, like in real detectors)
representing the number of electrons created in the instrument camera per pixel as a
response to solar photons. Mok et al. (2005) find that the response function fλ depends
rather weakly on the density for SOHO/EIT EUV channels.

Downs et al. (2010) synthesized full disk coronal images for three EIT EUV channels
and for one X-ray wavelength corresponding to the AlMg filter of the Soft X-ray Telescope
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Figure 3.3: Comparison of synthesized (top) and observed (bottom) SOHO/EIT 171 Å, 195 Å
and 284 Å EUV and Yohkoh/SXT AlMg images on August 27, 1996. The image synthesis
was performed based on a global MHD simulation of coronal heating taking into account the
instrumental response of the considered detectors (see Eq. 3.4). Adapted from Downs et al.
(2010).

(SXT) onboard the Yohkoh spacecraft. The images corresponding to a model run with
an exponential heating model where active regions are weighted with the local magnetic
field are shown as an example in Figure 3.3. The observed full disk images are also shown
for comparison.

The overall coronal structure is rather well modeled as the bright active regions and
the dark coronal holes appear in the model at the corresponding locations as in the
observations. Downs et al. (2010) state that the success of the rather simple heating
model advocates the importance of the magnetic field configuration and the redistribution
of energy via thermodynamic processes (such as electron heat conduction) in coronal
heating.

Similar methods for validating a global MHD model of coronal heating are also em-
ployed by, e.g., van der Holst et al. (2014). However, their heating model is based on Alfvén
wave turbulence, and the synthetic EUV images are compared with STEREO/EUVI and
SDO/AIA observations on various wavelength bands. The observed coronal features (ac-
tive regions and coronal holes) are reproduced by the model quite well. Since van der
Holst et al. (2014) claim that their heating model is not based on ad hoc assumptions, the
results suggest that wave phenomena may play a key role in heating the global corona.

Global simulations grant information of coronal heating as a whole, but if one wants to
image individual coronal loops and study their thermal evolution, the simulation domain
must be confined to a smaller area. For example, Mok et al. (2016) model an active
region to investigate the thermal non-equilibrium of coronal loops. The used coronal
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Figure 3.4: Comparison of observed (top) and synthesized (bottom) SOHO/EIT 171 Å, 195 Å
and 284 Å EUV and Yohkoh/SXT AlMg images on August 30, 1996. The MHD model is
localized to the active region visible near the eastern solar limb in Figure 3.3. While the coronal
(high altitude) part of the loops have comparable intensity between the model and observations,
the emission at the loop footpoints is excessive (see text). Adapted from Mok et al. (2016).

heating model is based on Alfvén wave turbulence. Coronal EUV and X-ray emission is
synthesized from the model results by applying similar methods as described above.

The synthetic images computed for the same SOHO/EIT and Yohkoh/SXT channels
as presented in Figure 3.3 are shown in Figure 3.4. Actually, the modeled active region is
the same as the one seen near the eastern solar limb in Figure 3.3. The emitting structures
are in a general agreement between the model and observations, though, Mok et al. (2016)
state that the connectivity of the model loops does not completely follow the observations
due to the inadequate magnetic field model used in the simulation.

Additionally, Mok et al. (2016) remark that emission at the loop footpoints is overes-
timated due to using coronal elemental abundances when calculating the synthetic emis-
sivity. The authors show that by using photospheric abundances the emission at these
regions become more comparable with observations. This suggests that consideration of
the elemental abundances is important when modeling EUV emission in MHD models.

In addition to comparing synthetic and observed images visually, quantitative analysis
can be performed when the emission is calculated from a MHD model. For example, in-
tensity profiles taken along a cospatial cut through the synthetic and observed images can
be compared to investigate in more detail the correspondence of the model to observations
(e.g., Downs et al., 2010). Such intensity profiles are also considered in this thesis (see
Section 5.2.2), though with the MFM approach the comparison is only qualitative.
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3.2.2 EUV emission in MFM models

Since MFM simulations model only the magnetic field, coronal EUV emission cannot be
modeled based on the composition and parameters of the plasma, as was the case with
MHD in the previous section. Instead, an emissivity proxy must be constructed based on
physical considerations.

The emissivity proxy used in this thesis is formulated by Cheung and DeRosa (2012),
and it uses the squared current density averaged over a magnetic field line as an indication
of emission, i.e., the current-carrying field lines are visualized. The proxy is

〈J2〉 =
1

L

∫ L

0

J2ds, (3.5)

where the integration is performed along a field line with total length L. This mean-
squared current density 〈J2〉 is calculated for several tens of thousands of field lines to
produce a synthetic coronal image. The proxy depends on the length of the magnetic
loop L, so that loops that do not close in the simulation domain cannot be taken into
account, i.e., the proxy value is set to zero for magnetic field lines that cross the top or side
boundaries of the simulation domain. Since Eq. 3.5 defines a proxy, the obtained value of
emissivity could be scaled with an arbitrary constant. Further details on the calculation
of the proxy emissivity in this thesis using Eq. 3.5 are presented in Section 4.3.

The current density of plasma with charge density ρq is

J = ρqV. (3.6)

The real plasma emissivity is proportional to the square of the density n2 (see Eq. 2.1).
Inspecting Eq. 3.6, also the squared current density is proportional to n2 (as ρq is nat-
urally proportional to the number density). Thus, one can think that a high value of
current density corresponds to a high value of density and, consequently, to high inten-
sity emission. This is the basis of the proxy presented in Eq. 3.5. However, the current
density also depends on the bulk velocity of the plasma, and high values of J could be
reached also with low-density high-speed plasmas. The correspondence between 〈J2〉 and
the intensity of EUV radiation is thus not straightforward, which is the downside of the
proxy (or, the downside of proxies in general).

Another shortcoming of the proxy is that each magnetic loop is given a constant
value of emissivity as 〈J2〉 is evaluated as an average over a field line. In reality, coronal
loops tend to dim with height as was mentioned in Section 2.1 and which is especially
demonstrated in Figure 2.1b. Height dependence could be included by scaling the proxy
emissivity with some function of the altitude. For example, employing exponential dim-
ming the value of emissivity in a cell at height z would be

ε = 〈J2〉 exp(−z/H), (3.7)

where H is the emission scale height. An appropriate scale height should be chosen by
inspecting the typical dimming of coronal loops in EUV observations. Dependence to
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Figure 3.5: Time sequence of synthetic coronal images produced by the mean-squared current
density proxy (see Eq. 3.5) based on a data-driven MFM simulation. The images were obtained
via line-of-sight integration of the proxy emissivity data, and they are shown with logarithmic
scaling. The modeled active region is NOAA AR 11158 during February 2011 (see the title of
each image for the exact time). Adapted from Cheung and DeRosa (2012).

some other parameter, like the magnetic field magnitude, could be added in a similar
manner as in Eq. 3.7.

The mean-squared current density proxy of Eq. 3.5 is considered in this thesis due to
its simplicity. The proxy seems to produce coronal images that bear a resemblance to real
EUV observations (Cheung and DeRosa, 2012). Examples of synthetic coronal images
produced by this method are shown in Figure 3.5. The active region modeled via MFM is
in the middle of the images, and synthetic coronal loops extend from it, to some extent,
in a realistic manner. The current-carrying magnetic loops are visualized, and the loop
structures evolve with time.

A similar field line averaged emissivity proxy is presented by Cheung et al. (2015).
Instead of the squared current density, the rate of work done by the Lorentz force is
considered. The proxy is

〈WD〉 =
1

L

∫ L

0

FLorentz ·Vds, (3.8)

where again L is the length of the magnetic loop (and WD comes from “work done”).
The field line averaged proxy represents the loss rate of magnetic energy in a magnetic
loop due to work done by the Lorentz force FLorentz = J×B. This energy loss is thought
to be connected to the energy loss due to radiation in real emitting coronal loops.

In MFM, the velocity is V = ν−1J×B (as was defined in Eq. 1.4). Therefore the rate
of work is

FLorentz ·V =
1

ν
(J×B)2 ≥ 0. (3.9)

That is, the proxy is non-negative and it, indeed, can be used as a proxy for the emissivity
which is always positive.
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In this thesis, the proxy formulated in Eq. 3.8 is not considered due to it being more
complex to compute than the mean-squared current density proxy (see Eq. 3.5). The
proxy requires the calculation of a cross product and knowledge of the magnetofrictional
coefficient ν which is a function of altitude (Cheung and DeRosa, 2012; Cheung et al.,
2015).

By performing additional simulations, more realistic emission can be synthesized also
in the MFM case. As discussed in Section 2.2, coronal emission can be synthesized based
on hydrodynamic loop models (e.g., Warren and Winebarger, 2006, 2007). While these
studies do not consider MFM simulations, but the simpler potential field extrapolations,
the methods to produce synthetic images with hydrodynamic loop modeling, presented
in the following, would be analogous in the MFM case.

Warren and Winebarger (2006) select active region coronal loops based on a potential
field extrapolation and populate the loops with hydrostatic atmospheres, assuming steady
heating. The authors synthesize EUV and X-ray emission with the CHIANTI atomic
database based on the modeled density and temperature distributions of loops. The syn-
thetic coronal images are compared with observations to determine the parametrization
of the employed coronal heating model. Warren and Winebarger (2006) find that syn-
thetic images are consistent with observations at X-ray wavelengths, but not at EUV
wavelengths. Synthetic coronal EUV images are dominated by transition region emission
of hot loops (i.e., the so-called moss emission) that is too bright, and the observed loop
structures are not reproduced.

Hydrodynamic simulations of active region loops with impulsive heating are considered
by Warren and Winebarger (2007). Comparing synthetic and observed coronal images,
the authors show that also impulsive heating (i.e., heating by nanoflares) is consistent
with the high-temperature (X-ray) corona. The comparison is shown in Figure 3.6. How-
ever, while loops exist in the synthetic EUV images, the observed loop structures are
not reproduced and the core of the modeled active region is too bright. Warren and
Winebarger (2007) conclude that other heating mechanisms should be investigated, and
suggest that intermittent heating could reproduce the EUV emission better.

The magnetic field configuration produced by MFM simulations is more realistic than
the simple potential field models, but the studies by Warren and Winebarger (2006,
2007) suggest that to synthesize proper coronal EUV emission dynamic models must
be used and the employed heating model must be specifically considered. Nevertheless,
hydrodynamic loop models allow for more realistic synthetic images than the emissivity
proxies presented above, and 1D loop models are still less computationally demanding
than full MHD simulations.
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Figure 3.6: Comparison of observed (top) and synthesized (bottom) Yohkoh/SXT AlMg X-ray
and SOHO/EIT 171 Å, 195 Å and 284 Å EUV images of AR 8156 on February 16, 1998. The
images are synthesized based on hydrodynamic loop models with impulsive heating, where the
modeled loops are selected from a potential field extrapolation. The SXT synthetic image has
been convolved to the instrument resolution. Adapted from Warren and Winebarger (2007).
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Chapter 4

Synthesization of EUV images from
MFM results

The results of the magnetofrictional simulation can be compared with observations of
solar coronal extreme ultraviolet radiation by producing synthetic images according to
some emissivity proxy, as was discussed in the previous chapter. The current chapter
introduces the system of two active regions, whose observed and simulated evolution are
studied in this thesis, and describes the methods for producing synthetic EUV images
from the MFM simulation results. Section 4.1 presents the active regions, Section 4.2
discusses some details of the MFM simulation, and the methods for synthesizing mock
coronal EUV images are presented in Section 4.3.

The central input to the MFM simulation is the time-dependent photospheric electric
field boundary condition. In this work, the effect of the electric field on the dynamics
of the coronal magnetic field is explored by investigating the resulting synthetic images.
Coronal loops observed in EUV images of the solar corona consist of plasma supported by
the magnetic field, as discussed in Chapter 2. Thus, we want to consider the configuration
of the modeled magnetic field. The production of synthetic images consists of two parts:
tracing the simulated magnetic field configuration to calculate the proxy emissivity based
on the formula presented in Section 3.2 (Eq. 3.5), and transforming the three-dimensional
emissivity data into a two-dimensional image reminiscent of solar EUV observations made
by, for example, the AIA instrument on board SDO.

The MFM algorithm is implemented and the simulation results were provided by Jens
Pomoell, University of Helsinki, who wrote the majority of the magnetic field tracing code,
as well. The author of this thesis contributed to the tracing code written in the C++
programming language by adding emissivity calculation, and she wrote the Python code
to produce synthetic images to visualize the MFM results. The ELECTRICIT toolkit
created by Erkka Lumme, University of Helsinki, was used (in addition to producing the
electrograms for the MFM simulation boundary condition) to calculate the line-of-sight
of the AIA instrument to be able to project the synthetic EUV images in a similar fashion
to AIA images. The magnetic field tracing, emissivity calculation and visualization tools
constitute the EUV Emission Modeling (EUVEM) code.
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4.1 General description of the modeled system

The magnetofrictional method was employed to model the evolution of two active regions
situated nearby each other, the NOAA AR 11504 and 11505.1 The simulated time period
was four full days, from June 11, 2012 until the end of June 14.

AR 11504 and 11505 came to the view of the instruments onboard SDO around June
9, 2012 and rotate off-disk on June 21. The two ARs were located slightly below the
equator, and they rotate from the eastern limb to disk center during the studied period.
Both the photospheric line-of-sight (LOS) magnetic field data measured by HMI and the
171 Å AIA image are shown in Figure 4.1 at 12:00 TAI2 on June 11 to illustrate the
studied active regions. AR 11504 is the larger and lower region of enhanced magnetic
field (at latitude S 17◦), and AR 11505 is the upper one (at latitude S 9◦).

There are groups of coronal loops visible in the EUV image (Fig. 4.1b), in the ARs
under consideration and in other ARs present at the Sun at the investigated time; the Sun
is showing rather large amount of activity. In Figure 4.1a the regions of strong magnetic
field (black and white regions) corresponding to the two loop filled ARs are seen within
the rectangular box. We will return to the structure and evolution of the loop system in
ARs 11504 and 11505 in the next chapter.

A selection of photospheric LOS magnetograms centered on the ARs under study is
shown in Figure 4.2. The magnetograms are taken approximately every two days, and
they correspond to the beginning, the middle and the end of the simulation period. Such
magnetograms constitute the main input for the time-dependent boundary condition of
the MFM simulation. Note that the magnetogram data shown have been processed with
the ELECTRICIT toolkit, namely, smoothed and rebinned. Processing is performed on
the boundary data to reduce the noise intrinsically present in the measurements and to
reduce the resolution to mitigate the computational load of the simulation. The migration
of the ARs toward the disk center due to solar rotation is tracked and subtracted from
the data. Thus, the simulated region can be considered stationary, and the evolution of
the patches of strong magnetic field seen in Figure 4.2 is due to photospheric convective
motions as well as emerging new flux changing the magnetic field. Also the curvature
of the solar surface is factored out and neglected as the simulation region covering the
two ARs is localized and not too large (see Fig. 4.1). With this approximation, the
simulation can be performed in the simpler Cartesian coordinates as opposed to spherical
coordinates.

Inspecting Figure 4.2, we see that AR 11504 evolves more during the simulation period,
as it is growing in size, but both ARs seem to rotate clockwise. Comparing the images
on the left and right in Figure 4.2 (i.e., times at the beginning and at the end of the
simulation period), it is clearly seen that new magnetic flux has emerged in AR 11504, as
the area of the saturated region has grown. James et al. (2017) estimate that 7× 1017 T

1The active region numbers are given by the National Oceanic and Atmospheric Administration
(NOAA).

2Temps Atomique International (TAI), International Atomic Time, which is the time standard used
in this thesis.
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Figure 4.1: The location of AR 11504 (lower polarity pair) and AR 11505 on the solar disk on
June 11, 2012 at 12:00 TAI, marked with a box. The box is centered around latitude S 14◦ and
longitude E 37◦. At the end of the simulation, the ARs have reached disk center (i.e., longitude
W 0◦). a) Photospheric LOS magnetogram. Positive magnetic polarity is shown in white and
negative in black. Image courtesy: SDO/HMI. b) Fulldisk AIA 171 Å image revealing coronal
loops in active regions. Image courtesy: SDO/AIA.

Figure 4.2: Photospheric z-component of the magnetic field near the beginning, at the middle
and at the end of the simulation period (exact time is marked above each magnetogram). The
strength of the magnetic field is saturated to ±0.1 T (positive polarity shown in white and
negative in black). The images also show the extent of the simulation box on the solar surface
whose curvature has been neglected.
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of magnetic flux emerges in AR 11504 from June 11 until noon on June 15 when the
emergence ceases. That is, new magnetic flux is added to the ARs during the MFM
simulation, and this addition is driven by the time-dependent boundary conditions.

During the simulated time period of June 11–14, several C-class flares were observed
in AR 11504 (none on June 11, five on June 12, eight on June 13 and seven on June 14).3

AR 11505 was much quieter and produced only one C-class flare during the considered time
period. Additionally, two M-class flares occurred in AR 11504, one at around 11:30 TAI
on June 13 and another on the following day at around 12:50 TAI. Both flares were
associated with a CME, the June 13 one with a partial halo CME, first detected in
coronagraph images at 13:25 TAI, and the June 14 one with a halo CME, first detected
at 14:12 TAI (e.g., Srivastava et al., 2018). As AR 11504 was near the center of the solar
disk at these times, the CMEs were (partially) directed toward the Earth (thus seen as
a halo around the Sun in coronagraphs), and they caused space weather effects. The
interplanetary counterparts of both CMEs were observed in situ upstream of the Earth
during June 16–17, though, the flux rope structure associated with the June 14 CME
was more pronounced. According to a study by Srivastava et al. (2018), the two CMEs
interacted (since the June 14 CME was faster and caught up to the slower June 13 one),
and they produced a moderate long lasting geomagnetic storm.

James et al. (2017) study the evolution of AR 11504 prior to the CME on June 14
using EUV observations, and infer that the eruptive flux rope formed two hours before the
eruption. Their interpretation is that the flux rope is formed via magnetic reconnection
enabled by the interaction of the newly emerged magnetic flux in the active region and
the pre-existing sunspot field.

Based on the presented evolution of the considered ARs, we will look for a forming
magnetic flux rope in AR 11504 in the MFM simulation. However, due to employing
a modeling technique that does not take into account plasma dynamics and uses ad
hoc assumptions (described in the next section), it is not necessarily expected that the
simulation conforms to the observed time evolution of the ARs. That is, if a flux rope
forms in the simulation, the formation might not occur two hours prior to the onset of the
eruption as observed. For example, in one of their data-driven MFM simulations, Cheung
and DeRosa (2012) notice a flux rope forming eight hours before the observed eruption
(and with another applied assumption, a flux rope does not form at all).

4.2 The MFM simulation

The simulations studied in this thesis model the evolution of the coronal magnetic field
structure employing the magnetofrictional method described in Section 1.3.3. The imple-
mentation of the MFM algorithm resembles the approach of Cheung and DeRosa (2012).
The MFM scheme is computationally efficient allowing routine runs, and in the future it
might be possible to apply it in the prediction of solar eruptions and space weather.

3LMSAL SolarSoft Latest Events Archive: http://www.lmsal.com/solarsoft/latest_events_

archive.html. Retrieved 21.3.2018.
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The production of electrograms from magnetogram data, which serve as the time-
dependent boundary condition for the data-driven MFM simulations, and the two different
ad hoc assumptions, which are needed in the electric field inversion, are discussed in
Section 4.2.1. Other details, such as the simulation grid, are presented in Section 4.2.2.

4.2.1 Electric field inversion

The boundary condition for the simulation is the temporally evolving photospheric electric
field. Direct measurement of the surface electrograms is not feasible and their determina-
tion from other data is difficult, requiring both photospheric magnetic and velocity field
measurements for realistic estimates. The inference of the fields from measurements of
solar radiation is a complex inversion problem, especially as uncertainty of data is always
present. Methods for the electric field inversion are presented and investigated in, e.g.,
Fisher et al. (2010, 2012), Kazachenko et al. (2014) and Lumme et al. (2017).

In general, the electric field can be obtained from Faraday’s law

∇× E = −∂B

∂t
(4.1)

or from the Ohm’s law which is, with the assumption of ideal MHD,

E = −V × B (4.2)

(obtained by setting η = 0 in Eq. 1.5 to obtain the ideal induction equation).
The inversion of the field starts by solving the inductive component of the electric

field from Faraday’s law using the poloidal-toroidal decomposition (PTD) of the time
derivative of the magnetic field using vector magnetogram time series (e.g., Fisher et al.,
2010). While the solution obeys Faraday’s law (Eq. 4.1), it is not a unique solution, as for
any gradient of a scalar potential ∇×∇ψ = 0. Thus, the electric field can be determined
from the magnetograms only up to the non-inductive component −∇ψ, which must be
inferred from other measurements such as dopplergrams and optical flow estimates. The
total electric field is obtained as the sum of the inductive EI and the non-inductive
components:

E = EI −∇ψ. (4.3)

An alternative approach to calculate the non-inductive component is to use ad hoc
constraints for the divergence of the electric field. Thus, velocity estimates are not needed
in the inversion. In the MFM simulations considered in this thesis, velocity measurements
are not implemented in the inversion of the field for the boundary conditions. Instead,
two ad hoc constraints are used to produce the electrograms, which leads to two very
different evolutions of the coronal magnetic field as will be seen in Chapter 5.

The first method is to set the horizontal divergence of the horizontal electric field to
be proportional to the vertical magnetic field component, giving the following equation
for the non-inductive potential ψ,
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∇2
hψ = −∇h · Eh = −ΩBz. (4.4)

This method was proposed by Cheung and DeRosa (2012), who note that using the ideal
Ohm’s law one arrives to the relation

Ω = −
(∂Vy
∂x
− ∂Vx

∂y

)
, (4.5)

under the assumptions that Vz = 0 and Bz is constant. Eq. 4.5 is the (negative) vertical
component of the plasma vorticity ∇× V. Hence, in this special case, Eq. 4.4 imposes a
spatially uniform vortical motion of plasma at the photosphere with angular velocity Ω/2.
Therefore, it is assumed that vortical photospheric motions characterize this assumption
in the general case.

In the other ad hoc method, proposed by Cheung et al. (2015), the proportionality is
set to the vertical current density,

∇2
hψ = −∇h · Eh = −UJz = − U

µ0

(∇× Bh)z. (4.6)

Again, using the ideal Ohm’s law one gets an equation for the proportionality constant
in a simple special case. When assuming Bz is constant, the constant U corresponds to a
uniform vertical velocity field,

U = µ0Vz. (4.7)

In the general case, it can be expected that this assumption leads to some upward velocity
to be imposed in the system.

Both assumptions (Eq. 4.4 and 4.6) impose a constraint for the unknown velocity field.
The proportionality constants Ω and U are free parameters, and reasonable values must
be inferred by considering the situation at hand. Cheung and DeRosa (2012) found that
a larger value of Ω leads to a larger amount of free magnetic energy being injected into
the corona during the MFM simulation due to the imposed twisting of the field. Thus,
the value of the parameter can be chosen so that the simulated magnetic energy injection
matches a given reference estimate. On the other hand, Cheung et al. (2015) use the
parameter U to specify the vertical speed of a rising twisted magnetic flux tube, i.e., U
specifies the injection speed of magnetic twist into the system.

The simplest method would be to neglect the non-inductive component of the electric
field (i.e., ∇h · Eh = 0). However, with such an assumption the electric field and energy
injection are underestimated (e.g., Fisher et al., 2010; Lumme et al., 2017). Hence, this
assumption is not considered in this work. It is also noted that the ad hoc assumptions
of Eq. 4.4 and 4.6 concern only the horizontal part of the non-inductive component.
Thus, the vertical component of the electric field is underestimated regardless of the
chosen assumption. However, only the horizontal electric field components are used as
the boundary condition of the MFM simulations.

The electrograms for the MFM simulation used in this thesis were produced by Erkka
Lumme using the ELECTRICIT toolkit. More detailed information of the electric field
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inversion techniques is presented in his Master’s thesis (Lumme, 2016) and in Lumme
et al. (2017). The non-inductive component is solved using individually the Ω- and U -
assumptions. The values for the proportionality constants are optimized by matching the
total injection of magnetic energy (calculated from the total area- and time-integrated
vertical Poynting flux Sz = Eh×Bh) to the energy injection given by a velocity inversion
code. The code in question is the differential affine velocity estimator for vector mag-
netograms (DAVE4VM, Schuck, 2008). It should be noted that there is no compelling
reason to assume that the DAVE4VM code provides realistic estimates for the energy in-
jection. However, as long as only vector magnetogram data are employed for the electric
field inversion, this is the best choice for the optimization.

The optimization was performed with full resolution unsmoothed HMI data. The
optimized values for the two parameters are

Ω = 5/64 rotations/day, (4.8)

U = 170 m/s. (4.9)

The parameter values are fixed for the whole simulation period, even though the actual
physical conditions in the ARs arguably change over time. Time-dependent parameters
could be explored, but this is not the target of this thesis. The physical sensibleness
of the parameter values should be studied by considering the vorticity of the horizontal
velocity field and the angular velocities of sunspot rotation for the Ω-assumption, and the
vertical velocity in the photosphere for the U -assumption. Unfortunately, investigating
the velocity measurements is not in the scope of this work. We settle for noting that
some rotation is observed in AR 11504 (e.g., James et al., 2017). The U -assumption
leads to upward velocity in the photosphere, which could hold considering the average
granulation outflow. However, the typical velocities are 500–1500 m/s, much above the
optimized value U = 170 m/s, and it would be more instructive to study the velocities
of flux emergence in the photosphere if properly calibrated Doppler measurements were
available.

The input HMI magnetograms (with 12 minute cadence) are processed prior to the
electric field inversion. Noise in the magnetograms (and consequently in the produced
electrograms) is reduced by masking a pixel to zero if it has |B| < 0.025 T (Kazachenko
et al., 2015). Masking of the noise-dominated weak field pixels also prevents the prop-
agation of certain weak field artifacts. The magnetograms are spatially and temporally
smoothed using a Gaussian smoother (with the same parameters as used by Jiang et al.,
2016), after which rebinning to four times the original resolution is performed. That is,
the resolution is reduced from the original 0.03◦ to 0.12◦ while the total flux of each com-
ponent of the magnetic field is conserved. Rebinning simply makes the simulations faster
to perform. Smoothing is required for the numerical finite difference approximations of
the MFM simulation to properly assess the gradients of the photospheric data. In addi-
tion, the smoothing reduces noise and spurious artifacts, which are abundant in vector
magnetograms (Hoeksema et al., 2014). The preprocessing also includes the addition of
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a buffering zone to avoid issues on the magnetogram boundaries and the balancing of the
vertical magnetic field component to yield zero total flux at the photospheric boundary.

4.2.2 Simulation setup details

The initial magnetic field configuration in the simulation is obtained from a local Cartesian
potential field extrapolation. In a potential field no currents exist (below the source
surface), and synthetic images using the current density proxy cannot thus be produced
for the initial state. The coronal magnetic field configuration and the current density
evolve with time during the MFM simulation, as was outlined in Section 1.3.3. The
MFM code is run in parallel on 24 processors. Snapshots of the simulation are taken at
time intervals of ten minutes, and they contain the 3D vector fields of the magnetic field
and current density on the grid defined in the following. The data files are saved in a
VTK-format.4

The simulation is performed on a three-dimensional Cartesian grid, where the lower
boundary is the photosphere. The number of cells in the (x, y, z)-grid is (200, 164, 95),
i.e., the vertical z-direction is sampled less frequently than the horizontal directions. The
horizontal simulation domain extends symmetrically around the origin about 146 Mm in
the x-direction and 119 Mm in the y-direction (see Fig. 4.2). The size of each cell in
the horizontal directions is about 1.5 Mm. In the vertical direction, the simulation box
extends to about 186 Mm, and the vertical size of the cells increases with height from
the lower boundary (from about 0.9 Mm to 3.7 Mm). Larger heights are given a coarser
resolution since gradients of the field decrease with altitude making the field smoother,
and frequent sampling is not required. In addition, we expect more dynamics to happen
in the low corona. The total size of the simulation grid is 291 Mm × 239 Mm × 186 Mm.
On the surface of the Sun, the simulation domain corresponds to an area of about 350” ×
350”. Since the simulation domain extends to less than 200 Mm in the vertical direction,
it models only the low, or inner, corona. Thus, the considered MFM simulation is called
an inner coronal simulation.

In the simulation grid, the simulated quantities are defined at different positions in
the grid cell. For example, components of the magnetic field are defined at the center of
the cell faces, while the components of the electric field are defined at the midpoints of
the cell edges. The purpose is to ensure that vector operations apply in the numerical
implementation, and the magnetic field evolves keeping the divergence of the field zero
(∇ ·B = 0).

The numerical implementation of the MFM scheme follows the methods presented by
Cheung and DeRosa (2012), namely, the components of magnetic field and current density
are calculated using finite differences. Unlike Cheung and DeRosa (2012), who use only
line-of-sight magnetograms, here vector magnetograms are implemented for calculating
the electric field boundary conditions.

4Visualization Toolkit (VTK): www.vtk.org. More specifically, the data is saved with the “vtr” file
extension corresponding to the “RectilinearGrid” data type.
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4.3 Methods for synthesizing coronal images

The EUVEM code provides the functionality to produce synthetic EUV images from
the magnetic field and current density output of the MFM simulation. In this section,
the operating principles of its functions are presented, namely, the calculation of the
proxy emissivity and integration of the produced emissivity data to create an image. The
emissivity of the simulated coronal structures is estimated using the current density proxy
introduced in Section 3.2. The proxy is the mean-squared current density calculated as
an average over a magnetic field line (see Eq. 3.5).

Section 4.3.1 explains the technique for tracing magnetic field lines and simultaneously
calculating the proxy emissivity. In Section 4.3.2, the methods to visualize the emissivity
data are described including some example images.

4.3.1 Field line tracing and emissivity calculation

Loops in the magnetic field correspond to coronal loops which we want to visualize based
on the model magnetic field and the field-aligned currents. The MFM simulation provides
the magnetic vector field whose configuration needs to be sampled. The field lines of the
magnetic field are traced using the method described in the following, and the mean-
squared current density is calculated concurrently with the tracing for efficiency.

The magnetic field lines (analogous to fluid stream lines) are traced by finding the
direction of the field at the current position, taking a step in that direction and repeating
the process until a boundary is reached. The field line tracing function takes as arguments
the starting point of the tracing and the fractional step size used when proceeding with
the tracing (relative to the local grid cell size). In the current work, the fractional step size
used is 0.1. Using this value produces synthetic images with an appropriate resolution;
with a smaller value the expense of the increasing run time exceeds the small improvement
in resolution, and with a larger value information at large heights is lost (due to the cell
size increasing with height). Additionally, some parameters overseeing the sensibleness of
the tracing are passed to the function.

The tracing is performed using a second-order midpoint method. First, the algorithm
advances by half a step along (or opposite to) the magnetic field direction at the current
point. The direction of the field at an arbitrary point is computed via trilinear interpola-
tion. If the half step is inside the simulation domain, the algorithm advances by a full step
using the field direction calculated at the half step position. This procedure is continued
until a boundary is reached. The algorithm keeps track of the points, through which the
tracing is performed, and of the traced path length.

At each full step the square of the current density is calculated to estimate the emissiv-
ity at that point. The value of the current density is computed via trilinear interpolation.
The emissivity values along the traced field line are summed and divided by the path
length to obtain the mean-squared current density. This is the proxy emissivity defined
in Eq. 3.5.

If the tracing is ceased due to the field line crossing any other boundary than the
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Figure 4.3: A three-dimensional plot of 320 traced magnetic field lines, of which about 200
have nonzero emissivity. The emitting (i.e., closed) field lines are shown with solid lines, where
the different colors just separate individual field lines. The blue dashed lines correspond to field
lines not forming closed loops in the simulation domain (the shown box), and thus have zero
emissivity.

photosphere (z = 0), the mean-squared current density is set to zero. That is, we only
take into account those field lines that form closed loops inside the simulation domain,
when calculating the proxy emissivity, since we need to know the length of the field line
to use Eq. 3.5. For this reason, the tracing is always started from the photosphere.

An example of traced magnetic field lines is shown in Figure 4.3, which contains about
300 field lines. It separates emitting and non-emitting field lines, illustrating the discarded
traced lines (not forming closed loops) that usually dominate the edges of the simulation
domain. Actual synthetic images that will be studied in Chapter 5 are produced with
some 100,000 traced field lines.

The Python script collects the results of the field line tracing and adds the proxy
emissivity to a 3D emissivity grid. The grid of the MFM model is not uniform as discussed
in Section 4.2, and its resolution gets coarser with height. To be able to see the structure
of synthesized coronal loops clearly also at large heights, the vertical sampling of the
domain is doubled and the vertical cell size is made constant. That is, in the emissivity
grid, the number of cells is in the z-direction is 191, and the vertical cell size is about
1 Mm.

The mean-squared current density acts as a proxy for the emissivity everywhere in
the considered coronal loop, i.e., a loop has constant emissivity. This emissivity value is
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simply added to each cell in the emissivity grid that the traced field line traverses. The
grid cell closest to an arbitrary field line coordinate is found via binary search. In this
step of the emissivity calculation, a dependence of emissivity on some parameter, like the
height or the magnetic field magnitude, may be incorporated by scaling the emissivity
with some coefficient.

After the procedure described in this section is performed for each traced field line,
the emissivity data are saved in the VTK-format. The three-dimensional emissivity data
may then be viewed with a visualization program, such as VisIt (Childs et al., 2012), or
it can be projected with respect to a selected viewing angle to form a 2D image. The
creation of synthetic EUV images is described in Section 4.3.2.

The execution time of the field line tracing and emissivity calculation code naturally
depends on the number of field lines to be traced and the chosen step size. A small
step size is required to obtain smooth magnetic loops (as seen in Fig. 4.3), and a larger
number of field lines produces clearer images incorporating more information from the
MFM simulation. If enough field lines are not traced, the produced synthetic image
might not catch all the structure present in the model coronal magnetic field. It also
must be taken into account that some of the traced field lines will be discarded due to
them closing outside the simulation domain, and the number of emitting coronal loops is
thus smaller than the number of traced field lines (usually, about a third of the traced
loops are discarded). Some areas of the simulation domain are dominated by this effect
as is shown in Figure 4.3 and in the example images of Section 4.3.2. Extending the
horizontal domain of the simulation box would allow us to include more emitting loops,
and more structure would be present at the edges of the ARs. However, if the simulation
domain becomes too large, the curvature of the solar surface cannot be neglected anymore
and the simulation must be performed in the more complex spherical coordinates. The ad
hoc assumptions imposing uniform motion through the domain may also become (more)
problematic. Perhaps the biggest argument determining the extent of the used simulation
domain is that performing simulations in a larger domain will consume more computation
time, unless the grid is made coarser, which, on the other hand, results in a decrease in
the level of detail that the model can provide.

4.3.2 Visualization

Comparing a three-dimensional plot of the emissivity data (similar to Fig. 4.3) to real
observations is not straightforward, because coronal loops are obviously not opaque ob-
jects, but they emit radiation. If two or more loops cross, their intensities are summed
at the intersection and the region appears brighter. Equivalently, a brighter spot can
also form due to a loop overlapping itself as a result of the viewing angle. These effects
were discussed in Section 3.1. To be able to compare the synthesized emissivity with real
observations of the solar corona, images are created from the three-dimensional emissivity
data. This means that the data must be integrated over some line-of-sight to mimic the
formation of true EUV images.

The simplest choices for the line-of-sight (LOS) are the directions of the Cartesian co-

53



ordinate vectors, in which case the 3D emissivity may just be summed over the coordinate
direction. For example, if the vertical direction is chosen as the LOS direction, the active
regions are simply viewed straight from above. The horizontal directions produce side
views of the modeled coronal loops. The 3D grid is transformed to a 2D one by simply
removing one dimension corresponding to the LOS direction. Thus, if the LOS is in the
direction of the z-coordinate, only the xy-plane remains on the grid and the projection is
termed the xy-projection.

Example images showing the above-described simple coordinate direction projections
for a snapshot of the MFM simulation are shown in Figure 4.4. Some technical details of
producing the images from the calculated proxy emissivity data are discussed later in this
section. The effect of defining all magnetic loops that do not close within the simulation
domain as non-emitting is especially visible on the left side of the xy-projection, where
almost no emitting loops exist. The combination of all the three simple projections allows
us to visually infer the 3D structure of the modeled coronal loops.

While such projections are quick to produce and easily inspected to study the model
coronal loops alone, it is possible to observe the real coronal structure projected similarly
only if the considered AR is directly in disk center or at the limbs of the solar disk.
Such conditions are rarely fulfilled, and regions of interest are mostly viewed with an
oblique LOS direction by imaging instruments such as AIA. The effect is illustrated by
comparing the xy-projected image (left panel of Fig. 4.4) with a real AIA EUV observation
at a corresponding time (right panel of Fig. 4.5). Some similarity of the structures can be
found (e.g., the bright spot at top-right). However, it is difficult to tell the correspondence
between the loop structures due to the different projections of the images. Synthesizing
images with a corresponding projection to AIA images requires a method to project the
emissivity data with respect to an arbitrary LOS direction.

In the case of an arbitrary LOS direction, the projection of 3D data to a 2D image
is a bit more complicated than in the case of coordinate axis directed LOS discussed
above. The integration of emissivity is performed in a similar manner as the magnetic
field line tracing described in the previous section. The difference is that now the “field”
(lines parallel to the LOS vector) is in the same direction everywhere. As in the field
line tracing case, the integration function receives the starting point of integration as an
argument, and proceeds to take steps of specified size in the LOS direction. At each step,
the emissivity is interpolated using the RegularGridInterpolator of Python’s scipy

library. The employed method is “nearest”, as linear interpolation is twice as slow, and
the interpolation is already rather time consuming.

After tracing a line through the simulation box, the interpolated emissivity values
are summed to yield the integrated emissivity at the projected position. Clearly, the
integrated emissivity value is proportional to the number of steps taken. As seen in
Figure 4.6, which illustrates the projection, the length of the integration path varies for
oblique LOS. Thus, the integrated emissivity is normalized with the step number to be
consistent. The simple projections are normalized similarly.

Figure 4.6 also shows that, with an oblique LOS, structures at large heights may
be projected outside the simulation domain. That is, the resulting coordinate grid of
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Figure 4.4: Projections of the three-dimensional proxy emissivity data with the line-of-sight in
the direction of the Cartesian coordinate axes. For example, the xy-projection means that the
data are integrated along the z-axis. The color scales of the images are equal and correspond to
the logarithmic proxy emissivity (as is shown by the color bar). The limits of the color scale are
chosen so that also the structures with low emissivity are visible in these images. Black regions
are void of emitting coronal loops and correspond to the omission of magnetic field lines crossing
the simulation box boundaries (apart from the photospheric boundary). See the text for further
details of the image creation.
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Figure 4.5: Comparison of a synthetic image and an EUV observation at the 171 Å wavelength
made by AIA at around 12:00 TAI on June 12, 2012. The synthetic AR is projected according
to the line-of-sight of AIA (the used LOS vector is indicated in the image title) as AIA sees
the coronal loop structures obliquely with respect to the solar surface (due to the AR residing
on the eastern side of the solar disk, see Fig. 4.1). The presented cutout of the full disk AIA
image corresponds to the simulation domain. Note that the color scale of the synthetic image
is different from Figure 4.4.

the projected image is extended with respect to the simulation grid. If we imagine the
starting points of integration spanning an area on a horizontal plane (z = const.), the area
must extend outside the simulation domain. Only then can all the emitting structures be
included in the projection.

An example of a synthetic image projected with an oblique LOS is shown in the left
panel of Figure 4.5, where it is compared with observation. While the synthetic image is
created from the same emissivity data as in Figure 4.4, its color scale is a bit different,
namely, low emissivity values are cut off. Different limits may be explored to find the
best resemblance to the observations. Comparing the obliquely projected image with the
simple top down view of Figure 4.4, the shape of the loop structures at the bottom of the
image now correspond better to the observed structures. Otherwise, the resemblance with
the observation is poor, and different simulation data will be considered in Chapter 5.
This simulation data was chosen to be presented in this section to provide a clear example
between the differences of a simple and oblique projection.

The used LOS is marked in the projected image (left panel of Fig. 4.5), and it is the
LOS of the AIA instrument at the closest corresponding observation time. The coordinates
of AIA’s image projection are stored in the metadata of observations, and the coordinates
can be transformed to yield the LOS with respect to the solar surface. The ELECTRICIT
toolkit provides a function for the calculation. Actually, it returns the LOS direction in
each data point separately, but the LOS used in the image projection is taken as the
average for simplicity. In fact, the LOS direction in all data points is parallel only if the
observer is at an infinite distance. The SDO spacecraft that carries the AIA instrument is
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Figure 4.6: Two-dimensional schematic of projection with an oblique LOS. The box portrays
the simulation domain and the arrows portray the integration paths parallel to the LOS direction.
The dashed line illustrates the projected image, whose horizontal extent is larger than that of
the simulation box. Only the box contains data, so it is clear that the integration paths have
different lengths.

almost at 1 AU distance from the Sun, so all points having the same LOS direction is an
excellent approximation. The LOS vector is pointing from the surface of the Sun toward
the spacecraft.

The projected 2D emissivity data is transformed to an image using the pcolormesh

plotting function of Python’s matplotlib plotting library. This function offers the “gouraud”
shading option which is used to slightly smooth the image. The proxy emissivity is plotted
with a logarithmic color scale to better show the structures with different orders of mag-
nitude in intensity. Also the AIA observations are conventionally displayed in logarithmic
scale (see the colorbars of Fig 4.5). The minimum and maximum values to which the
emissivity is saturated may be chosen to show most of the emitting structures (Fig. 4.4)
or for the synthetic image to resemble observations (Fig. 4.5).

The color scales of Figures 4.4 and 4.5 employ the same palette as is customary to use
with the 171 Å AIA observations. The normalization of the color scales are naturally not
equivalent as the AIA image displays actual measured intensity values (DN s−1 pixel−1)
but the synthetic data contains only proxy values for the emissivity that could be scaled
with an arbitrary constant (compare the values marked on the color bars in Fig. 4.5).
The color map (and other color maps corresponding to different channels of the AIA
instrument) is provided by the SunPy Python package (SunPy Community et al., 2015).
SunPy is also used to plot the AIA data in this thesis.

As discussed at the end of the previous section, the number of included field lines
in the emissivity calculation is the main parameter determining the resolution of the
produced image. Naturally, the distribution of the starting points of the tracing also
affect the image, and some regions of the simulation box are more abundant in closed
magnetic loops than others. In the emissivity calculation code, the starting points are
always chosen in an equidistant manner (individually in the x and y-directions), and the
user only specifies the frequency of these points.

The effect of varying the number of traced magnetic field lines is illustrated in Fig-
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ure 4.7, which includes xy- and xz-projections of synthesized emissivity produced from
the same simulation snapshot. The images on the left include about 20,000 emitting field
lines, the middle images contain four times and the right most images nine times more
field lines. The color scales in the images are the same, which leads to the images con-
taining more emitting structures to appear brighter. The difference is best seen in the
side views: the synthesized emissivity with the least field lines does not catch the long
loops. While the images with the largest number of included field lines appear slightly
smoother than the middle images, there is no significant difference in the presented struc-
tures. Since doubling the number of traced field lines doubles the run time of the code as
well, we will trace about 100,000 field lines to produce the images presented in Chapter 5,
corresponding to the middle images of Figure 4.7. While the initial number of traced
magnetic field lines is the same, the actual number of emitting field lines will vary slightly
from image to image. A different number of field lines will be discarded depending on the
underlying time-dependent magnetic field structure.

The typical time it takes to produce an image containing about 100,000 field lines,
as shown in the middle column of Figure 4.7, is about 40 minutes. Actually, this is the
execution time of the magnetic field line tracing code, as the computation of the images
using the simple projections is very fast. Computing the AIA LOS projected images is
slower, taking on average 80 minutes, due to the slow interpolation method. Therefore,
it takes about two hours in total to compute the synthetic AIA LOS projected images
considered in Chapter 5.
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Chapter 5

Results

The magnetofrictional method (MFM) was employed in simulations of the system of two
active regions, AR 11504 and AR 11505, as was already discussed in the previous chapters.
The theoretical introduction to MFM was presented in Section 1.3.3 and the modeled
active regions were introduced in Section 4.1, including a brief discussion of eruptions
originating from these ARs. In this thesis, two MFM simulations are studied. They are
for the same time period, but employ different ad hoc assumptions for computing the non-
inductive component of the electric field, the Ω- and U -assumptions, that were presented
in Section 4.2. The same section also discusses the numerical implementation of the MFM
technique. The last two sections of Chapter 4 describe the methods for computing proxy
emissivity from the MFM simulation, based on the formulation presented in Section 3.2.2,
and synthesizing mock coronal EUV images.

In the present chapter, the results from these two MFM simulations are investigated
via studying the produced synthetic coronal images and comparing them with real ob-
servations taken by the AIA instrument onboard the SDO spacecraft. Specifically, AIA
observations in the 131 Å and 171 Å EUV wavelength channels are used in the compari-
son. Coronal loops are visible in these channels (and other AIA EUV channels), but they
are most clear in the 171 Å observations. Hence, the 171 Å observations constitute the
main part of the comparison and most synthetic images are presented with the color map
conventionally applied to the 171 Å AIA images. The synthetic images presented in this
chapter employ the same normalization as shown in the left panel of Figure 4.5.

Before the comparison with the observations, the evolution of the coronal structures
in the two models is studied in Section 5.1 based on the synthetic images. The Ω- and U -
models are discussed separately, but the same features (e.g., active region core loops, fan
loops and interconnection) are investigated in both cases. In Section 5.2, the synthetic
images and their evolution is compared with the observed evolution of coronal loops
structures. The comparison is qualitative due to the use of proxy emissivity, and it is
performed mainly by visually comparing the synthetic and observed images. Intensity
profiles taken at selected horizontal cuts through the images are briefly considered. The
goal is to see which of the ad hoc assumptions (Ω or U) leads to better correspondence
with the observations, and if either model produces convincing coronal evolution.
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5.1 Modeled evolution of the system

5.1.1 The Ω-assumption

The Ω-assumption for the non-inductive component of the electric field imposes vorticity
in the model photosphere. The vorticity acts as a source of magnetic energy, i.e., a large
value of Ω corresponds to a large amount of free magnetic energy injected into the system.
In the MFM simulation studied in this section, the optimized value of Ω is

Ω = 5/64 rotations/day, (5.1)

which is used to compute the electrograms for the time-dependent boundary condition of
the MFM simulation (see Section 4.2.1 for a description of the optimization).

The simulation period starts on June 11, 2012 and ends on June 14 at 06:50 TAI.
The June 14 CME erupted at about 14:00 TAI, and the flux rope associated with the
eruption appeared about two hours before the event (James et al., 2017, see Section 4.1).
That is, if the simulation adhered to the observed time evolution, a flux rope would form
around 12:00 TAI. Unfortunately, this period is not included in the simulation for the Ω-
assumption case since the simulation ends already at 06:50 TAI on June 14. (The MFM
simulation with the U -assumption lasts longer as discussed in the next section.) Thus, it
is investigated whether a flux rope forms in the simulation near the time of the June 13
CME, which erupted around 13:20 TAI.

Synthetic images cannot be produced at the very start of the simulation, since the
current density has not had enough time to build from the current-free state from which
the simulation is started. Allowing the model coronal magnetic field and current density
distribution to evolve from the initial state, Figure 5.1 presents the modeled system twelve
hours after the start of the simulation. The left panel of the figure shows the synthetic
coronal image when the loop system is viewed from above, i.e., one of the simple pro-
jections defined in Section 4.3.2 is used. The photospheric vertical magnetic field (Bz)
is shown in the right panel of the figure, and contours of strong magnetic field are also
overlaid on the synthetic image.

The comparison of the synthetic image and the photospheric magnetogram illustrates
the location of the ARs with respect to the synthesized loop system. While the larger
AR can be distinguished, the position of the smaller AR is not that evident in the image
(and the subsequent images). The more active AR 11504, from which the observed CMEs
originated, is at the bottom of the image (center at approximately x = 0 Mm, y =
−40 Mm). The smaller and quieter AR 11505 is near the top of the image (center at
approximately x = 20 Mm, y = 60 Mm).

First the connectivity of coronal loops in the single image presented in the left panel
of Figure 5.1 is studied. Inspecting the contours of Bz overlaid on the synthetic image,
we see the obvious structure of the loops: the majority of the most distinct loops have at
least one footpoint located in the regions of strong Bz. The loops in AR 11504 seem to
connect the opposite polarities of Bz in this AR, though, inferring that connectivity from
this image alone is not straightforward due to the (unknown) effects of the projection (see
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Figure 5.1: Comparison of a synthetic coronal image (left, system viewed from above), pro-
duced with the Ω-assumption, and the photospheric vertical magnetic field (right) at 12:00 TAI
on 12 June 2012. The strength of Bz on the right is saturated to ±0.1 T (positive polarity shown
in white and negative in black). The contours of Bz drawn on the left panel outline regions with
±0.08 T (red corresponds to positive and blue to negative polarity).

below for a method to study the connectivity with multiple images). In addition, if one
looks at the center of the synthetic image (around x = 0 Mm, y = 0 Mm), at least two
faint loops can be seen to connect the two ARs. This interconnection between the ARs
will be discussed later in this section.

Some of the synthesized loops, like the long loops on the bottom left (x < −50 Mm)
and the ones on the top of the image (y > 60 Mm), do not seem to connect to the strong
field regions. Particularly, the loops at the top and one loop from the negative Bz region
of AR 11504 have their other footpoint at the upper boundary in the y-direction, where
there are no strong field regions to which coronal loops should predominantly connect.
This behavior could be due to interference with the boundary of the simulation domain.
The majority of such boundary connected loops are related to AR 11505. This suggests
that the smaller AR is rather poorly modeled with the Ω-assumption. A similar simulation
with a larger domain should be carried out to see whether the loops that appear to be
boundary connected truly are connected to the quiet-Sun regions above AR 11505 or
whether the loops are bound to the boundary due to an implementation of the boundary
condition that does not allow the magnetic field to freely exit the simulation domain.

The synthesized emission also includes some small individual loop systems, for in-
stance, seen on the bottom right of the image. The height of any loop structures cannot
be inferred from the top down image presented in Figure 5.1, but side views of the sys-
tem, in which the vertical extent of the loops is evident, are shown later in this section.
We also note that regions near the negative polarities of Bz in both ARs are void of
emission, even though we expect the regions of strong magnetic field to be replete with
loops carrying strong currents, which would give rise to bright emission according to the
emissivity proxy. The lack of emission actually follows from the definition of the proxy,
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as is explained below.
It is not straightforward to deduce the connectivity of the loops by visually inspecting

a single image. The images are subject to projection effects, and one could, for example,
erroneously identify a single loop in the case where multiple separate loops have footpoints
relatively close to each other. Still employing the xy-projection, the connectivity can be
explored to some extent by plotting selected slices of the proxy emissivity data. In this
technique the images are synthesized using the emissivity data up to a specified upper
limit (zmax) and this limit is then gradually increased. A series of such images present
the loops extending from their footpoints and connecting at their maximum height. Of
course, the magnetic field lines themselves can be plotted to check the connectivity (i.e.,
inspecting an image such as Fig. 4.3). However, the correspondence of individual magnetic
field lines and synthesized coronal loops can be difficult deduce as the pictured loops are
a product of thousands of traced field lines.

While it is not easy to infer the connectivity with the above-described slicing technique
either, due to the vast number of loops, some information can still be extracted. For
example, Figure 5.2 shows only the emissivity in the lowermost part of the domain, where
the emissivity is predominantly originating from the footpoints of the synthesized coronal
loops. It is clear that emitting loops are not rooted at the regions near the negative
polarities of the ARs that appear black on the image. Field lines of the magnetic field
were traced from these points, but they cross the side boundaries of the simulation domain
and are assigned a zero proxy emissivity. This is revealed by a magnetic field line plot
such as the one presented in Figure 4.3.

The same effect explains the dark areas on the right of the synthetic images and
also in the positive polarities of the ARs, although the effect is not as dominant in the
latter case. The conclusion is that the simulation domain is too small to capture all the
relevant coronal loops, and the intensity of emission is underestimated, especially in the
regions of strong magnetic field where we would expect to see bright emission. It would
be instructive to see how the emission changes if the simulation domain were large enough
to include the long loops rooted in the strong field regions. The zero-emissivity problem
also illustrates the drawback of the employed proxy where loops not closing inside the
simulation domain are discarded. A different way of handling these long loops should be
formulated, especially if the used simulation domain is relatively small, but it is not clear
what the assigned emissivity should be when the true length of the loop is unknown, at
least in the context of the mean-squared current density proxy.

Figure 5.2 also shows that there are many loop footpoints between the ARs, where
we previously identified the interconnecting loops. However, inspecting a series of slices,
where zmax is gradually increased, emission is seen to brighten first near the ARs (at low
altitudes), and step by step the bright regions approach each other until they connect at
an altitude of 10 Mm and the structure ceases to brighten. That is, the existence of 10 Mm
high interconnecting loops is confirmed. The interference with the simulation boundary at
the top of the image was mentioned previously, though, from Figure 5.2 we see that many
footpoints are between 50–100 Mm in the y-direction, which was not evident in the full
image. In effect all these loops connect to the negative polarity of AR 11505. The slicing
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Figure 5.2: The proxy emissivity of Figure 5.1 (left panel) is shown only at the first vertical
grid cells, i.e., predominantly the loop footpoints are imaged. Thus, the black areas correspond
to regions where magnetic field lines cross the boundaries of the simulation domain (other than
the photospheric boundary) and are defined as non-emitting.

method also reveals that there are loops connecting the opposite polarities of AR 11505,
which is not immediately evident in the synthetic image (e.g., see the structure at about
y = 40 Mm in AR 11505 in Fig. 5.1).

Next, let us examine the evolution of the modeled system. A selection of synthetic
coronal EUV images is shown in Figure 5.3. The images are shown in one-day intervals
starting one day after the beginning of the simulation. The evolution of the current-
carrying magnetic loops (visualized with the proxy) is seen from above in the top row and
from the side in the bottom row (projected along the y-direction). The images on the
same column are from the same time step of the simulation. As in Figure 5.1, contours of
the photospheric Bz are drawn on the images viewed from above to illustrate the magnetic
evolution of the underlying ARs.

The imposed vorticity due to the Ω-assumption is evident in the images where the
system is viewed from above. The coronal loops connecting the opposite polarities in
AR 11504 form a prominent S-shape (a sigmoid), whose twisting seems to increase with
time, especially at the left side of the image. It is noted, however, that the most notable
curves on the left and right of AR 11504 (seen as the brightest loop structures on June 14)
are low-lying structures, reaching at most 10 Mm during the entire evolution.

Especially at later times, the synthetic emission suggests that the magnetic field is
asymmetric in the regions of high twist. However, examination of the magnetic field
topology reveals that this is not the case, as is seen in Figure 5.4. The magnetic field lines
twist symmetrically at both sides of AR 11504, but most of the field lines on the right exit
the simulation domain before reaching the photosphere and are consequently assigned a
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Figure 5.4: A selection of traced magnetic field lines at 00:00 TAI on June 14 with the Ω-
assumption. The solid lines correspond to emitting field lines, whereas the dashed lines are
non-emitting field lines (i.e., they do not close inside the simulation domain). The regions of
high twist in AR 11504 are symmetric in the magnetic field, but the majority of field lines on
the right are not visible in synthetic EUV images.

zero emissivity by the proxy. As before, it is indicated that the employed proxy omits
significant coronal structures in the synthetic EUV images.

Loops with both ends rooted in AR 11505 seem to diminish with time, and the inter-
connection to AR 11504 increases. At 00:00 on June 14 (right panel, top row of Fig. 5.3)
no loops connecting the opposite polarities of AR 11505 are visible. There are only loops
connecting to AR 11504 and the top boundary. This conclusion is confirmed by examining
the topology of the magnetic field.

The most interesting evolution of the system is shown in the bottom row of Figure 5.3,
where the system is viewed from the side. A coherent loop structure, consisting of multiple
loops following similar paths, is forming and rising. The collection of these loops reaches
a height of about 100 Mm on June 14. The diffuse loops reaching greater heights are a
separate structure. In fact, slices of the proxy emissivity data disclose that the diffuse
loops connect the opposite polarities in AR 11504, while the coherent loop structure spans
from the positive polarity of AR 11505 to the negative polarity of AR 11504. To better
discern these two structures in the synthetic images, they are annotated in Figure 5.5 for
June 14 at 00:00 TAI. The interconnecting loops are marked with A and the diffuse loop
structure with B.

The loop structure A seems to have a tube-like configuration as is pointed out by the
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arrow (marked with A) in the left panel of Figure 5.5. A twisted flux tube, where the
magnetic field lines curl around a common axis, is a flux rope, and an eruptive flux rope is
the origin of the observed CMEs from AR 11504 during the considered time period (e.g.,
James et al., 2017). The topology of the magnetic field is investigated to see if either of
the loop structures described above corresponds to a flux rope. Magnetic field lines rooted
in the positive polarities of both ARs at 00:00 TAI on June 14 are shown in Figure 5.6,
representing the loop structures A and B. The structure A is broad, although the field
lines are drawn from a small area starting from the positive polarity of AR 11505 and the
structure looks coherent in the synthetic images. The interconnecting loops form at least
a part of the region of high twist seen on the left of AR 11504 in the synthetic images.
However, no flux tube configuration (as opposed to the synthetic image) or twisting around
the structure itself is seen. Therefore, the loop structure A does not appear to be a flux
rope. On the other hand, the loop structure B exhibits evident twisting around a common
axis. Thus, we suggest that the long loops in AR 11504 constitute a flux rope. For a more
rigorous flux rope identification covering the entire model magnetic field, we should study
the magnetic helicity (i.e., twisting) of the magnetic field lines computationally rather
than visually (e.g., Lowder and Yeates, 2017).

Loops connecting the opposite polarities of AR 11504 are seen throughout the whole
simulation. Examination of the magnetic field shows that twisting of the loop structure
appears around June 13; at earlier times the field lines do not seem to constitute a flux
rope. That is, a flux rope forms in the simulation over ten hours before the June 13 CME
(which erupted around 13:20 TAI), and the flux rope still exists on June 14. Therefore,
the evolution of coronal structures in the simulation with the Ω-assumption does not
adhere to the observed general evolution of the ARs. The flux rope in the simulation
could be generated by a mixture of the effects in the data-driven boundary conditions
that drive the two CMEs on June 13 and June 14 and the imposed photospheric vorticity.
Nevertheless, the flux rope forms in the simulation in AR 11504, which is observed to
produce the eruptions.

In Section 5.2 the synthetic coronal images are compared with real observations taken
by the AIA instrument. As discussed in Chapter 4, imaging instruments see ARs on the
Sun with an oblique line-of-sight (unless the AR is at the disk center), and the methods
to produce synthetic images with a similar projection as AIA images were described. An
example of the difference between the model system viewed from above and projected
according to the LOS direction of AIA is presented in Figure 5.7. Since the system is
viewed obliquely in the right panel of the figure, the vortex structure of the loops is
distorted. The height of the loops on the lower left of the image becomes more evident,
as the loop tops appear at y-coordinates out of the simulation domain in the image due
to the viewing angle. Though, this can be confirmed only if one has information of the
extent of the domain, and not from inspecting the synthetic image alone. The loops at
the top of the image are not affected as significantly. Overall, there is a notable difference
in the images using simple projection and AIA LOS projection.
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Figure 5.5: The synthetic images are the same as shown in the right column of Figure 5.3,
but the two loop structures discussed in the text are highlighted. The structure A connects the
two ARs and seems more coherent, whereas the more diffuse structure B connects the opposite
polarities of AR 11504.

Figure 5.6: Magnetic field lines, drawn from the positive polarities of AR 11505 (left) and
AR 11504 (right), at 00:00 TAI on June 14 in the MFM simulation employing the Ω-assumption.
The field lines in the left and right panels correspond to the loop structures A and B, respectively
(see Fig. 5.5). The color of the field line indicates its starting point. Note that some non-emitting
field lines are also shown in the left panel.
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Figure 5.7: Synthetic images with the Ω-assumption at 12:00 TAI on June 12 where the system
is viewed from above (xy-projection, left) and from the perspective of AIA, i.e., the emissivity
data has been projected according to the LOS vector (0.56, 0.21, 0.79) (right).

5.1.2 The U-assumption

In the previous section it was shown how the Ω-assumption lead to high vorticity present in
the synthetic coronal images, as was expected from the definition of the ad hoc assumption.
The U -assumption imposes vertical velocities in the photosphere, which can be considered
as an injection of magnetic twist into the system. The optimized value of U used to
produce the electrograms for the MFM simulation studied in this section is

U = 170 m/s. (5.2)

In this section, the evolution of the ARs is investigated using the synthesized coronal
EUV images obtained from the MFM simulation employing the U -assumption. The MFM
simulation is started on June 11, 2012 and it lasts until June 15, i.e., the simulation with
the U -assumption lasts 18 hours longer than the one with the Ω-assumption. Thus, it can
be investigated whether a flux rope forms in the simulation around two hours before the
June 14 CME, as suggested in an observational study by James et al. (2017). Evidently,
also the evolution prior to the CME eruption on June 13 can be investigated.

A synthetic image of the modeled system twelve hours after starting the simulation is
shown in the left panel of Figure 5.8. Contours of the photospheric vertical component
of the magnetic field (Bz) are overlaid on the image, and the right panel presents the
photospheric LOS magnetogram (which is naturally the same as the one shown in Fig. 5.1).
The visualized loop structures are very different compared to the Ω-assumption case
presented in Figure 5.1 for the same time step. Overall, the loops seem shorter and more
confined to their respective ARs; there are less interconnecting loops present.

70



Figure 5.8: Comparison of a synthetic coronal image (left, system viewed from above), pro-
duced with the U -assumption, and the photospheric vertical magnetic field (right) at 12:00 on
12 June 2012. The strength of Bz on the right is saturated to ±0.1 T (positive polarity shown
in white and negative in black). The contours of Bz drawn on the left panel outline regions with
±0.08 T (red corresponds to positive and blue to negative polarity).

It is noteworthy that almost no loops have their footpoints near the upper boundary in
the y-direction, contrary to the previous case. This suggest that the “boundary connected”
loops in the Ω-case are not due to the implementation of boundary conditions in the
simulation, but are related to the imposed vorticity. However, there still exist loops
connecting to the upper left corner of the image with the U -assumption, as well. Other
similarities between the U - and Ω-cases are also present in the displayed images. Namely,
the small loop structures (e.g., at the bottom left of the images) and the zero-emissivity
loops which have their footpoints near the negative polarity regions of the ARs (these loops
cross the boundaries of the simulation domain and are thus non-emitting as discussed in
the previous section). The regions to the right of the ARs are also dominated by the
non-emitting magnetic field lines and the brightest regions of the images are located in
the centers of the ARs in both cases. Additionally, the lower loop structures in AR 11505
are similar between the two simulations at this time, and both simulations contain loops
connecting the positive polarity of AR 11505 to the negative polarity of AR 11504, though
the interconnecting loops are more prominent with the Ω-assumption. The presence of
similar structures implies that the ad hoc electric field assumptions do not make the
data-driven boundary conditions for the MFM simulations completely different. After
all, the underlying magnetic field data is the same and the free parameters of the ad hoc
assumptions are optimized to produce very similar energy injection.

Figure 5.9 presents the time evolution of the model loop structures in one-day in-
tervals starting one day after the beginning of the simulation, i.e., the presented images
correspond to the same moments as the ones shown in Figure 5.3. In the top row images
the ARs are viewed from above (with contours of Bz overlaid) and the bottom row shows
the system from the side (projected along the y-direction). The winding of the loops,
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especially in AR 11504, increases with time, but the vorticity is not as dramatic as with
the Ω-assumption. In this case, the apparent brightness of AR 11505 decreases while
AR 11504 becomes brighter with time. The region of most intense emission at 00:00 TAI
on June 14 (right panel, top row of Fig. 5.9) consists of small scale loops below only 3 Mm.

With the U -assumption, loops connecting the opposite polarities of AR 11505 exist
at all times, while the loop structures in AR 11504 grow more dominant. As opposed
to the Ω-case, where interconnecting loops are mostly almost parallel to the y-direction
(when viewed from above, see the top row of Fig. 5.3), here the long interconnecting
loops appear on the sides of the xy-projected images. The long loops on the right connect
the positive magnetic polarity of AR 11504 to the negative polarity of AR 11505 as of
June 13 (at earlier times, there is only a small collection of these interconnecting loops).
This connectivity is rather evident in the top right panel of Figure 5.9. The connectivity
of the long loops on the left is not as apparent in the synthetic EUV images due to the
multitude of structure on the line-of-sight in AR 11505, and the loops seem to connect
to the periphery of the strong field regions of AR 11505. However, a careful inspection
of emissivity slices or examining the magnetic field topology reveals that these long loops
connect the negative magnetic polarity of AR 11504 to the positive polarity of AR 11505.
Therefore, both loop structures are interconnecting. The structures are marked in the
synthetic images in Figure 5.10.

The interconnecting loops on the left are termed structure C and the ones on the
right structure D. As is seen in Figure 5.10, the loop structure C is lower, reaching at
most 50 Mm, whereas the tallest loops in structure D reach slightly over 100 Mm. The
tall diffuse loops seen in the side view (above the arrow marked D in the right panel of
Fig. 5.10) are not interconnecting but are rooted in AR 11504. Therefore, they are not
part of the structure D. It should also be noted that the bright emission below 50 Mm
originates from short loops in AR 11504.

The magnetic field topology is investigated to see if the interconnecting structures
or the loops in the two ARs constitute a flux rope. However, no convincing evidence
is found for a flux rope structure, contrary to the Ω-assumption case discussed in the
previous section. The loops that have both of their footpoints in the same AR do not
show any twisting during the studied period. Magnetic field lines rooted in the negative
polarities of both ARs at 00:00 TAI on June 14 are shown in Figure 5.11, representing the
structures C and D. No twisting of field lines is evident in the images; at most structure D
is sheared.

Examining the magnetic field configuration at earlier times leads to a similar conclu-
sion. No flux rope structure is discerned in the broad interconnecting structures C and D
that form around the beginning of June 13. Therefore, it appears that no flux rope associ-
ated with the CME eruptions form in the MFM simulation employing the U -assumption.
The interconnecting loops also form several hours prior to the June 13 CME and still exist
after the June 14 CME, which further indicates that the loops do not constitute eruptive
flux rope that would correspond to the observed eruptions.

Studying the evolution of the synthesized loops in more detail in the side views of
Figure 5.9, we notice that the tall loops seen at 00:00 TAI June 12 have disappeared a
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Figure 5.10: The synthetic images are the same as shown in the right column of Figure 5.9,
but the two loop structures discussed in the text are highlighted. Both indicated structures
consist of interconnecting loops. Loops in structure C connect the negative magnetic polarity
of AR 11504 to the positive polarity of AR 11505, and vice versa for loops in structure D.

Figure 5.11: Magnetic field lines, drawn from the negative polarities of AR 11504 (left) and
AR 11505 (right), at 00:00 TAI on June 14 in the MFM simulation employing the U -assumption.
The field lines in the left and right panels correspond to the loop structures C and D, respectively
(see Fig. 5.10). The color of the field line indicates its starting point. Note that some non-
emitting field lines are also shown in the left panel.
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Figure 5.12: Synthetic images with the U -assumption at 12:00 TAI on June 12 where the
system is viewed from above (xy-projection, left) and from the perspective of AIA, i.e., the
emissivity data has been projected according to the LOS vector (0.56, 0.21, 0.79) (right).

day later (compare the left and middle panels in the bottom row of Fig. 5.9). During
June 12 these loops, which have both footpoints rooted in AR 11504, grow slightly taller
until vanishing before 18:00 TAI. Since no flux rope structure is present in the magnetic
field, the disappearance of these loops most likely does not correspond to an eruption
occurring in the simulation. A better explanation is that the magnetic connectivity of the
ARs evolves and this loop configuration is not favorable anymore.

Last, let us compare the synthetic images produced with a simple top down view and
with integrating along the LOS of the AIA instrument, like was done at the end of the
previous section. The comparison is shown in Figure 5.12. Most change is seen in the long
loops at the top of the image. Otherwise, the differences between the images are minimal.
With the Ω-assumption the difference between the two projection types was clearer, since
the loop structures at high altitudes were more significant than in the current case. With
the U -assumption, majority of the synthetic coronal loops are low-lying (compare the
bottom rows of Figures 5.3 and 5.9), and thus viewing the system from a slightly different
angle does not influence the produced image considerably. For consistency, however, the
images projected according to the AIA LOS are considered in the following section, where
the synthetic coronal images are compared with real AIA observations.

5.2 Comparison with AIA observations

The synthetic images and the evolution of loop structures portrayed by them, produced
from the two considered MFM simulations, were examined in the previous section. While
the investigation of the images allows us to understand the model results, we can validate
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the MFM model only by comparing its results to real observations, as has been discussed
in the preceding chapters. The comparison is done using EUV images taken by the AIA
instrument as it has good resolution, and coronal loops are clearly visible especially in
images taken in the 171 Å wavelength channel.

The correspondence of the modeled and synthesized coronal structures to AIA obser-
vations as a function of time is discussed in Section 5.2.1. The two models, employing
the Ω- and U -assumptions, respectively, are treated separately in detail. In Section 5.2.2,
profiles of the intensity of the observed and synthesized emission as a complementary
comparison method are briefly presented.

5.2.1 EUV images

Since AIA observes the studied system of two ARs in an oblique fashion (the ARs are on
the eastern side of the Sun for most of the simulation, slightly below the solar equator;
see Fig. 4.1), the coronal structures are intrinsically projected according to AIA’s LOS.
Therefore, synthetic coronal images are projected correspondingly. An example of the
difference between synthetic images where the model system is viewed from above and
from AIA’s perspective was already presented at the end of Sections 5.1.1 and 5.1.2. The
LOS vectors at different times, computed with ELECTRICIT using the metadata of AIA
observations, are tabulated in Table A.1. The LOS direction approaches the vertical
direction with time as the ARs rotate toward the disk center. Thus, at times near the end
of the simulation, the AIA LOS projection will not substantially differ from the simple
xy-projection, as AIA sees the system almost from above.

Synthetic images from both MFM simulations, projected according to the AIA LOS,
are compared to AIA observations at the 171 Å wavelength in Figures A.1–A.5 in the
appendix. The comparison is shown in intervals of six hours starting at 12:00 TAI on
June 11 until the end of the longer simulation on June 15 at 00:00 TAI. In this section
the overall correspondence of the two models to observations is investigated and images,
where key regions of the comparison are highlighted, are presented.

There is no substantial reason to use specifically the 171 Å AIA observations for the
comparison. Any other AIA wavelength channels could equally be used, as well as coronal
observations made by some other imaging instrument. After all, the visualization of the
model magnetic field is based on a simple proxy, which in itself does not correspond to any
specific EUV wavelength. The 171 Å images are chosen because coronal loops are best
visible in them, and the magnetic structures visualized by the emissivity proxy correspond
to coronal loops. Nevertheless, coronal loops are also seen in the other EUV channels of
AIA, and synthetic images are compared also to 131 Å observations in this section. The
131 Å observations are also considered in Section 5.2.2.

The inspection of the images in the appendix yields an immediate basic conclusion:
the MFM model with the U -assumption produces more realistic coronal images than the
MFM model with the Ω-assumption. In any case, both models catch the general intensity
structure of the ARs. The brightest points are near the regions of strong magnetic field
(e.g., see the top row of Fig. A.2).
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Ω-assumption

The imposed vorticity in the Ω-case generates considerably larger twisting of the loops
than what is observed, especially toward the end of the simulation (see, e.g., Fig. A.4).
The loops in the Ω-case appear longer than in observations, and particularly AR 11505 is
poorly modeled. In the actual observations AR 11505 has loops connecting its opposite
polarities of the magnetic field (i.e., core loops) for the whole studied period, whereas the
synthetic images model the AR as a collection of loops having their footpoints along the
simulation boundary in the y-direction. At later times in the simulation, AR 11505 lacks
core loops altogether.

Nonetheless, even though the loops in AR 11504 appear longer in the model, their
general shape is similar to observations after about 06:00 TAI on June 12. Namely, the
curvature is similar (before 12:00 TAI on June 13) and the loops on the right side of the
image appear shorter than the ones on the left. This is due to the similar projection of
the images, though, this naturally means that there exist coronal loops arching above
AR 11504 that are similar to some extent both in the model and in observations.

Fan-like shapes of the broad loop structures commonly observed in the corona are
called “fan loops”. Fan loops are long loops reaching from the outer regions of an active
region to outlying magnetic field concentrations, and plasma flows are often observed in
them (e.g., Schrijver et al., 1999). Such loop structures are present at all times during the
simulation period on the left side of AR 11504 in the AIA observations. The fan loops
connect to regions outside of the considered AR system, to the quiet-Sun and to the other
nearby ARs (as seen in full disk observations). Fan loops are visible also in AR 11505,
mostly during June 11 and June 12.

Synthetic images of the Ω-case present similar structures, which are illustrated in
Figure 5.13. Although not evident from the projected synthetic images, there are low-
lying coronal loops fanning from AR 11504 under the tall loops that mostly obscure them
(indicated by the lower arrow in the left panel of Fig. 5.13). However, these loops are
very twisted unlike the fan loops in observations and some of them, if not all, are just
the low-lying legs of the interconnecting loops (in the structure A). The loops indicated
by the upper arrow are more reminiscent of fan loops, but on the other hand, these loops
are rather short as opposed to the observed long fan loops.

In fact, the model is incapable of producing true fan loops, simply due to the restriction
imposed by the extent of the simulation domain and the definition of the emissivity proxy.
Long fan loops connect outside the domain, and if such loops would exist in the model,
they would be assigned zero emissivity. That is, only short fan loops can be included.
This holds for the U -case, as well.

It was discussed in Section 5.1.1 that the Ω-case synthetic images contain a consid-
erable amount of interconnecting loops. Inspecting Figures A.1–A.5, the observed ARs
appear, in general, as isolated structures. At times few interconnecting loops can be ob-
served (see Fig. A.2), but the connectivity is not obvious and erroneous classification due
to projection effects cannot be ruled out (apart from the distinct interconnecting loop
visible at 00:00 TAI on June 15 in Fig. A.5).
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Figure 5.13: Comparison of synthetic coronal images with the Ω-case (left) and U -case (middle)
with AIA 171 Å observation (right) at 12:00 TAI on June 13. The arrows annotate fan-like
structures in the synthetic images and the observed fan loops in AR 11504.

Nevertheless, the observed interconnecting loops appear to connect the positive mag-
netic polarity of AR 11505 to the negative polarity of AR 11504 (see the right panel of
Fig. 5.14), as do practically all the interconnecting loops in the Ω-model. If there exist
loops with the opposite behavior, they are too faint to be noticed in the observations.
Interconnection between the ARs is observed, for instance, at 18:00 TAI on June 12,
which is presented in Figure 5.14. The clearest interconnecting loops are annotated by
the arrows in the left panel of the figure for the Ω-case. The upper arrow indicates a
loop in the structure A discussed in Section 5.1.1. The lower arrow marks a low-lying
loop structure reaching at most 10 Mm. Despite the vorticity in the Ω-model, the loop
indicated by the lower arrow is rather straight unlike the observed interconnecting loop.
The other indicated loop curls in a somewhat similar manner as the observed loop, but
on the other hand, the loop structure A is a much larger structure than the thin and faint
observed loop.

Additionally, interconnecting loops are ubiquitous for the whole simulation period in
the MFM simulation using the Ω-assumption, and the model system becomes more and
more dominated by them with time. One could argue that the connectivity between the
ARs increases over time also in the observations, owing to the appearance of a distinct
interconnecting loop at 00:00 TAI on June 15 (interconnection is observed to persist
for several hours after this time). Nonetheless, the amount of interconnection is clearly
overestimated by the model with the Ω-assumption.

This finding regarding the general connectivity of the ARs in the model, combined with
the poor modeling of AR 11505 (the model contains close to none core loops in AR 11505,
while these are the main component of the structure in the observations), suggests that
the MFM simulation employing the Ω-assumption does not model the coronal magnetic
field with adequate similarity with the observed coronal loop structures, at least for the
presently studied case.

Better results could be obtained by performing a simulation where the domain excludes
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Figure 5.14: Comparison of synthetic coronal images with the Ω-case (left) and U -case (middle)
with AIA 171 Å observation (right) at 18:00 TAI on June 12. Interconnecting loops connecting
the positive magnetic polarity of AR 11505 to the negative polarity of AR 11504 are indicated
by the arrows. In the middle panel, the indicated structure appears to be an interconnecting
loop, but inspection of the magnetic field topology argues otherwise (see text). In the right
panel, two arrows are used to indicate a single loop structure, since the observed (hypothesized)
interconnecting loop is very faint.

the poorly modeled AR 11505, and only AR 11504 would be considered. This would
prevent the formation of interconnecting loops, but after all, the interconnection becomes
important only around June 15 (as seen in the observations) when the CMEs have already
erupted. However, if the previously discussed boundary interference would persist in a
smaller domain, the loop structures in AR 11504 would be disrupted.

U-assumption

The synthetic images produced from the MFM simulation with the U -assumption give a
clearly better resemblance with the AIA 171 Å observations. The core loops of the ARs
in the U -case resemble the observed loop structures quite well, for both AR 11504 and
AR 11505. The shape of these loops develops in a similar fashion to the actual observed
evolution of the structures, as is seen in Figures A.1–A.5. The core loops in AR 11504
start as relatively short loops, and they become longer and more sheared with time; the
latter most likely owing to the rotation of the underlying sunspots. The correspondence
between the model and observed AR 11505 is not as good, but in both cases the active
region becomes fainter with time. Additionally, while the core loops in AR 11505 are
not as articulate in the synthetic images as in the observations, the quieter AR is still
clearly better modeled with the U -assumption than with the Ω-assumption. At later
times, interference with the top right boundary seems to arise (see Fig. A.4 and A.5).

Similarly to the Ω-case, the core coronal loops that are seen below AR 11504 in the
images appear longer than the ones seen above it, consistently with observations, due to
the employed AIA LOS projection. However, this feature is now less pronounced and
at later times, after June 13, the loops (below and above AR 11504) appear to have
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comparable size between the U -model and observations. This advocates that loops in the
model AR 11504 in the U -case evolve in accordance with the true coronal evolution (as
inferred from observations).

The discussion on model fan loops in the Ω-case applies to the U -case, as well. Only
short fan loops, which close inside the simulation domain, can be modeled. Figure 5.13
illustrates how the fan-like structures in the model (middle panel) do not satisfactorily
describe the observed fan loops. The loops on the lower left curl more strongly than the
observed fan loops. In Figure A.5 (and to some extent in other images as well) there are
“bands” visible in the observed fan, i.e., regions with much fainter emission. Interestingly,
similar banding is present in the synthetic images. Nevertheless, fan loops cannot be fully
modeled, and so their comparison with observations is not of key importance in the
evaluation of the model.

There are less interconnecting loops between the two active regions in the U -case
than in the Ω-case, but the most prominent interconnecting loops are broad (i.e., the
structures C and D discussed in Section 5.1.2). This contradicts the observations that
exhibit only minor interconnection during the studied period and the ARs are hence
mostly isolated. In the example of Figure 5.14, a loop is found in the middle of the image
(annotated by an arrow in the middle panel), which is ostensibly similar to the observed
interconnecting loop. However, inspection of the magnetic field topology shows that the
loops in this structure seem to have both of their footpoints rooted in AR 11504. On the
other hand, short interconnecting loops are found in this region in the synthetic images
at earlier times, from June 11 to around June 12 at 12:00 TAI, before the formation of
the long interconnecting loops.

The long interconnecting loops are clearly visible to the right in the synthetic images
from June 14. However, similar loops are not present in the observations; especially near
the end of the simulation the corresponding observed regions are void of emission (see
Fig. A.5). The structures on the right side of the synthesized and observed images are
compared in Figure 5.15 for the beginning of June 14. The connectivity of the loops
marked with 1 is not evident from the AIA 171 Å observations. The loops could have
their footpoints where the loops cease to be visible, or the temperature of the loops
changes in such a way that the loops are not entirely captured in the 171 Å channel (see
Section 3.1). Regardless, the loops marked with 1 do not seem to connect to the negative
magnetic polarity of AR 11505. The loops annotated by 2 in Figure 5.15 originate outside
the simulation domain from a magnetic field concentration to the right of AR 11504, and
therefore cannot correspond to the interconnecting loops in the model.

The comparison of synthetic images to observations at a corresponding time (as shown
in Figures A.1–A.5) leads to the conclusion that the formation of long interconnecting
loops does not adhere to the actual evolution of the ARs. However, long interconnecting
loops are found to form on June 15 when the observed interconnection significantly in-
creases. Therefore, the model seems to precede the actual evolution of the ARs. Other
loop structures in the images do not appear to exhibit similar precedence, however.

From the bottom row of Figure A.5, we see that a clear interconnecting loop formed
around 00:00 TAI on June 15. Observations on June 15 after the end of the simulation
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Figure 5.15: Comparison of a synthetic coronal image produced with the U -assumption (left)
with AIA 171 Å observation (right) at 00:00 TAI on June 14. The long interconnecting loops
that connect the positive magnetic polarity of AR 11504 to the negative polarity of AR 11505
in the model are indicated by the arrow. The long loops in the corresponding regions in the
observations are indicated by 1 and 2 (see text for discussion on the comparison).

Figure 5.16: AIA observations in the 171 Å wavelength channel at 02:00, 04:00 and 06:00 TAI
on June 15. The middle and right panels show the long interconnecting loops (on the right side
of the images) that connect the positive magnetic polarity of AR 11504 to the negative polarity
of AR 11505. The loops resemble the loops with similar connectivity in the U -model which form
a day before the observations presented in this figure (see Fig. 5.15).
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period are shown in Figure 5.16. The connection from the positive magnetic polarity of
AR 11505 to the negative polarity of AR 11504 enhances until 02:00 TAI as shown in the
left panel of the figure. Then this connection largely disappears, and at 04:00 TAI long
interconnecting loops have clearly formed on the right side of the image. The structure
grows more dominant with time, and the resemblance of the modeled interconnecting
loops (at an earlier time) with the observed loops at 06:00 TAI is quite remarkable. In
the AIA 171 Å observations, long interconnecting loops disappear at around 10:00 TAI
on June 15. It is especially noted that the most prominent interconnecting loops in the
observations share the connectivity (from the positive magnetic polarity of AR 11504
to the negative polarity of AR 11505) with the model interconnecting loops in the U -
case, contrary to the Ω-case interconnecting loops, which further advocates the better
performance of the U -assumption.

Inspecting further the images presented in Figures A.1–A.5, we notice that the core
of AR 11504 appears brighter in the synthetic images than in the observations after
around June 12 at 18:00 TAI. As formerly discussed, there is no reason to favor the
171 Å observations in the comparison. The AR core is brighter in 131 Å observations, so
the synthetic images in the U -case are compared instead with the 131 Å observations in
Figure 5.17. (A similar comparison with the Ω-case does not grant any new insight.) The
171 Å AIA images are also shown to highlight the differences between observations taken
at these two wavelength channels. The 171 Å channel images coronal structures with
temperatures of the order of 1 MK, while the 131 Å observations correspond to ∼10 MK
temperatures (Lemen et al., 2012).

The 131 Å and 171 Å AIA images start to look substantially different from June 13
onward, as is depicted in the top row of Figure 5.17 (middle and right panels). The core
loops developing in AR 11504 seem to have such high temperatures that they are not
visible in the 171 Å observations. The U -model, presented on the left column, has similar
enhanced emission in the AR 11504 core loops as is seen in the 131 Å observations. The
S-shape formed by the core emission is also somewhat similar. However, at 00:00 TAI on
June 14 both 131 Å and 171 Å observations present reminiscent coronal loop structures,
while the synthetic image still has a bright core in AR 11504 (see the bottom row of
Fig. 5.17), which persists until the end of the simulation. Between June 13 at 12:00 TAI
and June 14 at 00:00 TAI (middle and bottom pabels of Fig. 5.17) the June 13 CME has
erupted, which explains the decreased intensity in the 131 Å image as this channel images
the coronal plasma heated in reconnection. No evident eruption occurs in the simulation
with the U -assumption, and the core of AR 11504 thus remains bright.

The different EUV channels image coronal structures with different temperatures, as
discussed in Section 3.1, whereas the emissivity proxy can be thought to represent all
emission regardless of temperature. Therefore, synthetic images could be compared to
composite images containing observations from two or more separate channels. However,
the other AIA EUV channels either portray very similar structure as the 171 Å AIA
observations or bear little resemblance with the synthetic images, so such images are not
considered here.

In conclusion, it was found that the synthetic coronal EUV images produced from
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Figure 5.17: Synthetic coronal images produced from the U -case (left) compared with 131 Å
(middle) and 171 Å (right) AIA observations on June 13 at 00:00 and 12:00 TAI and on June 14
at 00:00 TAI. The synthetic images are projected according to the AIA LOS (see Table A.1
for the LOS vectors), and the logarithmic color scale for the proxy emissivity is the same as in
the left panel of Figure 4.5, though, now the color map corresponds to the one typically used
with AIA 131 Å images. The 131 Å images are saturated to 800 DN s−1 pixel−1 and the 171 Å
images to 5000 DN s−1 pixel−1.
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the MFM simulation with the U -assumption contain loop structures resembling observed
coronal loops both in the AIA 171 Å and 131 Å channels. Especially the core loops of the
ARs have structures similar with the observations. It was also discovered that the model
seems to precede the observed evolution in some aspects of the loop structures: long inter-
connecting loops formed in the model about a day prior to their observed formation time.
The U -assumption, which imposes vertical velocities in the photosphere (corresponding
to the injection of magnetic twist into the system), generates more valid coronal images
than the imposed photospheric vorticity in the Ω-case.

Similarly to the Ω-case, it would be interesting to study the evolution of the loop
structures in AR 11504 if AR 11505 would be excluded from the simulation. The inter-
connection appearing on June 15 in the observations could not be modeled in that case,
but the model would reveal if interconnection between the ARs is crucial to the formation
of loop structures in AR 11504 resembling the observed core loops. Therefore, it should
be investigated whether the core loops of AR 11504 appear similar as in the presented
images even without AR 11505 or whether the loops change significantly in such a model.

5.2.2 Intensity profiles

In the above discussion we focused on the visual comparison of synthetic coronal images
to observed coronal EUV images. The usage of an emissivity proxy, which outputs synthe-
sized intensity in arbitrary units, does not allow us to perform a quantitative study on the
validity of the model. In the case of MHD models where the coronal EUV emission can
be synthesized with the correct units based on true physical considerations, quantitative
analysis can be carried out. For instance, profiles of intensity along a cut through the
synthetic and observed images (at the corresponding location) can be compared. Such
a study has been implemented, e.g., by Downs et al. (2010) on full disk coronal images
produced from a global MHD model. As stated above, quantitative comparisons cannot
be made in the MFM case, but let us briefly examine the correspondence of the shapes
of the synthesized and observed intensity profiles.

The intensity profiles are obtained by plotting the emissivity data along a horizontal,
one pixel wide cut through an image. There is no clear correspondence which coordinate
of the synthetic images should coincide with a given arcsec coordinate of the real images,
and the synthetic and observed images have to be visually matched. The vertical position
of the cuts is therefore chosen manually. The cutouts of full disk AIA images (e.g., shown
in Fig. A.1–A.5) and the synthesized images are of different size, and the intensities
are of different orders of magnitude both between AIA channels and between real and
synthesized images. Therefore, to make comparisons, the widths of the synthetic images
are scaled to the widths of the AIA images and the intensities are scaled to span the range
from zero to one. Due to the latter procedure, the heights of the intensity peaks are not
comparable between the profiles.

Figures 5.18 and 5.19 show intensity profiles for both Ω- and U -models and for both
131 Å and 171 Å AIA observations for June 12 and 13 at 12:00 TAI. In both figures,
the horizontal cut through the images is taken across the lower core loops of AR 11504.
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Inspection of the observed 131 Å and 171 Å intensity profiles shows that their shapes are
similar on June 12 but differ quite notably on June 13. This relationship between the
131 Å and 171 Å AIA observations was already mentioned previously (see Fig. 5.17). On
the other hand, examination of the synthetic intensity profiles shows that their general
shape does not change remarkably over the course of one day. This is due to the emissivity
proxy not differentiating emissivity from different temperatures (since the temperature is
not modeled) unlike the AIA channels.

The general shape of the intensity profiles between the observations and the models
is somewhat similar. There are generally two peaks in the profiles corresponding to the
crossing of the legs of one loop system. The relative decrease in intensity between these
peaks varies. However, the peaks in observations and models clearly do not coincide.
The MFM simulation and the subsequent emissivity synthesis do not produce emitting
structure in the “correct” location. This conclusion is not surprising since the actual ob-
served emission is produced via complex physical processes depending on the density and
temperature of coronal plasma, i.e., on parameters not included in the MFM simulation.
One contributing problem also originates from the formulation of the employed emssivity
proxy, i.e., the omission of field lines that do not close inside the simulation domain but
which would correspond to significant emitting structures.

We also note that studying only a few intensity profiles does not expose the rather
large difference between synthetic images produced from the Ω- and U -models, which was
evident when full images were compared visually. A study using a much larger number of
intensity profiles with the previously presented approach should be carried out to explore
in more detail the differences between the Ω- and U -assumptions. Such a detailed study
has not been carried out before. For example, Downs et al. (2010) study global coronal
models and the comparison of intensity profiles hence covers only large-scale structures
(average quiet-Sun and an active region).
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Figure 5.18: Horizontal one-pixel intensity profiles at 12:00 TAI on June 12 from 131 Å and
171 Å AIA observations and from the synthetic coronal images produced with the Ω- and U -
assumptions. The top row presents the observations and synthetic images, where the cut through
the lower core loops of AR 11504 is marked with a white line. The matching of the cut location
between the models and observations is done visually.

Figure 5.19: Same as Figure 5.18 but for June 13 at 12:00 TAI. Also the cuts are in the same
location as in Figure 5.18.
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Chapter 6

Summary and discussion

The main objective of this thesis was to investigate the performance of the magnetofric-
tional method (MFM) in modeling the solar coronal magnetic field and its time-evolution
in active regions with data-driven boundary conditions. The evaluation was conducted
by comparing mock coronal extreme ultraviolet (EUV) images to real solar EUV observa-
tions obtained by the Atmospheric Imaging Assembly (AIA) imaging instrument onboard
the Solar Dynamics Observatory (SDO) spacecraft, which images the coronal structures
with high spatial and temporal resolution.

The coronal magnetic field cannot currently be studied via direct observations, but
there are various methods for extrapolating the complex coronal magnetic field based on
the observed photospheric magnetic field data. The MFM technique is in the midway
between simple magnetic field models, which do not contain the free magnetic energy
to drive eruptive events (such as the PFSS model), and the computationally expensive
magnetohydrodynamics (MHD) models, which simulate the properties of the plasma in
addition to the magnetic field. Therefore, the MFM technique allows computationally
efficient simulations, which can be used to model active regions for long time periods over
which eruptive structures develop, and thus the coronal evolution leading to, e.g., coronal
mass ejections (CMEs), can be studied.

The most distinct features in the EUV corona are the coronal loops, which are formed
by the coronal plasma suspended by closed magnetic field lines and are observed owing to
the over million kelvin plasma emitting at EUV wavelengths. Since closed magnetic field
lines are visualized in the synthetic coronal images produced from the MFM simulation,
the central part in the comparison of the model and observations are the loop structures.
Hence, to acquire a deeper understanding of coronal loops, their observed properties and
the methods to numerically model them were presented in Chapter 2.

Comprehension of how EUV emission forms in the solar atmosphere and how the
radiation is detected by imaging instruments, such as AIA, enables us to develop the means
to synthesize EUV emission based on simulation results. These topics were reviewed in
Chapter 3. In particular, the proxy for synthesizing coronal emission based on the values of
current density along a magnetic field line (formulated by Cheung and DeRosa (2012)) was
presented in Section 3.2.2. The details of the visualization of the MFM simulation results,
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i.e., the generation of the synthetic coronal images, as well as important properties of the
MFM simulation were discussed in Chapter 4. The author of this thesis was responsible
for producing the Python program executing the visualization, and she also contributed
to the magnetic field line tracing code written in C++.

In this thesis, we studied the system comprised by the active regions AR 11504 and
AR 11505 that appear on the Sun during June 2012. The system was simulated from
June 11 until the start of June 15. These two active regions, especially the more active
AR 11504 where two partially Earth directed CMEs originated, have been investigated in
several previous studies (e.g., James et al., 2017; Palmerio et al., 2017; Srivastava et al.,
2018). The CMEs occur during the time period considered in the simulation, on June 13
and June 14, and the study performed by James et al. (2017) suggests that the eruptive
flux rope corresponding to the June 14 CME forms two hours prior the onset of eruption.
This thesis finds that a flux rope forms in AR 11504 in the MFM simulation with the
Ω-assumption, but it does not erupt during the studied period. On the other hand, no
flux ropes are detected in the U -assumption case. These conclusions were drawn from a
visual inspection of the magnetic field topology. For a more comprehensive study on the
existence of flux ropes in the modeled magnetic fields, the magnetic helicity should be
investigated to find structures with magnetic field lines twisting and winding around a
common axis (Lowder and Yeates, 2017).

In Chapter 5, the results of two MFM simulations of the considered AR system were
investigated in detail via studying the time series of synthetic images with different pro-
jections and comparing the synthetic images to AIA EUV observations in the 131 Å and
171 Å wavelength channels. The other of these simulations employed the Ω-assumption
when deriving the electric field boundary condition, which prescribes photospheric vor-
ticity in the model, whereas the other simulation employed the U -assumption, which
leads to upward flows in the photosphere. Both assumptions are ad hoc and are used to
compensate for the lacking velocity information.

One of the key conclusions of this thesis is that the MFM simulation employing the
U -assumption produces more realistic coronal structures when compared to the AIA ob-
servations than the MFM simulation with the Ω-assumption. While the general structure
are reproduced in both simulations, namely that the regions of bright emission are located
in the concentrations of strong magnetic field where also most of the distinct loops have
at least one of their footpoints rooted in, the differences between the models were found
to be quite outstanding (see Fig. A.1–A.5 in the appendix).

The analysis conducted in this thesis revealed that the principal resemblance between
the U -case and the real EUV observations are the core loops of AR 11504, which have
similar size and exhibit similar evolution in the synthetic and real images, for both 131 Å
and 171 Å AIA channels. Different AIA channels image different temperature regimes, but
the used emissivity proxy cannot separate emission in different wavelength bands. It can,
however, be thought to produce composite images. In the U -case, core loops were found
also in AR 11505, but their correspondence with observed core loops was not as good.
In turn, for the Ω-assumption the smaller active region was very poorly modeled and the
core loops of the larger active region AR 11504 were too long and twisted compared to
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the observations.
The interconnecting loops between the two studied ARs were also found to be clearly

better modeled with the U -assumption than with the Ω-assumption. In the Ω-assumption
case, the interconnection between the ARs was considerably overestimated. On the other
hand, in the U -assumption case, there were significantly less interconnecting loops at the
beginning of the simulation in accordance with the observations. Long interconnecting
loops appear at later times in the U -case, and their structure and connectivity corresponds
to observed interconnecting structures. The interconnecting structures in the observations
appeared, however, about a day later than in the simulation. The MFM simulation with
the U -assumption hence precedes the observed time evolution. Such behavior is not
surprising in the MFM with the ad hoc assumptions that neglect the complex dynamics
of the coronal plasma that naturally impact the true coronal evolution (Cheung and
DeRosa, 2012).

The numerical implementation of the MFM simulations and the employed emissivity
proxy considered in this thesis are based on the methods presented by Cheung and DeRosa
(2012). Cheung and DeRosa showcased synthetic coronal images, but the authors did not
compare them to actual EUV observations, which was also the case in Cheung et al.
(2015), where a different emissivity proxy was considered. In this thesis, we have taken
a step further and compared the synthetic images to actual AIA EUV observations to
evaluate the MFM simulations.

Synthetic images generated from MHD simulations have been compared to EUV ob-
servations to demonstrate the applicability of coronal heating models or other physical
considerations, both on global (e.g., Downs et al., 2010) and local (e.g., Mok et al., 2016)
scale. However, these studies have presented the comparison at only single moments in
time. In this thesis, we have investigated the full time series of synthetic images (spanning
four days) and the conformance of the evolution of the modeled active regions inferred
from the images to the observed evolution.

As discussed in Section 5.2.1, it should be investigated how the exclusion of AR 11505,
which is especially poorly modeled in the MFM simulation employing the Ω-assumption,
changes the modeled loop structures. As discussed above, the MFM simulation employing
the U -assumption was found to be favorable out of the two examined simulations. The
comparison in this thesis was carried out with using only fixed values for the proportion-
ality constants Ω and U and for one active region complex. In the future, different values
for Ω and U could be investigated. We emphasize, however, that the current values were
obtained from an optimization procedure, so as to reproduce the energy injection as given
by an independent estimate (DAVE4VM).

A more extensive study should also be carried out where the analysis presented in this
thesis is applied to several different active regions. Only then can we find out whether
the MFM simulation with the U -assumption fares better in all cases or whether the
success of the assumptions depends on the conditions of the considered system. However,
excessive twisting of field lines creating large swirls in the synthetic images, which was
one of the downsides of the MFM simulation with the Ω-assumption, was also discovered
in the MFM simulation performed by Cheung and DeRosa (2012), who employed the Ω-
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assumption and the same emissivity proxy as used in this thesis. The additional support
for the U -assumption is given in Lumme et al. (2017). The authors study the capability
of the different ad hoc assumptions to reproduce magnetic energy injection and injection
of relative helicity into an active region and U -assumption performed the best.

Another approach would be to use actual photospheric velocity estimates in the in-
version of the electric field (to obtain the data-driven boundary condition for the MFM
simulations) instead of the ad hoc assumptions, by implementing the inversion techniques
presented in, for example, Schuck (2008) and Kazachenko et al. (2014). The usage of ve-
locity estimates is planned to be included also in the ELECTRICIT toolkit in the future
(Lumme, 2016).

The MFM simulation employing the U -assumption seems to precede the observations.
However, more important than exact time conformance of the model to the observations
in the validation of the MFM approach is that similar structures are formed and the
evolution in the model and in the observations is qualitatively alike. In such case the
MFM simulations grant us knowledge on the general evolution of active regions, and
the technique can be used in forward modeling to predict, say, if an eruptive coronal
structure is formed based on current magnetogram observations. This is a necessary step
in ultimately achieving the means to predict space weather.

Similarly, as the exact conformance of the MFM simulation results to the observed
time evolution is not crucial for the validation, neither is the generation of coronal struc-
tures exactly at the same locations as observed. The goal of the MFM simulations is to
understand and predict the evolution of the coronal magnetic field, since it plays a key
role in the generation of solar eruptions. Therefore, it is the general distribution of the
synthesized emitting structures that matters in the validation of the models. The compar-
ison method utilizing the intensity profiles taken along a horizontal cut through observed
and modeled images on the other hand promotes the opposite; the modeled and observed
profiles are similarly shaped only if the emitting structures occupy the same locations.
Hence we conclude that the visual comparison of the full synthetic images with observed
AIA cutouts is a much more powerful tool in validating the models than the examination
of intensity profiles. Nevertheless, considering the intensity profiles would be useful in the
case where synthetic images produced from different proxy emissivity formulations are
compared with each other.

The visual comparison is obviously only a qualitative method to investigate the con-
gruence of synthetic and observed images, and have been done simply by eye in this thesis.
While this is sufficient for our purposes, it is possible to compare the loop structures rigor-
ously via applying coronal loop tracing codes that have been developed for the automatic
identification of coronal loops in EUV images (e.g., Aschwanden, 2010; Li et al., 2017),
to the synthetic EUV images. Also the comparison of intensity profiles is qualitative,
although it has been used for quantitative comparison in MHD simulations (e.g., Downs
et al., 2010), since the unit of the emissivity values obtained from the proxy is arbitrary
in the case of the MFM simulation.

Therefore, quantitative analysis cannot be performed when considering MFM simu-
lations unless a more sophisticated method for synthesizing emission is included. Such
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demands the inclusion of plasma parameters, such as temperature and density, in the
model at some point in the simulation, which consequently makes the model more com-
putationally demanding and difficult since the coronal heating needs to be addressed. If
the plasma parameters are included from the beginning, we have a MHD model, and if the
MFM technique is switched to a MHD approach when interesting plasma phenomena will
start to take place (e.g., a flux rope becoming unstable and erupting), we have a coupled
model (e.g., used by Pagano et al., 2013). However, the feasibility of the MFM approach
is the essential reason we are exploring the technique, and we would like to cope without
having to use full MHD models. They are not practicable for simulating active regions
for long time periods as opposed to the MFM simulations, which is needed to understand
the coronal evolution.

A potential method to synthesize more realistic plasma emission based on the MFM
simulations is to employ hydrostatic (or hydrodynamic) coronal loop models, i.e., popu-
lating selected loops with plasma and assigning an empirical heating rate (e.g., Warren
and Winebarger, 2006, 2007). For example, Warren and Winebarger (2006) have syn-
thesized coronal emission based on hydrostatic modeling of loops, but they selected the
loops from a potential magnetic field extrapolation. Potential fields are too simplistic to
account for the complex coronal dynamics in active regions that may lead to eruptive
events. It would therefore be instructive to select the modeled coronal loops instead from
the magnetic field configuration produced by the data-driven MFM simulations. Such
study should be performed in the future to obtain a more valid comparison with the syn-
thetic and observed images than what can be achieved by the ad hoc emissivity proxy
employed in this thesis.
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Appendix A

Comparison of synthetic images with
AIA EUV observations

Active regions AR 11504 and AR 11505 were simulated over a four day period in June
2012, from June 11 to the end of June 14, with two MFM simulations that employed
different assumptions for the electric field inversion: the Ω- and U -assumptions (see Sec-
tion 4.2). The model results were visualized with the methods described in Section 4.3,
namely, using the emissivity proxy defined in Eq. 3.5. The visualization produces syn-
thetic coronal EUV images which display current-carrying magnetic loops, i.e., coronal
loops.

The evolution of the model loop structures is discussed in Section 5.1 for both of the
assumptions, but to validate the MFM technique and see which assumption produces more
realistic loop structures, the synthetic images must be compared with real observations
of coronal loops in the ARs. The comparison is discussed in detail in Section 5.2.

This appendix presents the comparison of synthetic images, produced from models
with both Ω- and U -assumptions, with EUV observations taken in the 171 Å wavelength
channel by the AIA instrument onboard the SDO spacecraft. The synthetic images are
produced by integrating the proxy emissivity data along the line-of-sight of AIA so that
synthetic and real images have similar projection. The LOS vectors of AIA used in the
image projections are shown in Table A.1. The LOS vectors are defined so that the
vector points from the solar surface toward AIA and the LOS direction is the same in all
coordinate points of the simulation domain (see Section 4.3).

The comparison of synthetic coronal images with real ones are shown in Figures A.1–
A.5, starting at 12:00 TAI on June 11 (twelve hours after the start of the simulations)
in intervals of six hours. Since the simulation with the Ω-assumption ends already at
6:50 TAI on June 14, the last figure (Fig. A.5) presents only images from the U -assumption
case until the end of the simulation at 00:00 TAI on June 15. The presented AIA images
are cutouts from the full disk images corresponding to the simulation domain.
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Date AIA LOS vector
June 11, 12:00 (0.73, 0.17, 0.65)
June 11, 18:00 (0.69, 0.18, 0.69)
June 12, 00:00 (0.65, 0.19, 0.72)
June 12, 06:00 (0.60, 0.20, 0.76)
June 12, 12:00 (0.56, 0.21, 0.79)
June 12, 18:00 (0.51, 0.22, 0.82)
June 13, 00:00 (0.46, 0.22, 0.85)
June 13, 06:00 (0.41, 0.23, 0.87)
June 13, 12:00 (0.35, 0.24, 0.89)
June 13, 18:00 (0.30, 0.24, 0.91)
June 14, 00:00 (0.24, 0.25, 0.93)
June 14, 06:00 (0.19, 0.25, 0.94)
June 14, 12:00 (0.13, 0.25, 0.95)
June 14, 18:00 (0.08, 0.25, 0.95)
June 15, 00:00 (0.02, 0.26, 0.95)

Table A.1: The LOS vectors of AIA are shown in (x, y, z)-format in the right column, with
the left column indicating the time (TAI, in June 2012) at which the LOS vector is computed.
For a description of the computation of the LOS vectors, see Section 4.3.2.

94



Figure A.1: Synthetic coronal images produced from MFM simulations with the Ω-assumption
(left) and the U -assumption (middle), and real solar EUV images at the 171 Å wavelength as
observed by AIA (right) on June 11 at 12:00 and 18:00 TAI and on June 12 at 00:00 TAI.
The synthetic images are projected according to the AIA LOS (see Table A.1 for the LOS
vectors), and the logarithmic color scales of the synthetic and observed images are the same as
in Figure 4.5.
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Figure A.2: Same as Figure A.1 but for times June 12 at 06:00, 12:00 and 18:00 TAI.
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Figure A.3: Same as Figure A.1 but for times June 13 at 00:00, 06:00 and 12:00 TAI.
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Figure A.4: Same as Figure A.1 but for times June 13 at 18:00 TAI and June 14 at 00:00 and
06:00 TAI.
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Figure A.5: Same as Figure A.1 but for times June 14 at 12:00 and 18:00 TAI and June 15
00:00 TAI. The MFM simulation with the Ω-assumption ends already at 06:50 TAI on June 14
so only synthetic images from the simulation with the U -assumption are shown.
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Riley, P., Linker, J. A., Mikić, Z., Lionello, R., Ledvina, S. A. and Luhmann, J. G., 2006.
A comparison between global solar magnetohydrodynamic and potential field source
surface model results. Astrophys. J., 653, 1510–1516. doi:10.1086/508565

Rosner, R., Tucker, W. H. and Vaiana, G. S., 1978. Dynamics of the quiescent solar
corona. Astrophys. J., 220, 643–645. doi:10.1086/155949

Schatten, K. H., Wilcox, J. M. and Ness, N. F., 1969. A model of interplanetary and
coronal magnetic fields. Solar Phys., 6(3), 442–455. doi:10.1007/BF00146478

Schmelz, J. T., Nasraoui, K., Del Zanna, G., Cirtain, J. W., DeLuca, E. E. and Mason,
H. E., 2007. Coronal Diagnostic Spectrometer observations of isothermal and multi-
thermal coronal loops. Astrophys. J. Lett., 658, L119–L122. doi:10.1086/514815

Schmelz, J. T., Nasraoui, K., Rightmire, L. A., Kimble, J. A., del Zanna, G., Cirtain,
J. W., DeLuca, E. E. and Mason, H. E., 2009. Are coronal loops isothermal or multi-
thermal? Astrophys. J., 691, 503–515. doi:10.1088/0004-637X/691/1/503

Schrijver, C. J., Title, A. M., Berger, T. E., Fletcher, L., Hurlburt, N. E., Nightingale,
R. W., Shine, R. A., Tarbell, T. D., Wolfson, J., Golub, L., Bookbinder, J. A., Deluca,
E. E., McMullen, R. A., Warren, H. P., Kankelborg, C. C., Handy, B. N. and de
Pontieu, B., 1999. A new view of the solar outer atmosphere by the Transition Region
and Coronal Explorer. Solar Phys., 187, 261–302. doi:10.1023/A:1005194519642

Schuck, P. W., 2008. Tracking vector magnetograms with the magnetic induction equa-
tion. Astrophys. J., 683, 1134-1152. doi:10.1086/589434

Serio, S., Peres, G., Vaiana, G. S., Golub, L. and Rosner, R., 1981. Closed coronal
structures. II. Generalized hydrostatic model. Astrophys. J., 243, 288–300. doi:10.
1086/158597

Shiota, D., Isobe, H., Chen, P. F., Yamamoto, T. T., Sakajiri, T. and Shibata, K.,
2005. Self-consistent magnetohydrodynamic modeling of a coronal mass ejection, coro-
nal dimming, and a giant cusp-shaped arcade formation. Astrophys. J., 634, 663–678.
doi:10.1086/496943

109



Spadaro, D., Lanza, A. F., Lanzafame, A. C., Karpen, J. T., Antiochos, S. K., Klimchuk,
J. A. and MacNeice, P. J., 2003. A transient heating model for coronal structure and
dynamics. Astrophys. J., 582, 486–494. doi:10.1086/344508

Spiegel, E. A. and Zahn, J.-P., 1992. The solar tachocline. Astron. Astrophys., 265,
106–114

Srivastava, N., Mishra, W. and Chakrabarty, D., 2018. Interplanetary and geomagnetic
consequences of interacting CMEs of 13 - 14 June 2012. Solar Phys., 293, 5. doi:
10.1007/s11207-017-1227-8

SunPy Community, Mumford, S. J., Christe, S., Pérez-Suárez, D., Ireland, J., Shih,
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Gombosi, T. I., 2014. Alfvén wave solar model (AWSoM): Coronal heating. Astrophys.
J., 782, 81. doi:10.1088/0004-637X/782/2/81

110



Vernazza, J. E., Foukal, P. V., Noyes, R. W., Reeves, E. M., Schmahl, E. J., Timothy,
J. G., Withbroe, G. L. and Huber, M. C. E., 1975. Time variations in extreme-ultraviolet
emission lines and the problem of coronal heating. Astrophys. J. Lett., 199, L123–L126.
doi:10.1086/181863

Warren, H. P., Kim, D. M., DeGiorgi, A. M. and Ugarte-Urra, I., 2010a. Modeling evolving
coronal loops with observations from STEREO, Hinode, and TRACE. Astrophys. J.,
713, 1095–1107. doi:10.1088/0004-637X/713/2/1095

Warren, H. P. and Winebarger, A. R., 2006. Hydrostatic modeling of the integrated
soft X-ray and extreme ultraviolet emission in solar active regions. Astrophys. J., 645,
711–719. doi:10.1086/504075

Warren, H. P. and Winebarger, A. R., 2007. Static and dynamic modeling of a solar
active region. Astrophys. J., 666, 1245–1255. doi:10.1086/519943

Warren, H. P., Winebarger, A. R. and Brooks, D. H., 2010b. Evidence for steady heating:
Observations of an active region core with Hinode and TRACE. Astrophys. J., 711,
228–238. doi:10.1088/0004-637X/711/1/228

Warren, H. P., Winebarger, A. R. and Mariska, J. T., 2003. Evolving active region
loops observed with the transition region and coronal explorer. II. Time-dependent
hydrodynamic simulations. Astrophys. J., 593, 1174–1186. doi:10.1086/376678

Watko, J. A. and Klimchuk, J. A., 2000. Width variations along coronal loops observed
by TRACE. Solar Phys., 193, 77–92. doi:10.1023/A:1005209528612

Winebarger, A. R., Warren, H. P. and Mariska, J. T., 2003. Transition Region and Coronal
Explorer and Soft X-Ray Telescope active region loop observations: Comparisons with
static solutions of the hydrodynamic equations. Astrophys. J., 587, 439–449. doi:
10.1086/368017

Xie, H., Madjarska, M. S., Li, B., Huang, Z., Xia, L., Wiegelmann, T., Fu, H. and Mou,
C., 2017. The plasma parameters and geometry of cool and warm active region loops.
Astrophys. J., 842, 38. doi:10.3847/1538-4357/aa7415

Yang, W. H., Sturrock, P. A. and Antiochos, S. K., 1986. Force-free magnetic fields: The
magneto-frictional method. Astrophys. J., 309, 383–391. doi:10.1086/164610

Yeates, A. R., 2017. Sparse reconstruction of electric fields from radial magnetic data.
Astrophys. J., 836, 131. doi:10.3847/1538-4357/aa5c84

Yeates, A. R., Mackay, D. H., van Ballegooijen, A. A. and Constable, J. A., 2010. A
nonpotential model for the Sun’s open magnetic flux. J. Geophys. Res., 115, A09112.
doi:10.1029/2010JA015611

111


	Introduction
	Sun, solar processes and coronal magnetic field
	Sun and solar activity
	Solar surface and atmosphere
	Coronal structures and solar eruptions

	Coronal heating
	DC heating
	AC heating

	Coronal magnetic field modeling
	Potential field models
	Force-free field models
	The magnetofrictional method
	Magnetohydrodynamic models


	Coronal loops
	Observations
	Lifetimes
	Morphology
	Physical properties

	Coronal loop models

	Coronal EUV emission
	Formation of EUV emission in the solar atmosphere and its observation
	Modeling of EUV emission
	EUV emission in MHD models
	EUV emission in MFM models


	Synthesization of EUV images from MFM results
	General description of the modeled system
	The MFM simulation
	Electric field inversion
	Simulation setup details

	Methods for synthesizing coronal images
	Field line tracing and emissivity calculation
	Visualization


	Results
	Modeled evolution of the system
	The -assumption
	The U-assumption

	Comparison with AIA observations
	EUV images
	Intensity profiles


	Summary and discussion
	Comparison of synthetic images with AIA EUV observations
	Bibliography

