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2 CHAPTER 1. INTRODUCTION

1.1 The Solar Corona

The solar corona is the outer part of the solar atmosphere. Itextends above the transition
region for several solar radii into interplanetary space. Its temperature varies from less
than 1 MK to more than 10 MK. The particle density varies from less than 108 cm−3 to
1011 cm−3. In Fig. 1.1 we report a schematic representation of the temperature and density
of the solar atmosphere as a function of height above the surface.

The appearance of the solar corona during a total solar eclipse is shown in Fig. 1.2.
It is extremely faint relative to the visible disk of the sun,having a maximum brightness
ratio of 10−6, so that it is completely invisible to the naked eye in normalcondition.

When inspected through spectroscopy the corona reveals unexpected emission lines,
which is due to high excitation states of iron (e.g., Golub & Pasachoff 1997).

If observed in Extreme UltraViolet (EUV) and X bands the corona is far from homo-
geneous, as we can see in Fig. 1.3 and 1.4. It appear as formed mainly by two kinds of
structures: one formed of bundles of luminous arches (active regionsformed by bundles
of coronal loops), the other characterized by low emission (coronal holes). We focus our
attention to coronal loops.

1.2 Coronal Loops

Coronal loops are the basic building blocks of the solar corona. In Fig. 1.5, we see an
active region observed with SDO/AIA, 171 Å filter, 9 July 2010, in which we clearly see
the presence of some arch-like structures.

Although coronal loops are often well defined and studied in the EUV band, the bulk
of coronal loops is visible in the X-ray band (Fig. 1.4). Furthermore, the peak of the
coronal emission measure of active regions is above 2 MK, which is best observed in X-
rays (e.g.: Reale et al. 2009a; Peres et al. 2000). Coronal loops are composed by arch-like
structure, that follows typical magnetic field topology.

Some typical coronal loop parameters are shown in Tab. 1.1. The length of coronal
loops spans over many order of magnitude: from 1×106 m for Bright points, to 1×109 m
for Giant loops, throughActive Region loops(AR loops; length= 1 − 10 × 107 m).
Temperature varies from 105 K (cool loops), to∼ 3×106 K (AR loops), up to a few 107 K
(flaring loops). Density spans from 1014 m−3 to 1017 m−3.

1.2.1 Morphology and evolution

As a good approximation, loops generally have a semicircular shape. Clearly, the loops
aspect depends on which direction we see the loop: if we look at the limb of sun, probably
we can easily see semicircular loops (this is the case in Fig.1.5), as well as if we look at
the center of the solar disk the loops are very inclined and don’t appear semicircular.
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Figure 1.1Plane-parallel model of solar atmospheric temperature (solid line), and density (dotted
line) vs height (Golub & Pasachoff, 1997).
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Figure 1.2Optical image of a solar eclipse over the Marshall Islands inJuly 2009. Photo:
Miloslav Druckmuller.
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Figure 1.3Composite EUV image of the solar corona seen with SDO/AIA 211Å, 191 Å, and
171 Å filters on November 9, 2011. Credit: NASA/SDO.
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Figure 1.4Soft-X immage of the solar corona seen with HINODE/XRT Al/Poly filters on October
17, 2007. Credit: ISAS-JAXA/HINODE.
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Figure 1.5An active region observed from SDO/AIA, 171 Å filter, 9 July 2010. Credit:
NASA/SDO.
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Table 1.1Typical coronal loop parameter (Reale, 2010).

Bright points Active region Giant arches Flaring loops
Length (109 cm) 0.1− 1 1− 10 10− 100 1− 10

Temperature (106 K) 2 3 1− 2 > 10
Density (109 cm−3) 5 1− 10 0.1− 1 > 50

Pressure (dyne cm−2) 3 1− 10 0.1 > 100

The structure of coronal loops is due to the presence of a strong magnetic field, which
confines the plasma. When the plasma inside the flux tubes is heated more than the
surroundings, its density increases. Since the plasma is optically thin, the intensity of its
radiation is proportional to the square of the density, and the tube becomes much brighter
than the surrounding ones and looks like a bright closed arch.

Since end of 80s, thanks to the observation made by NIXT (Gomez et al., 1993b; Di
Matteo et al., 1999), we have some limited evidence for fine structuring on coronal loops.
With the high spatial resolution achieved by TRAnsition region and Coronal Explorer
(TRACE, Handy et al. 1999), this evidence was supported alsoby visual inspection. For
example, in Fig. 1.6 we see an active region observed by TRACE in November, 9, 2000,
2 UT. This image clearly shows that coronal loops are substructured. Nevertheless, the
task to investigate this substructuring is not easy becausethe thickness of the elementary
components may be as small as a few km, according to some nanoflare models (Parker,
1988; Vekstein, 2009), below the resolution limit of the most powerful imaging instru-
ments (e.g., Gomez et al. 1993b,a). One of the target of this thesis is to investigate fine
structuring on coronal loops.

Another important feature of coronal loops is that their cross-section is constant along
their length above the transition region (e.g. Klimchuk 2006), but there is evidence that
the cross-section varies across the transition region, as documented by Gabriel (1976).
This is due to the rapid variation of plasma beta factor in transition region, and we will
talk widely about this in Cap. 3.

1.2.2 Heating Mechanism in Coronal Loops

The question of what heats the solar corona remains one of themost important problems
in astrophysics. A variety of difficult issues must be addressed: highly disparate spatial
scales, physical connections between the corona and lower atmosphere, complex micro-
physics, variability and dynamics (Klimchuk, 2006).

Coronal loops with temperatures near 1 MK are observed to persist longer than a
characteristic cooling time, suggesting steady or quasi-steady heating (e.g., Lenz et al.
1999; Aschwanden et al. 2000). Steady heating models, however, cannot reproduce the



1.2. CORONAL LOOPS 9

Figure 1.6An active region observed by TRACE (9 November 2000, 2 UT). Wecan distinguish
between strands that make the loops. Credit: NASA/TRACE.
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high electron densities observed in these loops (Winebarger et al., 2003a). Multi-thread,
impulsive heating models have been proposed as a possible heating scenario (e.g.,Cargill
& Klimchuk 1997; Warren et al. 2003; Patsourakos & Klimchuk 2008). Such models are
motivated by our understanding of the energy release duringmagnetic reconnection in
flares (e.g., Parker 1983). In these models impulsive heating leads to high densities and
multiple, sub-resolution ”threads“ lead to long lifetimesrelative to the cooling time for an
individual loop.

In the 80s it was proposed that the corona is heated by rapid energy pulses, the so-
called nanoflares, due to very localized reconnections of the solar magnetic field braided
and twisted by the chaotic motions of the loop footpoints in the photosphere (Parker,
1988). This concept was promising and has been developed further (Cargill, 1994a;
Cargill & Klimchuk, 2004). Although impulsive events were predicted to be very small
and rapid, nevertheless we would expect to detect their signatures in coronal observations,
such as emission of very hot plasma (∼ 10 MK) outside of flares, or variability.

Although the evidence is increasing (Reale et al., 2009b,a;McTiernan, 2009; Schmelz
et al., 2009; Sylwester et al., 2010), probably it still needs further support to be conclusive
and there is room for possible important roles of alternative mechanisms, i.e. the more
gradual dissipation of MHD Alfven waves (Hollweg, 1984; Nakariakov et al., 1999; Of-
man & Wang, 2008), or even the direct involvement of the underlying chromosphere (De
Pontieu et al., 2011).

Indeed, there are good reasons why extensive nanoflaring activity has been elusive
so far (Klimchuk, 2006; Reale, 2010). The most important oneis that nanoflares are
predicted to be small both in time and space: one nanoflare is expected to ignite not an
entire coronal loop at a time, but a very small part of it. Since in the magnetic field
channels momentum and energy are transported only along thefield lines, we expect long
and thin channels to be heated by single pulses. Such strandsare so thin as to be spatially
unresolved by current telescopes, and the detection of hot plasma is difficult with the
current set of instrumentation because of its small filling factor (Martens et al., 1985)

1.3 Modelling of Coronal Loops

The concept of numerical loop modeling is to use simulations, first of all, to get insight
into the physics of coronal loops, i.e., the reaction of confined plasma to external drivers,
to describe plasma evolution, and to derive predictions to compare with observations. One
major target of modeling is, of course, to discriminate between concurrent hypotheses, for
instance, regarding the heating mechanisms and to constrain the related parameters.

Usually, this kind of models require to be provided with initial loop conditions and
boundary conditions. Since we actually ignore the specific heating mechanisms of coronal
loops, almost all models require to define an input heating function, specifying its time-
dependence, for instance it can be steady, slowly or impulsively changing, and its position
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in space. The output typically consists of distributions oftemperature (and/or pressure),
density, and velocity along the loop evolving with time. From simulation results, some
modelers derive observable, i.e., the plasma emission, which can be compared directly to
data collected with the telescopes. The model results are, in this case, to be folded with
the instrumental response. This forward-modeling allows to obtain constraints on model
parameters and, therefore, quantitative information about the questions to be solved, e.g.,
the heating rate and location (e.g. Reale et al. 2000).

1.3.1 Basic

The basics of loop modeling have been established since 70s (Priest, 1978). In typical
coronal conditions, the plasmaβ factor (ratio of thermal and magnetic pressure) is≪ 1.
This means that magnetic field dominates the loop evolution.In particular,the plasma
confined in coronal loops can be assumed as a compressible fluid moving and transporting
energy only along the magnetic field lines (Rosner et al., 1978), so the magnetic field has
only the role of confining the plasma. Another typical assumption is a constant loop
cross-section. In these conditions, it is possible to describe the loop evolution by means
of the one dimensional hydrodynamic equations for a compressible fluid, using only the
coordinate along the loop. Here I report the equation of conservation of mass (eq. 1.1),
momentum (eq. 1.2), end energy (eq. 1.3) for a viscous optically thin plasma.

∂ne

∂t
+
∂

∂s
(nev) = 0 (1.1)

∂nev
∂t
+
∂

∂s
(nevv) = −∂p

∂s
+ neg+

∂

∂s

(

µ
∂v
∂s

)

(1.2)

∂u
∂t
+
∂

∂s
[

(u+ p) v
]

= neg · v+ QH − n2
eP(T) + µ

(

∂v
∂s

)2

− ∂
∂s

Fc (1.3)

u =
1
2

nev
2
+ ε (1.4)

p = (γ − 1) ε (1.5)

p = kBnspecneT (1.6)

wherene is the electron density,v is the velocity along the loop (s direction),u is the
total energy density,g the gravity for a curved coronal loop,ε the thermal energy,p the
pressure,T the temperature,P(T) are the radiative losses for an optically thin plasma (e.g.
Raymond et al. 1976),QH the heating function,γ = 5/3 is the ratio between the specific
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heat capacities per unit of pressure and unit of volume (CP/CV), nspec= 2 is the number
of species,µ the effective plasma viscosity, andFc is the conductive flux, described by:

Fc = −kT
5
2
∂

∂s
T (1.7)

wherek = 9.22 · 10−7 WK−
7
2 is the plasma conduction coefficient (Spitzer, 1965).

These equations can be solved numerically and several specific codes have been used
extensively to investigate the physics of coronal loops andof X-ray flares (Peres et al.
1982; Betta et al. 1997; Nagai 1980; MacNeice 1986; Hansteen1993). Also, these types
of models require to be provided with initial loop conditions and boundary conditions.
The model results are to be folded with the instrumental response.

1.3.2 Fine Structuring and multi/stranded models

In the last years,through the observations of TRACE SoHO andSDO, it has been dis-
covered that coronal loops are composed by bundles of thin strands. We can consider
each strand as self-standing, with an isolated and independent atmosphere, so they can be
treated exactly as a single loop. This approach has been adopted both to describe loops
as static (Reale & Peres, 2000) and as impulsively heated by nanoflares (Warren et al.,
2002). On the same line, collections of loop models have beenapplied to describe entire
active regions (Warren & Winebarger, 2006).

This model can be used to describe tree different scenario: we can consider multi-
strand static models (e.g. Reale & Peres 2000), or multistrand steady heating models (e.g.
Winebarger et al. 2011), or use a nanoflare heated multistranded model (see Cap. 2).

The nanoflare scenario is approached in multi-thread loop models, convolving the in-
dependent hydrodynamic evolution of the plasma confined in each pulse-heated strand.
These are able to match many features of the evolution of warmloops observed with
TRACE (Warren et al., 2002, 2003; Winebarger et al., 2003a,b). It has been shown (War-
ren et al., 2003) that a loop made as a set of small-scale, impulsively heated strands can
generally reproduce the spatial and temporal properties ofthe observed loops, such as a
delay between the appearance of the loop in different filters.

However, both monolithic and multistranded hydrodynamic models show an excess
of emission in low temperature bands (from 105 to 106 K) if compared with observations.
This emission is localized at the basis of the loop in the region near and through the
transition region. This region is called moss region, and itis a very well-known feature
in the low temperature bands, already studied in NIXT and TRACE observations and
commonly explained as the bright warm footpoints of hot high-pressure loops (Peres et al.,
1994; Fletcher & de Pontieu, 1999; Martens et al., 2000).

Although multistrand models appear much more complex than single loop models
and need further refinements to match all the observational constraints, they certainly
represent an important issue for the future of coronal loop comprehension.
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1.3.3 Interaction with Magnetic Field: MHD Modeling

In order to study the interaction between plasma and magnetic field it is necessary to in-
clude also the evolution of magnetic field in our model. For example, recent studies have
investigated loops heating mechanism by including also themagnetic field in the mod-
eling. In the last years several fully magnetohydrodynamic(MHD) codes have been de-
veloped thanks also to the increasing availability of High Performance Computing (HPC)
systems and resources.

Although such models still cannot resolve well fine structures, such as current sheets
and the transition region, they certainly represent the first important step toward fully
self-consistent modeling of the magnetized corona. In thissection we will illustrate the
equations of magnetohydrodynamic.

The induction equation

Considering the Maxwell equations, we have (e.g. Priest 1987):

∇ × B = µj +
1
c2

∂E
∂t

(1.8)

∇ · B = 0 (1.9)

∇ × E = −
∂B
∂t

(1.10)

∇ · E = ρ
∗

ε
(1.11)

whereE is theelectric field, B is themagnetic field, ρ∗ is thecharge density, j is the
current densityµ (≈ µ0 = 4π × 10−7 Hm−1), the magnetic permeability andε (≈ ε0 =

8.854× 10−12 Fm−1) the permittivity, such that the speed of light in a vacuum is:

c =
1
√
µ0ε0

≈ 2.998× 108 ms−1 (1.12)

It is convenient to eliminateE andj from eq. 1.8 and 1.10, using theOhm law:

j = σ (E + v × B) (1.13)

to give:

∂B
∂t
= −∇ ×

(

−v × B +
j
σ

)

= ∇ × (v × B) − ∇ × (η∇ × B) (1.14)
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whereσ is theelectric conductivity(measured inmho m−1), andη = 1/(µσ) is themag-
netic diffusivity. Using eq. 1.9, and the vector identity:

∇ × (∇ × B) = ∇ (∇ · B) − (∇ · ∇) B (1.15)

one finds

∂B
∂t
= ∇ × (v × B) + η∇2B (1.16)

that is known as theinduction equation. If v is known it is possible to use this equation to
determineB, that must be subject to the eq. 1.9 in any case.

Now we can define themagnetic Reynolds Number:

Rm =
l0V0

η
(1.17)

whereV0 is the typical plasma speed, andl0 is the magnitude of the convective term (the
first term) in eq. 1.16.

Clearly, if Rm ≫ 1 eq. 1.16 we can omit the second term (perfectly conducting limit)
otherwise, ifRm≪ 1 eq. 1.16 reduces to a simple diffusion equation (diffusive limit):

∂B
∂t
= ∇ × (v × B) + η∇2B ≈

{

∇ × (v × B) Rm≫ 1
η∇2B Rm≪ 1

(1.18)

In chap. 3 we will use eq. 1.18 in the perfectly conducting limit.

Conservation equations

The presence of magnetic field enters also the momentum equation through the presence
of Lorenz force, so the eq. 1.2 must be rewritten (omitting the viscous term):

∂nev
∂t
+ ∇ · (nevv) = −∇p+ neg+ j × B (1.19)

The magnetic field enters also in the equation of conservation of energy. We can
rewrite eq. 1.3 to obtain:

∂u
∂t
+ ∇ ·

[

(u+ p) v − B(v · B)
]

= neg · v + QH − n2
eP(T) − ∇ · Fc (1.20)

or (if we consider also the resistive term):

∂u
∂t
+∇ ·

[

(u+ p) v − B(v · B)
]

= neg · v +QH − n2
eP(T)− ∇ · Fc−∇ ·

[

(η · J) × B
]

(1.21)

whereη is the magnetic resistivity tensor, andFc is the conductive flux.
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In the MHD case, thermal conductivity is highly anisotropic, being largely suppressed
in the direction transverse to the field. Denoting withb̂ = B/ |B| the unit vector in the di-
rection of magnetic field, the classical thermal conductionflux may be written as (Balbus,
1986):

Fclass= k||b̂
(

b̂ · ∇T
)

+ k⊥
[

∇T − b̂
(

b̂ · ∇T
)]

(1.22)

where the subscripts|| and⊥ denote, respectively, the parallel and normal components to
the magnetic field,k|| (= K||T5/2) andk⊥ (= K⊥ρ2/ |B|2 T1/2) are the thermal conduction
coefficients along and across the field, andK|| andK⊥ are constants. Clearly, in the pure
hydrodynamic limit eq 1.22 becomesFclass= k||∇T.

If we take into account the effect of saturated thermal conduction (Spitzer, 1965), the
flux becomes independent of∇T for very large temperature gradients. In this limit the
flux magnitude approaches to:

Fsat = φKsatnec
3
iso (1.23)

whereKsat is a constant,ciso is the sound speed in isothermal conditions, andφ ≪ 1 is a
free parameter.

A tipical flux limiter used to smoothly switch between classical (eq. 1.22) and satu-
rated (eq. 1.23) thermal conduction is to use the equation (Mignone et al., 2011):

Fc =
Fsat

Fsat+ |Fclass|
Fclass (1.24)

where:

|Fclass| =
√

(

b̂ · ∇T
)2

(k2
|| − k2

⊥) + k2
⊥∇T2 (1.25)

The assumption made in deriving previous equations are:

• Plasma is treated as continuum;

• Plasma is in thermodynamic equilibrium;

• The coefficientsµ andη are uniform;

• Most of the plasma properties except the thermal conductioncoefficient are isotropic;

• The equation are written for an inertial frame of reference;

• No one relativistic effect are included;

• The plasma is treated as a single fluid;
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1.3.4 Outline of the thesis

This thesis is developed under the general scope of studyingthe fine structure of coronal
loops.

The first part (Chap. 2) studies the diagnostics of loops as bundles of fine pulse-heated
strands. Since each strand cannot be spatially resolved by present-day instruments, mod-
eling is used here to look for new indirect evidence. In particular, we investigate whether
multi-strand loops can explain the evidence of increasing fuzziness of coronal regions at
increasing temperatures. To this purpose, it is convenientto treat each strand as strictly
independent of the others and to describe the loops as collections of identical strands. The
approach is then to use standard loop hydrodynamic modelingto model a single pulse-
heated strand, to replicate and shuffle the model strand until a proper loop system is built,
and to compare the emission predicted after this procedure with observations. Observa-
tions from Hinode/EIS and SDO/AIA are considered.

The second part (Chap. 3) addresses a different kind of evidence, and in particular
investigates whether multi-structured loops can be diagnosed with observations of the
lower parts of the loops, around the transition region. We address moss-like structures in
active regions detected at temperatures about 1 MK, that aregenerally interpreted as the
footpoints of hotter loops. To study the low-lying parts of the loops in high detail, the as-
sumption of constant cross-section all along the loop cannot hold, because it is known that
the loop greatly expands going up from the transition regionto the corona (e.g. (Gabriel,
1976)). We cannot help including this effect in the modeling, and how it changes in time
and with the plasmaβ, and this requires a proper time-dependent magnetohydrodynamic
description. In this part a two-dimensional time-dependent magnetohydrodynamic loop
model is described and its first application to study how the heating and dynamics of the
plasma influences the expansion itself.
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Modeling of Multistranded Coronal
Loops
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In this chapter we study the fine structuring of coronal loops. We suppose that coronal
loops are substructured in a multitude of thin strands; eachstrand is heated by a strong
energy pulse, and the duration of the pulse is much smaller than the characteristic cooling
time of the plasma. Once the heat pulse ends, the plasma coolsdown exponentially.
The loops strands are ignited at different times, and the storm of nanoflares goes on for
a long time, comparable to the loop lifetime. On timescales long compared with those
characteristics of the heat pulses, a loop strand will be heated and hot only occasionally.
If we image a loop, or, more in general, the active region, at acertain time, there will
be a minority of strands where the heat pulse is on, and most ofthem will be instead
cooling. We can put this in other words by saying that a few strands will be very hot,
and many of them will be significantly cooler than their peak temperature. How hot,
how cooler? If nanoflares are the same kind of events as propercoronal flares, only on a
smaller spatial scale, it is quite likely that the plasma is heated up to temperatures of about
10 MK. However, these temperatures are maintained for very short times, during which
the emission is faint because of the low plasma density: the strand becomes brighter as
it is filled with dense plasma coming up from the chromosphere, and this occurs on time
scales longer than the expected duration of the heat pulses.Therefore, the strands become
bright when the plasma is already cooling and remain bright until the plasma has drained
significantly. Thus, in this scenario, we expect to see few hot 10 MK and cold 1 MK
strands, and many 3 MK strands.

In the course of the work of this PhD thesis we show that one implication of this
model is to explain the fact that coronal active regions are observed to get fuzzier and
fuzzier (i.e. more and more confused and uniform) in harder and harder energy bands or
lines. In fact, comparison of observations in different bands and different lines has shown
that the confined corona, and in particular active regions, appear to be fuzzier in hotter
bands and lines, better defined in cooler ones (e.g. Brickhouse & Schmelz 2006; Tripathi
et al. 2009). More specifically, according to Tripathi et al.(2009), a loop bundle is fuzzier
when it is difficult to resolve the single loops and less fuzzywhen the separations between
loops are more clear and with a higher contrast. This effect has been well observed with
imaging instruments e.g. TRACE (Brickhouse & Schmelz, 2006). A very clear example
comes from imaging spectroscopy obtained with Hinode/EIS:in Fig. 2.1 we report an
image from Tripathi et al. (2009). From left to the right in the top pannels we can see the
active region shown inlines sensitive to hotter and hotter plasma, from less than 1 MK to 3
MK. The bottom pannels show cuts of the intensity along the white lines. We see that the
loops are better defined in the left lines and less in the right, and we say that the coronal
structures on the right are fuzzier than those on the left.

In the next sections we will show our model of multistranded loop heated by impulsive
events, and compare the results obtained from the model withsome observational evidece.
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Figure 2.1From Tripathi et al. (2009). Top panel: An active region loops seen at different
temperatures. Bottom panels: Total intensity variation inthe region marked by the two white lines
in the corresponding top panels.
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2.1 The Model

We address a typical loop system of an active region. The system is a bundle of similar
loops, each consisting of many thin strands. Each strand is pulse-heated. Before the
heating, the strand is tenuous and cold, actually invisible. The loops consist of multitudes
of strands, and, in principle, we should compute the hydrodynamic evolution for each
of them. Instead of doing this, we make the simplifying assumption that the loops are
made of similar strands and that each strand is heated by the same identical heat pulse,
and therefore undergoes the same identical evolution. The heating rate averaged over
the whole loop system is that of a steady-state loop at 3 MK, i.e. a typical active region
temperature. We assume a constant rate of heat pulses acrossthe loops. Therefore, the
steady state is reached after a transient in which the numberof strands with an on-going
heat pulse increases linearly. The loop half-length isL = 3× 109 cm. We assume that the
loops stand vertical on the solar surface.

2.1.1 The Equations

Since the plasma confined in each strand moves and transportsenergy only along the
magnetic field lines, each strand can be described with a 1D hydrodynamic model (Nagai,
1980; Peres et al., 1982; Doschek et al., 1982; Nagai & Emslie, 1984; Fisher et al., 1985;
MacNeice, 1986; Gan et al., 1991; Hansteen, 1993; Betta et al., 1997; Antiochos et al.,
1999; Müller et al., 2003; Bradshaw & Mason, 2003; Bradshaw &Cargill, 2006), through
the equations (Peres et al., 1982; Betta et al., 1997):

dn
dt
= −n

∂v
∂s

(2.1)

nmH
dv
dt
= −
∂p
∂s
+ nmHg+

∂

∂s

(

µ
∂v
∂s

)

(2.2)

dε
dt
+ w
∂v
∂s
= Q− n2βP(T) + µ

(

∂v
∂s

)2

+
∂

∂s

(

κT5/2∂T
∂s

)

(2.3)

p = (1+ β) nKBT (2.4)

ε =
3
2

p+ nβχ (2.5)

w =
5
2

p+ nβχ (2.6)

wheren is the hydrogen number density;t is the time,s is the field line coordinate; v is the
plasma velocity;mH is the mass of hydrogen atom;p is the pressure;g is the component
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of gravity along the field line;µ is the effective coefficient of compressional viscosity (in-
cluding numerical viscosity);β = ne/n is the ionization fraction wherene is the electron
density;T is the temperature;κ is the thermal conductivity (≃ 9·10−7 erg cm−1 s−1 K−7/2);
KB is the Boltzmann constant;χ is the hydrogen ionization potential;P (T) are the radia-
tive losses per unit emission measure (Raymond & Smith, 1977); Q (s, t) is the volumetric
power input to the solar atmosphere:

Q (s, t) = Hsteady+ H0 f (t) h (s) (2.7)

Hsteady is the steady heating term which balances radiative and conductive losses for the
static initial atmosphere; the second term describes the heat pulse as a separable function
of space and time.

2.1.2 Strand initial conditions

As mentioned above, the initial atmosphere of all the strands is tenuous and cool, since
we want them to be virtually invisible in any relevant spectral band. On the other hand,
the initial atmosphere has anyhow to sustain a high input energy; in particular, the chro-
mosphere has to provide a mass amount large enough to supportthe evaporation driven by
the heat pulse. This requires that the strand pressure cannot be too low. Apart from this,
the fine details of the initial strand are not important because the energy input from the
heat pulse overwhelms completely the initial energy budgetand the evolution is largely
independent of the initial atmosphere. A good compromise solution for this technical is-
sue has been a loop strand with a base pressure of 0.55·10−1 dyncm−2, which results in an
apex temperature of 8.0×105 K. Since the emission of such a strand would be low but not
be completely negligible in UV lines such as Mg VII and Si VI, for the sake of clarity we
have decided anyway only for the analysis to set the emissionof the initial strands to zero
at any wavelength. For the chromospheric part of the strand we use model F in Vernazza
et al. (1981), appropriate for active regions. The energy balance is strictly maintained at
all times also in the chromosphere.

2.1.3 The strand heating

The heat pulse is distributed uniformly along the loop strand:

h (s) =

{

1 if 0 ≤ s≤ L
0 elsewhere

(2.8)

The results do not change significantly if the heat pulses aredeposited at the loop
footpoints, instead of uniformly, one of the options explored by Reale & Orlando (2008).

The time dependence is a pulse function:
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f (t) =

{

1 if t0 ≤ t ≤ t0 + 60 sec
0 any other t

(2.9)

wheret0 is the start time of heat pulse.
The amplitude of the pulse isH0 = 0.38erg cm−3 s−1.

Note that the duration of heat pulse is short enough to have a multi-temperature loop
system, and not so short to have large effects on the overall evolution and emission due to
non-equilibrium of ionization (Reale & Orlando, 2008). Small variations in duration and
amplitude of the heat pulses don’t affect significantly the results of simulations. We chose
the total amount of energy of the heat pulse to reach the temperature of 10 MK during the
heating phase.

2.1.4 The Code

The equations are solved numerically by means of the Palermo-Harvard loop code (Peres
et al., 1982; Betta et al., 1997). This is a well tested and highly stable code, used for both
flaring (Peres et al., 1987; Betta et al., 2001) and quiescentloops (Reale et al., 2000). The
Palermo-Harvard code has an adaptive grid (Betta et al., 1997), to better describe the steep
gradients along the strands and during the evolution. For the ease of post-processing, the
code output results were interpolated on a fixed equispaced grid for the post-processing.
The grid is made of 1024 cells along the strand.

The code output consists of temperature, density and velocity distributions along the
loop strand sampled with a regular cadence during the strandevolution driven by the heat
pulse.

2.1.5 The Loop System

As mentioned above we model only one strand and replicate it so that one strand is differ-
ent from the other only for the start time of the heat pulse, i.e. t0. This choice minimizes
the number of free parameters, and a single simulation was enough for our further analy-
sis. The simulation computes the evolution of the strand for2000 s after the start of the
heat pulse, and the solutions are sampled every 1 s.

We have also assumed that all the strands are strictly out of phase, i.e. only one strand
is switched on at any time. At timet = 0 all strands are switched off. Then the heat pulses
gradually turn them on, one after the other. We have chosen toturn them on with constant
cadence to have a smooth transition from no bright strands tomaximum number of bright
strands (Fig. 2.5).

At a certain time, part of the strands will still be off, in a few the heat pulse will be on,
the others will be cooling after the heat pulse has ended. Since all strands have the same
evolution, at each time each strand will be at a different phase of the same evolution. A
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whole loop at a given time is therefore simulated as a set of otherwise identically evolving
strands, but each with a different heating start, all glued together. This approach is not
completely new; outputs of the same loop simulation have been put together in the past
to simulate multistrand nanoflaring loops (Peres et al., 1993; Warren et al., 2002, 2003;
Winebarger et al., 2003a,b) but in all cases they wereaveragedto obtain the effective
aspect and evolution of a loop as a whole. The novelty of our approach is that we do
not model each loop as whole, but we keep the information of its spatial longitudinal and
transversal distribution.

In our model one heat pulse is switched on every one second in one new strand. One
loop consists of≈ 60 strands and we put≈ 30 loops one by the other. Every second there
are 60 strands where the heat pulse is on out of a total of 2000.In the steady-state the
loop heating per unit volume is thereforeH = H0 × 60/2000 ≈ 0.011 erg cm−3 s−1.
According to scaling law (Rosner et al., 1978), this steady heating sustains a loop with an
apex temperature of≈ 3.8 MK corresponding to an average temperature along the loop
of about 3MK(Fig. 2.5).

When we put all strands side by side, we obtain a mesh 1024× 2000 grid cells. The
transversal width of each strand is constant along the loops. Therefore it is only a multi-
plicative constant which determines the cross-section of the entire loop system.

2.1.6 The Loop emission

From model results we synthesized the loop emission in different spectral lines. We
selected the spectral lines, in Tab. 2.1, with a peak emissivity in a wide range of temper-
atures. A subset (the first seven) are detected with Hinode/EIS (Tripathi et al. (2009)),
which will provide our reference observational evidence. We also include hotter lines de-
tectable in the UV (e.g. Fe XIX, Fe XX, Fe XXIII from AIA on board the SDO mission)
and X-ray band.

The emissivity in these lines (Pλ(T), Fig. 2.2) is taken from the CHIANTI database
(Dere et al., 1997; Young et al., 2003), with coronal abundances of Feldman (1992) (as-
suming a density of 109 cm−3), and ionization fraction of Mazzotta et al. (1998), .

The emission from each grid cell is computed as:

I (T, ne) =
∫

Vpixel

n2
ePλ (T) dV (2.10)

whereV is the volume,Vpixel is the volume enclosed by a single pixel, andPλ (T) is the
plasma emissivity per unit emission measure in the spectralline λ.

To obtain a final image to be compared with observational datawe follow the concep-
tual steps shown in Fig. 2.3. We first compute the emission along each strand in a given
line. The strand emissions can be put in the form of a 1-D imageconsisting of a strip of
pixels on an appropriate grey scale. We obtain 2000 pixel strips. We then put them side



24 CHAPTER 2. MULTISTRANDED LOOPS

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
Log T[K]

10-12

10-10

10-8

10-6

10-4

10-2

100

102

E
m

is
si

on
 (

10
 -2

3  e
rg

 c
m

3  s
-1
)

Figure 2.2Profile of emission per unit of emission measure vslog T[K] for the various spectral
lines. We make a distinction between lines for comparison with Tripathi et al. (2009) (solid lines),
lines in AIA filter bands on board of SDO mission (dashed lines), and hot X ray lines (dotted lines)
.
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by side and obtain a 1024× 2000 pixel image. We have chosen to rebin our images by
summing over bundles of 65 strands, so to obtain a collectionof about 30 parallel loops.

2.2 Results

2.2.1 The Strand Evolution

The evolution of nanoflaring plasma confined in coronal loop is well known from previous
works (Peres et al., 1993; Warren et al., 2002, 2003; Patsourakos & Klimchuk, 2005; Testa
et al., 2005) and is similar to that of proper flaring loops, although on a smaller scale (e.g.,
Nagai (1980); Peres et al. (1982); Reale & Peres (1995)). We show the evolution of the
density and temperature along a single strand in Fig. 2.4. The temperature soon settles
to about 10 MK along most of the strand, due to the strong heat pulse; then it slowly
decreases as expected with an e-folding time scale given byτs ≈ 500 L9/

√
T6 ≈ 500

s (Reale, 2007, 2010) whereT6 andL9 are the maximum temperature and the length of
the strand measured in units of 106 K (MK) and 109 cm respectively. Att = 2000 s the
strand has cooled below the temperature it had before the heat pulse. At t = 20 s the
density plot clearly shows a strong evaporation front coming up from the chromosphere
(the density of the front jumps by more than a factor 10). Att = 100 s the front has
filled the whole strand with some extra accumulation in the apex region. Att = 400 s the
density distribution has a shape similar to the initial equilibrium one, but settled around a
maximum value of∼ 1010 cm−3. Then the density begins to decrease and at the final time
computed it is lower, by a factor∼ 5 than the maximum, still much higher than the initial
value.

2.2.2 The Loop Evolution

As described in Sec. 2.1, this evolution is replicated in allstrands with different relative
timing, depending on the time the heat pulse is switched on. As mentioned above, for a
realistic situation, we have simulated the ignition of the whole loop system, with a gradu-
ally increasing number of simultaneously heated strands. The transient evolution will be
the subject of a future work, but Fig. 2.5 shows the initial evolution of the temperature
averaged over the whole loop system.

2.2.3 Hinode/EIS Emission

In the following we will focus our attention to the final time (t = 2000 s) when the loop
system enters a presumably long steady state, in which the heat pulse ’storm’ (i.e. the
2000 pulses in total) repeats continuously. In a way, we are therefore implicitly assuming
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Figure 2.3Flowchart showing how an loop bundle image is obtained from the emission of each
individual loop in a given spectral line. We first compute thespatial distribution of the emission
along each strand, we then put the emission in the form of an image made of a pixel strip, we
put all pixel strips side by side; we then reconstruct the aspect of the whole loop system, then we
group the strands into loops. Finally we bend the image to obtain a loop-like shape.



2.2. RESULTS 27

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Position along the loop (109 cm)

104

105

106

107

T
em

pe
ra

tu
re

 (
k)

t = 0

t = 20
t = 100

t = 400
t = 800

t = 2000

(a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Position along the loop (109 cm)

108

109

1010

1011

D
en

si
ty

 (
cm

-3
)

t = 0

t = 20

t = 100

t = 400

t = 800

t = 2000

(b)

Figure 2.4Temperature (a), and density (b) along half of a single strand at timest = 0, 20, 100,
400, 800, 2000s (thinner and thinner lines with progressing time). The heatpulse starts at time
t = 0 and lasts 60s.
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that the time taken to re-energise the magnetic field (e.g. bytwisting, braiding) is about
2000 s.

Fig. 2.6 shows the distribution of the emission measure of the entire collection of
strands, i.e. of the whole loop system, versus temperature (e.g. Cargill 1994b) at this
time. We show the distribution of the coronal part only, i.e.upper 90% of the loop bundle,
excluding the lower layers. The peak of the distribution is around 3 MK, as planned. We
also see that the distribution is quite broad; the flatter tail is toward the cool part, but there
are also significant hot components up to 10 MK, as expected, due to the presence of the
strong heat pulses. These hot components are of course minor, due to the small duty cycle
of the heating phase with respect to the whole evolution of the strand.
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Figure 2.5 Evolution of the loop average temperature from off-state to steady-state.

Using the method described in the Sec 2.1, we synthesize mapsof emission for all
the lines considered. Fig. 2.7 (left column) shows a subset of them, namely the map in
cool EIS lines, i.e. Mg VII (λ 278, log T[K] = 5.8), medium temperature EIS line
Fe X (λ 186, log T[K] = 6.0), warm EIS line Fe XV (λ 284, log T[K] = 6.4), and
hot X-ray line Fe XXIII (λ 133, log T[K] = 7.1). The images on the left column are
analogous, and can be compared, to observed ones (e.g. Tripathi et al. 2009). The grey
scale is logarithmic and spans a factor 10 in all maps and plots. This is a customary
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Figure 2.6Distribution of emission measure vs Temperature att = 2000 s. We show the
distribution of the coronal part only, i.e. the upper 90% of the loops.
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Figure 2.7 Loop bundle emission in different (labeled) spectral lines. In the images (left
column) we show the upper 90% of the loop. The grey scale is logarithmic, and covers
a factor 10 of intensity; black corresponds to the maximum ofemission and white to the
minimum. The plots in the right column are the emission profiles along the lines marked
in the images of the left column, in the same logarithmic scale.
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choice for showing observed data (e.g. Tripathi et al. 2009). In the first three lines, the
emission decreases from the base to the top of the loop, due tothe density decreasing as
well. We show the intensity of the upper 90% of the loop system, i.e. the coronal part
only. In this way we exclude themossemission from cromosphere and transition region,
which, nevertheless, would appear saturated in this color scale. This may indicate that
the related emission measure predicted by the model is too high, which is a well known
effect of 1-D hydrodynamic loop modeling (e.g. Warren & Winebarger 2006, 2007), and
may point to the need for a more accurate description of the low loop atmosphere. This
is however not required in this context. In the hot Fe XXIII line the opposite occurs,
i.e. the brightness increases from the base to the top of the loop system, because the
line is sensitive to plasma with logT ≥ 6.9, which is practically never found in the low
part of the loop system. For our specific question, from the comparison of the first three
lines we can immediately see that we can easily resolve the single loops in the cool line
image, that this is more difficult in the second image, and that the Fe XV image is much
more uniform and does not practically allow us to resolve substructures. Interestingly, the
fourth image in the hot UV line shows again very well contrasted structures. This occurs
also for the other hot lines, although with different levelsof contrast. We will see that this
predictions is confirmad in recent SDO/AIA observations. The plots in the right columns
of Fig. 2.7 quantify better this effect: the profile along thecut in the cool line shows large
fluctuations, with large amplitude and high spatial frequency, in the warm line profile the
fluctuations are of smaller amplitude. According to the operative definition reported in
Tripathi et al. (2009), the loop system in the Fe XV image is fuzzy, the loop system in the
Mg VII image is not.

We have also devised a metric for fuzziness to be computed in the cross-section line:

σI

I
=

1

I
·

√

√

1
n

n
∑

i=1

(

I i − I
)2

(2.11)

whereI i is the emission in the spectral line in the i-th pixel along the cross-section,I
is the average value forI i, andn is the number of pixel in the region marked by the line
(left panels in Fig. 2.7). This is a measure of the fractionalroot mean square fluctuaction
of the emission along the cut. Clearly, the larger this quantity, the more contrasted and
well resolved are the loops, and the smaller is the fuzziness. Table 2.1 includes the values
of this metric for all the spectral lines analyzed. All thesevalue are calculated along the
same cut shown in Fig. 2.7.

The values are quite high for the lines at low temperatures (logT ≤ 6; Mg VII, Si VII,
Fe X), very high for the lines at very high temperature (logT ≥ 6.9; e.g. S XV, Ca XIX,
Fe XXIII, Fe XXV), lower for the warm lines (around 3MK; especially FeXV, FeXVI,
Ne IX). We have applied the same analysis changing numbers ofstrands in each pixel,
and still find similar results.

The reason why the loop system appears more uniform at warm temperatures is clear
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Figure 2.8 Scatter plot of the values of density and temperature, obtained from averaging
on bins of 32 grid points in the whole model strand evolution (upper 90% part of the
loops). The dashed line is the locus of density and temperature at the apex of hydrostatic
loops, with half-lengthL = 3.0 × 109 cm, according to the scaling laws of Rosner et al.
(1978).
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Table 2.1 Variation of emission in the lines analyzed.

Line Wavelength (Å) Emission temperature (logT[K]) σI/I

Mg VII 278 5.8 0.28
Si VII 275 5.8 0.26
Fe X 186 6.0 0.23

Fe XII 195 6.1 0.22
Fe XIII 196 6.2 0.21
Fe XIV 264 6.3 0.20
Fe XV 284 6.4 0.18
Fe XVI 361 6.5 0.15
Ne IX 13.4 6.6 0.12
Mg XI 9.31 6.8 0.14
Fe XIX 133 6.9 0.26
Fe XX 133 7.0 0.39
Si XIII 6 .69 7.0 0.21

Fe XXIII 133 7.1 0.55
S XV 5.10 7.2 0.30

Ca XIX 3.21 7.4 0.46
Fe XXV 1.87 7.6 1.0
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from inspection of Fig. 2.8. In the figure each data point marks a value of density and
temperature obtained from averaging over sections of 32 grid points along a strand (upper
90%) in each output. The figure clearly shows that around 3 MK the density of data
points is higher, and at higher values of density. The implication is that each strand
spends a long time, and with a high emission measure, at an average temperature of about
3 MK, and therefore at this temperature more strands appear on the average brighter, i.e.
the loop system is more uniformly bright. The plasma does notstay long at a higher
temperature, i.e. around the heat pulse, and moreover, during this phase, the emission
measure is not high because the evaporation is still in an early phase. The plasma does
instead stay for a long time at lower temperature, but the emission measure becomes very
low, not contributing much to the overall emission. Fig. 2.8also shows that this model
fits well the observational constraint of alternating cool/overdense - hot/underdense status
of coronal loops (e.g. Klimchuk 2006).

It is easy to imagine extrapolating this result to whole active regions, threaded with
many thousands upon thousands of magnetic field lines. Thereare fewer field lines popu-
lated with low and high temperature plasma and so distinct loop structures appear. There
are many more field lines populated with plasma in the 2 - 3 MK range and so fuzzy
emission appearing to be composed of unresolved structureswould arise as observed.

2.2.4 SDO/AIA emission

We also synthesize the emission along each strand in some SDO/AIA filters: 335 Å, 171
Å, and 94 Å. The Solar Dynamic Observatory (SDO) mission provide us spectra and
immage of the sun since 2010. The Atmospheric Imaging Assembly (AIA) on board of
SDO is an immaging instrument whose narrow passband filters contain several spectrel
lines emmitted by plasma at different temperatures (see sec. 2.3.2). Particularly, the 335
Åfilter has a peak at 3MK, 171 Åfilter has a peak at 1MK , and 94 Å filter has a peak at
8MK (see Fig. 2.9 to have the dependence of emissivity from temperature in this three
lines).

Figure 2.10 shows the loop emission synthesized from the hydrodynamic strand model
in the 94 Å and 335 Å channels. Only the coronal part of the loop(upper 75% of the
loop length) is shown. The loop is symmetric with respect theloop apex. Each strip is
the average of a bundle of 60 strands. To emphasize the effectwe are addressing, we
normalize the emission in each pixel stripacrossthe loop. From the comparison of the
two images, we can immediately see many more white and black thin strips in the 94 Å
image, while the other is more uniformly red.

The plots in panel (c) of Figure 2.10 are profiles along the cutin the upper figure
(Figure 2.10 (a) and (b)). The 94 Å channel profile shows larger fluctuations than the
335 Å channel. (Figure 2.10 (a) and (b)). Again, we can use theroot mean square of the
intensity fluctuations (eq. 2.11) to quantify. We obtainσI/I = 0.17 for 94 Å channel, and
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vs T.
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Figure 2.10Emission of a straightened multi-stranded loop obtained from hydrodynamic model-
ing of a strand pulse-heated to 10 MK in the 94Å (a), and 335Å (b) SDO channels. Each strip is
the average of a bundle of 60 strands. To emphasize the effectwe are addressing, we normalize the
emission in each pixel stripacrossthe loop. In this color scale, white is the maximum of emission,
and black the minimum (linear scale) spanning between 0.6 and 1.4 (average 1). Images (a) and
(b) show the coronal part of the loop (upper 75% of the loop length). The loop is symmetric with
respect the loop apex. (c) Cuts across the images (green lines). Red and green lines are related to
the SDO 94Å and the 335Å channel, respectively.
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Figure 2.11Scatter plot of the values of emission vs temperature obtained from hydrodynamic
modeling of a strand pulse-heated to 10 MK. The values are averages over bins of 24 grid points
at any time of the model strand evolution (upper 75% of the loops). Red and green points are
related to the SDO 94 Å and the 335 Å channel, respectively. Bright 335 Å pixels contain mostly
∼ 3 MK plasma. The bright 94 Å pixels contain hoter plasma (∼ 6− 8 MK).
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Figure 2.12Distribution histogram of the values shown in Fig.2.11. Redlines refer to the 94 Å
channel and green points to the 335 Å channel. Bright pixels are more numerous in the 335 Å
channel.
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Figure 2.13As Fig.2.11 for a strand model with less intense heat pulses which lead to a strand
maximum temperature of about 4 MK.
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σI/I = 0.09 for 335 Å channel.
The reason why the loop system appears more uniform at 335 Å isclear from inspec-

tion of Figure 2.11 and 2.12. Figure 2.11 is a scatter plot of emission vs temperature
values at each point along the strand and at each time of the simulation for both channels.
To make the plot more readable each data point is an average over 24 grid points. The
figure clearly shows that the brightest cells are around 3 MK and 6 - 8 MK in 335 Å and
94 Å channels respectively. Figure 2.12 is a histogram of Figure 2.11 showing that the
fraction of bright cells is higher in the 335 Å channel than inthe other channel. In other
words, the emission is more uniformly bright in the 335 Å channel than in the 94 Å chan-
nel, which will show instead show more filamented bright structures, as observed. As
explained before, the ultimate reason for this behavior is that overall each strand spends
proportionally a long time, and with a high emission measure, at temperatures around 3
MK, i.e. just the temperature of maximum sensitivity of the 335 Å channel. Extrapolat-
ing this result to whole active regions, threaded with thousands of magnetic field lines,
the loops will therefore be more populated by bright strandsand appear more uniformly
bright in this channel. On the contrary, they will appear less ”filled" both in hotter and
cooler channels.

This result is intimately connected to the pulsed nature of the assumed heating func-
tion. Some question are: is the pulsed nature the only required feature? Would we observe
the same effect with heat pulses of any intensity? More specifically, would we observe
the same effect also with less intense pulses and without heating plasma to about 10 MK?
To answer these questions, we have repeated the same simulation with a energy input rate
of H0 = 0.01erg cm−3 s−1 that heats the plasma up to only∼ 4 MK.

In the steady-state the loop heating per unit of volume is thereforeH = H0×60/2000≈
0.0004 erg cm−3 s−1. According to the scaling law (Rosner et al., 1978), this steady
heating sustains a loop with an apex temperature of≈ 1.5 MK corresponding to an average
temperature of about 1MK.

Figure 2.13 is the same scatter plot as Figure 2.11 for this cooler simulation. We see
that, while the emission is spread at all temperatures in the335Å channel, in the 94Å most
of the bright emission comes from cells at about 1 MK. These would be very bright also
in the 171Å channel but, as we will see in section 2.3, this is not the case.

Finally, we have synthesized steady-state pixel light curves from the model at 10 MK,
shown in Fig. 2.14. The pixels are located in the central partof the loop. These will be
compared directly to the observed ones in Fig. 2.16 and 2.20.The average root mean
square variations in the 94Å and 335Å channel are around 16% and 8%, respectively. So
this model predicts that the emission detected in 94Å channel varies with larger amplitude
than in the 335Å channel. It is interesting to note that the grouping of the strands inside
each pixel cancels out any signature of the heating and cooling of the single strands, i.e.
we do not see clearly sequences of fast rises and slow decays.The only signature of
cooling is that the average trend in the 335Å channel is similar to that in the 94Å channel
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in some pixels, with a delay which might be associated with the progressive cooling of the
plasma that makes it emit in different channels at differenttimes. The 4 MK model shows
average variations are 4% and 7% on average in the 335Å and 94Åchannels respectively.

2.3 Experimental Evidence

The plasma inside coronal loops emits radiation mainly in the EUV and X energy band,
with spectra depending on temperature. Hence, multiband and/or multiline observations
are fundamental for the investigation of the thermal structure of the corona.

2.3.1 Comparison with Hinode/EIS Data

The Extreme-ultraviolet Imaging Spectrometer (EIS; Culhane 2007), on board of Hinode
spacecraft (Kosugi et al., 2007), puts this evidence under amore quantitative and objective
framework (Tripathi et al., 2009), discovering that the same active region structures are
clearly discernible in cooler lines (∼ 1 MK), and are fuzzy at a higher temperature
(∼ 2− 3 MK), as it is shown in figure 2.1 (from Tripathi et al. 2009). As isevident from
the figure, substruturing are more discernible in low-temperature lines that warm ones.
This is perfectly in agreement with our model. From a simple visual inspection we see
the same effect, in the same spectral lines of Tripathi et al.(2009).

2.3.2 Comparison with Solar Dynamic Observatory Data

Taking as a starting point the results obtained from section2.2 we focus our attention on
high temperature emission. Here we make a comparison of the emission predicted by our
model with the emission observed with the Solar Dynamics Observatory (SDO). Here we
show that the predictions are indeed widely confirmed in an active region with the SDO,
and that therefore fine-structured energy pulses play a major role in heating the active
corona.

The SDO/Atmospheric Imaging Assembly telescope

The Solar Dynamics Observatory (SDO) was launched in February 2010 and was de-
signed to provide continuously spectra and images of the Sunin several wavebands and at
very high cadence. The Atmospheric Imaging Assembly (AIA),with its 7 EUV narrow-
band filters, images the solar corona with high spatial resolution (∼ 0.6 arcsec/pixel), and
high cadence in several spectral bands at the same time. SDO/AIA is able to image the
corona in different filters whose narrow passbands contain different bright spectral lines
emitted by plasma at different temperatures. In particular, the filters centered at 94Å and
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Figure 2.14Light curves (solid lines94 Å, dashed lines335 Å) in five sample pixels obtained
from the hydrodynamic simulation of multi-stranded pulse-heated loop. The intensities are nor-
malized to the average emission in the pixel. The model lightcurves can be compared to the
observed ones (Fig. 2.16 and 2.20).
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335Å contain strong lines of FeXVIII and a Fe XVI line, respectively, which are emitted
more efficiently by plasma around 8 MK and 3 MK, respectively (O’Dwyer et al. 2010).

Therefore, these two filters are appropriate to study the comparative presence of hot
and structured plasma in coronal loops.

Data Analysis

SDO/AIA observations of AR 11117 on October 28 2010, from 2:00 UT have been ana-
lyzed. Originally we consider an 800× 600 pixels region centered on the active region.
An AIA pixel is 0.6 arcsec wide. We focused on observations obtained in three AIA EUV
channels: 171 Å, 335 Å, 94 Å. Level 1.0 data have been used , obtained by standard
processing of level 0 data which includes bad-pixel removal, despiking, and flat-fielding.

These data are obtained from a standard observing series with cadence of 12 s in all
channels, and exposure times of 2 s in the 171 Å channel and 2.9s in the 335 Å and
94 Å channels. The three chosen channels have very differentsensitivity to the solar
coronal emission (see Fig. 2.9), resulting in a very different typical signal-to-noise ratio
in the channels. Therefore, for a more meaningful comparison of the morphology of
active region loops in the different channels, and avoid possible spurious effects due to the
different noise level, few images in the lower intensity channels (335 Å, and, especially,
94 Å) has been summed.

First the series of images in each channel have been coaligned by using a standard
routine (tr_get_disp.pro) available in SolarSoftware analysis package of IDL which uses
cross-correlation of the images. Then we added 30 consecutive images in the 94 Å chan-
nel, and 3 consecutive images for the 335 Å channel. Resulting images in 94Å and 335Å
channels are co-aligned with a cross-correlation technique.

For the moment, let’s focus the attention to the top two images of figure 2.15 , and, in
particular, to the core of the active region (Fig 2.17).

We note that during the corresponding time interval (≤ 3 min) the variability is of a
few percent at most (Fig. 2.16).

In the 335Å channel, the core is surrounded by a halo of fainter and larger arches
(marked with LL), which concentrically depart from two poles located at the east and
west of the core of the active region. In the 94Å channel, the large arches around the core
are fainter and hardly visible, making the appearance of theregion less diffuse. In the
171 Å channel, giant arches (marked with OL) depart from the two magnetic poles, but
mostly in the outbound east-west direction. The bright mossextends from the core also
to the north-east.

In the 335Å channel, overall the region has quite a diffuse appearance and individual
loops cannot be clearly resolved.

In the 94Å channel, overall we see a very similar morphology and many bright struc-
tures are clearly cospatial with those observed in the 335Å filter. The most striking differ-
ence from the image in the other filter is in the core itself: inthe southern part, whereas
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Figure 2.15Active region AR 11117 observed in 3 different filters (94 Å, 335 Å, 171 Å) of the
SDO/AIA on 27 October 2010 around 01 UT. The filters are most sensitive to plasma emitting at
the labeled temperatures. The subregion shown in Fig.1 in the main text is marked (box). Large-
scale loops (LL) are marked outside of the boxes in the 335Å image. In the 171 Å we indicate
moss regions and outbound loops (OL).
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Figure 2.16Normalized lightcurves derived in the three channels over aperiod of 1 hr (from
02 : 00 : 00 to 03 : 00 : 00), and integrating the signal in the active region core (in a region of 100
pix X 110 pix).
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in the 335Å channel the arches are densely packed and uniform, here they are much more
contrasted, i.e. we see an alternation of bright and fainterstructures whereas the arches
were so many that they formed a single bright strip in the 335Åband (betweenY ≈ 10
andY ≈ 45 arcsec), here they are much more contrasted, i.e. we see analternation of
bright and less bright structures.

In the northern part, we are even able to resolve very thin bright east-to-west bridges,
in the same location where thicker arches are present in the softer filter. Overall, in the
94Å channel, the loop systems appear sharper, the observed emission largely less “fuzzy”,
and we can resolve thinner bright structures than in the 335Åchannel. We show the inner
part of the active region in Fig. 2.17. This is exactly the effect that we expected, and that
was predicted (section 2.2.4 and Guarrasi et al. 2010).

We have however to be cautious in one important point. Although the filter passbands
are narrow, they include several spectral lines. In particular, the 94Å channel includes
another strong line (Fe X) which peaks at around 1 MK. In general, we cannot, therefore,
be sure that the emission imaged by this channel is emitted only by hot plasma (& 6 MK).
The 171Å image helps us in this respect, because it allows us to localize the bright cooler
plasma (T ∼ 1 MK), and to indicate whether the 94Å emission is due to hot orwarm
plasma. In the 171Å channel the active region shows quite a different morphology. Many
structures are complementary to those observed in the otherchannels (Reale et al., 2007).
The core appears depleted of arch-like structures. Only a very few of them are visible,
and they look very different from those in the other two filters, which instead look overall
very similar to each other. The arch-like structures are instead replaced by bright “moss".
This moss is a very well-known feature of this soft channel, already studied in NIXT and
TRACE observations and commonly explained as the bright warm footpoints of hot high-
pressure loops (Peres et al., 1994; Fletcher & de Pontieu, 1999; Martens et al., 2000). The
171Å image clearly indicates that the plasma confined in the filamented arches that we
see in the 94Å filter is not warm at 1 MK, and therefore it must behot around 6 - 8 MK.

However we also made the conservative assumptions that the cool plasma temperature
is the one of the peak of the cool 94Å response component (Fig.2.9 ), i.e. logT = 6.05,
and that the cool 94Å response component is underestimated by a factor 5 (Aschwanden
& Boerner, 2011).This estimated cool 94Å map have been subtracted from the 94Å map
shown in Fig. 2.17. The resulting image is also shown in Fig. 2.17(bottom). We note that
the moss emission visible in the 94Å channel is considerablyreduced, and that the loop
footpoints regions and the outbound loops are mostly removed. On the other hand, the
emission of the loop bundle in the central region does not change significantly, except for
a reduction in the moss region, and the fine structures in the upper half of the image are
also almost unchanged. This confirms that the emission of theloop bundle and of the fine
structures mostly comes from hot plasma.

Figure 2.18 plots the emission, divided by the values derived with a moving average,
along the vertical and horizontal lines marked in Figure 2.17, which provides a quantita-
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Figure 2.17Inner part of the active region AR11117 observed in 3 different channels (335Å,
94Å, 171Å) of the SDO/AIA on 27 October 2010 around 02 UT. The color scales as the square
root of the pixel counts. The ranges are 59–1567, 55–3157, 155–4681 DN for the three channels,
respectively. The channels are most sensitive to plasma emitting at the labeled temperatures. The
bottom panel shows the image obtained by subtracting the cool component scaled from the 171Å
channel to the 94Å image (same color scale as second panel, real range 0–2741 DN). Fig. 2.18
shows brightness profiles along the marked vertical and horizontal lines.
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Figure 2.18Brightness profiles in the 94Å before (red) and after (black dotted) subtracting the
cool 1 MK component, and in the 335Å (green) channels along the horizontal (a) and vertical (b)
lines in Fig. 2.17. The profiles are normalized to a moving average with a 10 pixels boxcar. A
typical error bar is also shown.
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Table 2.2. Fractional RMS amplitude excursions

Region 335Å X σ 94Å X σ 335Å Y σ 94Å Y σ

Single row/column 0.03 ... 0.05 ... 0.06 ... 0.10 ...
Region little moss (size: 60× 60 pixels, 0.032 0.017 0.046 0.021 0.052 0.011 0.082 0.017
center:[X = 58”,Y = 38”])

Central core region (70× 70, [68”, 49”]) 0.044 0.018 0.059 0.021 0.072 0.016 0.111 0.036
Central core region (94Å–171Å) 0.044 0.018 0.068 0.025 0.072 0.016 0.130 0.037
Whole core region (100× 100, [72”, 48”]) 0.053 0.021 0.065 0.021 0.063 0.011 0.099 0.020

Note. — The first row is computed along the lines marked in Fig.2.17.σ is the standard deviation of the rms excursions.

tive estimate of the different fuzziness of the hot (& 6 MK) and cooler (∼ 3 MK) plasma.
Along the horizontal line – which runs approximately along the magnetic tubes – the

pixel brightness changes in a similar way and with a similar amplitude in the 335Å and
94Å channels. The root mean square average of the amplitude excursion is≈ 6% and
≈ 7%, respectively. These might be taken also as upper limits of the photon noise.

Along the vertical line - which runsacrossthe field line direction – the brightness in
the 94Å channel shows significantly more pronounced spatialvariability than the corre-
sponding emission in the 335Å channel, and the root mean square average of the ampli-
tude excursion becomes 12% vs 7%.

To check on larger baselines, we derived the analogous values over all the rows (X)
and columns (Y) of selected regions. For each region, Table 2.2 shows the RMS average
values, and their standard deviations, in both channels. Three regions have been selected:
one with as little moss as possible, the very center, and a larger core region. For the second
region, we also report the values obtained in the 94Å channelafter subtracting the cool
component. We find that theY-values in the 94Å channel are invariably much higher than
all the others, thus confirming that the decrease of fuzziness in the 94Å channel is highly
significant.

Fourier Analysis

In the previous section we have shown that in the inner activeregion we see a finer struc-
turing in the 94Å than in the 335Å channel. To add support to this evidence, the 2-D Fast
Fourier Transforms (FFT) of the images of Fig. 2.17 in the 94Åchannel before and after
subtracting the cool component and in the 335Å channel has been taken. Then we sum
along circles of constant wavenumber, as it was done in the past for NIXT observations
(Gomez et al., 1993a,b). The power at zero wavenumber reflects the mean intensity of
the image, so we normalize the images by the average intensity to make cross compari-
son of the power distributions more straightforward. In Figure 2.19 the resulting Fourier



50 CHAPTER 2. MULTISTRANDED LOOPS

transforms are power-laws. We see that both 94Å FFTs are systematically higher than
the 335Å FFT in the wavenumber range∼ 10− 70, that corresponds to a spatial range
∼ 14− 2 pixels. This range is in agreement with the cross-section size of the observed
structures. All the lines converge at the highest wavenumbers, which are related to the
presence of noise. This indicates a similar signal-to-noise ratio for both channels. In the
end, the figure confirms more power at relatively high wavenumbers in the 94Å channel
both with and without subtracting the 1 MK component.
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Figure 2.19Normalized 2-D Fourier Transforms of 335Å and both 94Å images in Fig. 2.17.
94Å transforms are both systematically higher than the 335Åtransform in the wavenumber range
between the dashed lines.

Light Curves

Normalized light curves derived in the three channels over aperiod of 1 hr (from 02:00:00
to 03:00:00), and integrating the signal in the active region core (in a region of 100 pix
× 110 pix) are shown in Fig. 2.16 The curves indicate an overalllow level of variability
of the EUV emission in the core of this active region, to a level of ≤ 20%, over the wide
temperature range observed in the three AIA channels. In thecase of loops consisting of
unresolved pulse-heated strands, we would expect that in the 94 Å channel the emission
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were more variable, i.e. subject to larger fluctuations, than in the 335 Å channel, basically
for the same reason why we see finer structuring in the former than in the latter channel.
Figure 2.20 shows the light curves in five sample pixels in theregion of the bright thin
structures in the 94 Å channel (X 60, Y 60 in Fig. 2.17). To minimize the effect of
different photon statistics, we have applied a boxcar of 10 frames and normalized to the
average DN rate. The light curves clearly show that, the 94A channel emission is more
variable than the 335 Å channel emission, as expected. To be more quantitative, the
average root mean square variations in the 94Å and 335Å channel are around 14% and
7%, respectively. This can be compared with the results obtained in section 2.2.4. The
simulated data are very similar to the observed ones.

2.4 Discussion

We investigate a model of substructured lonely coronal loop, consisting of a moltitude of
thin strands each heated by a short and intense energy pulse.Here, our testing ground of
this model is the evidence of increasing fuzziness of the emission of the loop system with
temperature of emitting plasma, and therefore of maximum instrument sensitivity.

Our basic scenario is that coronal loops consist of bundles of thin strands, each of
thickness below the instrumental spatial resolution, and that each strand is heated up to
about 10 MK by a strong and fast heat pulse, i.e. the loops are heated by a storm of
nanoflares. The plasma is confined in each strand, so that it evolves as an independent
atmosphere, and can be modeled with loop hydrodynamics (seealso Patsourakos & Klim-
chuk (2007) for a conceptually similar approach). Our choice has been to assume that the
strands are all heated once and by the same heat pulse, lasting 60 s, occurring at a differ-
ent random time for each strand, with a cadence and an intensity adequate to maintain the
loop at∼ 3 MK on average, and to reach local strand temperature∼ 10 MK1. This model
fits well the observational constraint of hot/underdense-cool/overdense cycles. We have
then collected 2000 different strands to form a loop system,and derived synthetic images
of the loop system when it reaches steady state in several relevant spectral lines. In our
opinion, the images synthesized from our model unequivocally show the same “fuzziness”
in the same warm lines as observed with EIS, and the same better definition in the cool
lines as observed with EIS. In other words, our model is able to explain the evidence. Of
course, it explains also the effect as observed in narrow-band XUV instruments such as
the normal-incidence imaging telescopes, TRACE and SoHO/EIT. We have also provided
quantitative figures to this effect. The basic reason why this model works is that, in spite
of the short heat pulse, the strands spend a long time with a high emission measure at a
temperature around 3 MK, much less time when plasma is hotterand long time, but with

1Small variations in duration and amplitude of the heat pulses don’t affect significantly the results of the
simulations. The only important constraints are that the loop system has an average temperature∼ 3 MK
and that the maximum temperature of each strand is∼ 10 MK.
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Figure 2.20Light curves (solid lines 94 Å , dashed lines 335 Å ) in five sample pixels in the region
of the bright thin structures in the 94 Å channel (X 60, Y 60 in new Fig. 2.17). The intensities are
normalized to the average DN rate.
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much less emission measure when the plasma is cooler.
So the loop systems appear more uniform around 3 MK, and this higher filling factor

gives the impression of “fuzziness", as described in Tripathi et al. (2009). In cooler lines
we are able to resolve better the loops, which appear more contrasted and with better
defined boundaries.

This “fuzziness” is different from the one intended in Sakamoto et al. (2009): we ad-
dress the question why the same loops appear different in different lines, which is exactly
the evidence reported in Tripathi et al. (2009), whereas Sakamoto et al. (2009) address the
evidence that hot loops appear fuzzier than cooler, not co-spatial, and therefore different,
loops.

Our analysis provides also an interesting prediction: we expect high contrast to show
in very hot lines, such as the Fe XXIII line and the Ca XIX line (typical flare lines), even
stronger than in the cool lines.

We have been able to verify this prediction on a recent observation with the Solar Dy-
namics Observatory. In particular we have ascertained thatthe active region core appears
more fuzzy in the 335 Å channel (∼ 3 MK) than in the 94 Å channel (∼ 6 − 8 MK).
This largely confirm the prediction of our model, i.e. that there is widespread extensive
hot plasma in active regions and that hot active region plasma is very finely structured, as
expected in our scenario where storms of intense and rapid energy pulses are heating the
coronal loops, one for each strand. Such strands are temporarily superhot up to flare tem-
peratures. We remark that in the 94Å channel we are not resolving the individual strands.
We instead still see bundles of strands and the brightest ones are those where the fraction
of very hot strands is relatively larger. The reason why these superhot components are so
difficult to detect is their small emission measure, and their small duty cycle with respect
to most of their evolution time, spent mostly for the subsequent long cooling phase. This
result confirms previous debated analyses (Reale et al., 2009b,a; Schmelz et al., 2009; Mc-
Tiernan, 2009; Sylwester et al., 2010), is consistent with many other pieces of evidence
pointing to dynamically heated loops, e.g. overdensity of∼ 1 MK loops (Klimchuk, 2006;
Reale, 2010), and indicates that localized heat pulses, e.g., nanoflares, play a major role
in powering coronal active regions.

Desirable future X-ray spectral observations of the quiet Sun, and in particular of
active regions, at high sensitivity and enough spatial resolution, may provide an important
confirmation of our scenario.

There are several limitations in our approach. Small duration heat pulses are a nec-
essary ingredient to have a multi-temperature loop system.Here we assume that the heat
pulses are the same in all strands, only their timing is different, and that, at regime, they
occur with a constant time average. We expect some broadnessin the distribution of the
heat pulses, in duration, intensity and average cadence. Other simplifications concern
other assumptions on the heat pulses. We are assuming a very simple time-shape of the
heat pulse, with abrupt on and off. This should not affect theresults, because we analyze
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the strands evolution on a much longer time scale. The heat pulse is long enough not to
have significative effects due to delay to reach equilibriumof ionization (Reale & Orlando,
2008). We also assume that each strand is heated only once, i.e. there is no reheating of
the same strand. This is a realistic assumption in the framework of progressive magnetic
reconnection occurring in gradually twisting loops, due tofootpoint photospheric mo-
tions. Presumably there can only be one heating event per strand since it is destroyed
after magnetic reconnection. Nevertheless, note that the reconnecting strands form two
new (relaxed) strands which are then presumably subject to the same twisting/braiding
motions which originally energised them, leading to eventual reconnection and another
heating event. In principle, this process could be repeatedmany times for a single pair of
strands. The magnetic flux in this case is not destroyed, simply reconfigured.

The hydrodynamic description of the confined plasma should hold quite firmly in the
individual loop strands, as in monolithic loops. Maybe the description of the low loop
section should, for instance, include the possible tapering in the transition region (e.g.
Gabriel 1976), but differences are expected only in the verylow part of the loops and,
therefore, should not affect the results presented here.
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Indeed, 1D models can include the description of loops expanding in the transition
region, through a height-dependent area factor in the termscontaining the divergence
operator. However, this factor defines a fixed geometry of thesystem and therefore can-
not account for variations of the loop cross-section due to the evolution of the confined
plasma. In particular we expect the thin transition region to move up and down along
the loop due to the plasma dynamics and heating. This shift drives also variations of the
loop cross-section because of the local time-dependent deformation of the confining mag-
netic field. To treat this interaction conveniently, a proper and fully MHD description is
required.

In this chapter I’ll present a 2D-MHD loop model that naturally accounts for loop
expansion through the transition region. We have used this model to study the plasma
response to the heating into and around the moss regions.

In this chapter I’ll first describe our model, the equations that the model itself solves,
and the code in which the model is implemented.

Then I’ll illustrate its first application to study how the heating and dynamics of the
plasma influences the loop expansion. I’ll show the boundarycondition used in our model,
and how we obtain the initial magnetic field configuration. Then we show the parameter
used in our simulation, and in particular the heating function used to slowly heat our loop
to typical coronal temperatures.

Finally I’ll show the first results obtained from our model, and discuss about it.
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3.1 The Model

We address a coronal loop as a magnetic flux tube which confinedcoronal plasma. In
a schematic view, a loop can be seen as a plasma confined in a magnetic tube anchored
to two dense and cool chromospheres. So our approach is to describe the loop with a
one-direction magnetic field linking two dense plane-parallel chromospheres. In this de-
scription, the loop is straightened in a vertical flux tube, but we put in it a gravity proper
of a curved flux tube We consider a two-dimensional description, and the total geomet-
ric domain is almost square. The proper loop forms as soon as we put a heating excess
in the central region and not elsewhere. This is due to the fact that the heating is trans-
ported along the magnetic field lines and makes plasma expandfrom the chromospheres
upwards, filling the space between the footpoints in the central region.

Our model considers the time-dependent MHD equations in a 2DCartesian coordi-
nate system including the gravitational force (for a curvedloop), the thermal conduction
(including the effects of heat flux saturation), the coronalheating (via a phenomenologi-
cal term), and radiative losses from optically thin plasma.In Sec. 3.1.1 we will show the
equations of our model, and in Sec 3.1.2 we will describe the code used to solve them
numerically.

3.1.1 The Equations

In our model the equations that we solve numerically are the time-dependent ideal MHD
equations written in non-dimensional conservative form:

∂ρ

∂t
+ ∇ · (ρu) = 0 (3.1)

∂ρu
∂t
+ ∇ · (ρuu − BB + IPt) = ρg (3.2)

∂ρE
∂t
+ ∇ ·

[

u (ρE + Pt) − B (v · B)
]

= ρu · g− ∇ · Fc − nenHΛ (T) + Q (x, y, z, t) (3.3)

∂ρB
∂t
+ ∇ · (uB − Bu) = ρg (3.4)

∇ · B = 0 (3.5)

where:

Pt = p+
B · B

2
(3.6)
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E = ǫ +
u · u

2
+

B · B
2ρ

(3.7)

Fc =
Fsat

Fsat+ |Fclass|
Fclass (3.8)

Fclass= k||b̂
(

b̂ · ∇T
)

+ k⊥
[

∇T − b̂
(

b̂ · ∇T
)]

(3.9)

|Fclass| =
√

(

b̂ · ∇T
)2

(k2
|| − k2

⊥) + k2
⊥∇T2 (3.10)

Fsat = φKsatnec
3
iso (3.11)

are the total pressure, and total energy per unit of mass (internal energyǫ, kinetic en-
ergy, and magnetic energy) respectively, t is the time,ρ = µmHnH is the mass density,
µ = 1.265 is the mean atomic mass (assuming metal abundance of solar values; An-
ders & Grevesse 1989),mH is the mass of hydrogen atom,nH is the hydrogen num-
ber density,u is the plasma velocity,g is the gravity acceleration vector for a curved
loop, I is the identity versor,T is the temperature,Fc is the thermal conductive flux (see
eq. 3.8, 3.9, 3.10, 3.11),Λ (T) represents the optically thin radiative losses per unit emis-
sion measure derived from CHIANTI v. 7.0 database (E. Landi private communication,
Dere et al. 1997; Young et al. 2003,; see Fig. 3.1) assuming coronal metal abundances
(Feldman 1992), andQ (x, y, z, t) is a function of space and time describing the phe-
nomenological heating rate (see Sect.3.2.2). We use the ideal gas law,P = (γ − 1)ρǫ.
The viscosity and the resistivity are assumed to be negligible.

3.1.2 The Code

The calculation are performed using the PLUTO code (Mignoneet al., 2007, 2011), a
modular, Godunov-type code for astrophysical plasmas.

The code provides a multiphysics, algorithmic modular environment particularly ori-
ented toward the treatment of astrophysical flows in the presence of discontinuities as in
the case treated here. The code was designed to make efficientuse of massive parallel
computers using the message-passing interface (MPI) library for interprocessor commu-
nications. The MHD equations are solved using the MHD moduleavailable in PLUTO,
configured to compute intercell fluxes with the Harten-Lax-Van Leer approximate Rie-
mann solver, while second order in time is achieved using a Runge-Kutta scheme. A
Van Leer limiter for the primitive variables is used. The evolution of the magnetic field
is carried out adopting the constrained transport approach(Balsara & Spicer, 1999) that
maintains the solenoidal condition (∇ · B = 0) at machine accuracy.
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Figure 3.1The radiative lossΛ (T) from E. Landi private communication.
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PLUTO includes optically thin radiative losses in a fractional step formalism (Mignone
et al., 2007), which preserves the 2nd time accuracy, as the advection and source steps
are at least of the 2nd order accurate; the radiative lossesΛ values are computed at the
temperature of interest using a table lookup/interpolation method. The thermal conduc-
tion is treated separately from advection terms through operator splitting. In particular
we adopted the super-time-stepping technique (Balsara & Spicer, 1999) which has been
proved to be very effective to speed up explicit time-stepping schemes for parabolic prob-
lems. This approach is crucial when high values of plasma temperature are reached (as
during flares), explicit scheme being subject to a rather restrictive stability condition (i.e.
∆t ≤ (∆x)2/2η whereη is the maximum diffusion coefficient), as the thermal conduction
timescaleτcond is shorter than the dynamical oneτdyn (e.g. Orlando et al. 2005, 2008).

3.2 Heating in Variable Section-Coronal Loops

We focus our attention on the detailed modeling of the effectof the loop plasma evolution
on the confining magnetic field. We focus on the region including and around a single
loop, and therefore our approach is complementary to large scale modeling (e.g. Carlsson
et al. 2010; Bingert & Peter 2011; Martínez-Sykora et al. 2011a,b).

Our model describes a loop using a plane-parallel geometry.As we can see from
Fig. 3.2 we took a longitudinal cross section of straightened loop,however using the
typical gravity for a curved loop.

We address a typical active region loop. So, our loop has a half length about 3×
109 cmand a maximum temperature about 3× 106 K. To include this loop we consider a
computational domain (see Fig. 3.3a) from −3.5× 109 cm to 3.5× 109 cmon y direction
(i.e along the loop direction), and from−4×109 cmto 4×109 cmon x direction (i.e across
the loop).

We need a resolution high enough (about (2− 4)× 106 cm) appropriately to resolve
the transition region. However higher resolution requiressmaller timestep in numerical
integration, because the timestep decreases with the square of the minimum space step,
and therefore the total computational time can become unaffordable. Our choice has been
to use a non-uniform grid with a uniform grid size tuned to theavailable computational
resources. Fig. 3.3b shows the pixel size as a function of the position. We have the
maximum resolution near the transition region (|y| ≈ 3 × 109 cm) and in the central part
of the loop (x ≈ 0 cm).

3.2.1 Initial and Boundary Conditions

As a first task, we have to build the proper loop topology readyfor the injection of heating.
Particularly, we are interested in having a strong expansion of the magnetic field lines near
the transition region. On the other hand, our magnetic field configuration must satisfy the
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Figure 3.2Flowchart showing how we obtain our computational domain.
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(a) (b)

Figure 3.3Figure (a): Plot of Temperature in logarithmic scale of our loop model. The Blue
domain is the chromospherical part of the domain at the basisof the loop. The black lines are the
magnetic field lines. Temperature spans from 2. × 104 K to 3. × 106 K. Figure (b): Pixels size on
computational domain. Solid line is the pixels size (dy) along the loop direction (y coordinate).
Dashed line is the pixels size (dx) across the loop (x coordinate). The resolution spans from
2. × 106 cm to 4. × 107 cm.

Eq. 1.9, and we are also interested in having a magnetic field intensity of at least 10G in
corona (sufficient to confine coronal loop plasma).

We create such a configuration with a preliminary simulation. We start from a simple
configuration with a totally parallel magnetic field. The magnetic field is more intense
in the center of the domain. Then we let this configuration relax to the equilibrium con-
figuration. Since the corona is much more tenuous than the chromosphere (and pressure
lower), the magnetic field will expand much more in the corona. We will end up with
a relatively uniform magnetic field across the domain, but strongly expanding from the
chromosphere to the corona.

In Fig. 3.4 and 3.5 I show the starting loop configuration. Fig. 3.4a shows a map of
temperature in logarithmic scale for our loop initial condition, and Fig. 3.5a shows the
corresponding temperature profile along the loop (along y direction, for all x position).
Temperature spans from 2× 104 K in chromosphere to 8× 105 K in corona.

Fig. 3.4b shows a map of electron density in logarithmic scale for for the same system,
and Fig. 3.5b shows the corresponding electron density profile along the loop (along y
direction, for all x position). Electron density spans from108 cm3 in corona to 1× 1014 K
in chromosphere.

To build our initial condition we use the temperature and density profile of a static
loop with an apex temperature about 8× 105 K. For the chromospheric part of the loop
we use a hydrostatic atmosphere with a uniform temperature (i.e 2× 104 K).
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Fig. 3.4c shows a map of the module of magnetic field in our spatial domain. The
magnetic field intensity varies from 1G to 61G along x, and it is given by the equation:


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













Bx = 0
By =

B0
(

x−x0
σl

)2
+1
+ B1 (3.12)

where we setB0 = 60 G, B1 = 1 G, x0 = 0 cm, andσl = 4 × 108 cm, as we can see
from Fig.. 3.5c.

We set periodic boundary condition for both the axes.
Fig. 3.4d is the map of plasmaβ factor. We can easily see thatβ is ≪ 1 in the

chromosphere and≫ 1 in the corona. This means that in corona plasma motions are
driven by the magnetic field, whereas in chromosphere the magnetic field lines are draw
by plasma motions.

We let the system evolve for 104 s, obtaining a relative stable loop atmosphere, with a
strong expansion of the magnetic field lines near the transition region. This stable initial
condition is shown in Fig 3.6

This simulation is performed using the CINECA/SP6 High Performance Computing
facility and it has been used about 4×104 hours of cpu time1 to complete it. Furthermore,
it has been used about 8× 104 hours of cpu time to prepare develop and debug the code.
Many different initial conditions have been tested, findingthat the resolution on transition
region is a fundamental parameter of simulation. We also findthat a too low resolution
on transition region can explain some instability observedin some MHD simulation of
coronal loops (e.g. Carlsson et al. 2010; Bingert & Peter 2011; Martínez-Sykora et al.
2011a,b).

3.2.2 The simulation

We use the results of the previous simulation as the startingpoint of a new simulation to
test the response of plasma to the heating.

Our scope is to study what is the level of variability expected in the moss according to
different heating models. The models are expected to compare with the evidence of moss
steady on long time scales. Our starting point is to considera large-scale slowly-changing
(quasi-steady) heating (e.g.: Winebarger et al. 2011; Warren et al. 2010a,b). We might
expect that a very gradual heating should drive very slow loop variations and therefore
keep the cross-section in the transition region constant intime. For a sound check of this
hypothesis, we consider the situation in which the loop is heated as smoothly as possible.
So in our first simulation we consider a transient heating released with increasing intensity
in the central region of the domain, until the apex temperature reaches 3MK. The heating

1On a parallel computer, CPU time is the time necessary to run the program multiplied by the number
of core used for the run itself.
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(a) (b)

(c) (d)

Figure 3.4Figure (a): Plot of Temperature in logarithmic scale for ourinitial loop atmosphere.
The Blue domain is the chromospherical part of the domain at the basis of the loop. Figure (b):
Plot of electron density in logarithmic scale for the same atmosphere. Figure (c): Plot of the
module of magnetic field for our initial loop atmosphere. . Figure (d): Plot of plasmaβ factor in
logarithmic scale for our initial loop atmosphere. In all figures, the black lines are the magnetic
field lines.

increases exponentially for a time much longer than the plasma reaction times, then it
stays constant for an even longer time, and finally it decreases slowly to let the loop cool
down smoothly.

We simulate 5000s of loop evolution. We heat slowly all the central part of the loop
until it reach an apex temperature about 3× 106 K. The heating function that we use is
divided in two terms: the first is the static termHs that cover uniformly the entire corona,
whereas the second is a transient termHt that change with time and cover only a part of
the loop:
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(a) (b)

(c)

Figure 3.5Temperature (Fig. (a)), electron density (Figure (b)), andmagnetic field (Figure (c))
profile for our initial loop atmosphere. The density and temperature profiles are drawn along the
loop, whereas the magnetic field profile is drawn across the loop.

ΛT (x, t) = Hs + Ht (x, t) (3.13)

According with the scale law (Rosner et al., 1978) the staticterm is set toHs = 4.2×
10−5 erg cm−3 s−1, sufficient to sustain a static loop with an apex temperatureabout 8×
105 K.

The second term varies with time and space as described by:

Ht (x, t) = Hs H (x) f (t) (3.14)

where:

H (x) = e−x2/2σ2
H (3.15)
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(a) (b)

(c) (d)

Figure 3.6The same of Fig. 3.4 for the stable final atmosphere, obtained after 104 s of evolution
from the initial condition reported in Fig. 3.4
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0 t < t0
10(t−t0)/τ t0 ≤ t < t1
H0/Hs t1 ≤ t < t2
0 t ≥ t2

(3.16)

t0 = 0 s, t1 = 1000 s, t2 = 3000 s, andτ = (t2 − t1) /Log(H0/Hs). We chose to set
H0 = 2× 10−3 erg cm−3 s−1, that according with the scale laws (Rosner et al., 1978) can
sustain a loop with an apex temperature about 3× 106 K.

The time profile of the heating is reported in Fig. 3.7
This simulation is performed using the CINECA/SP6 High Performance Computing

facility and it has been used about 4× 104 hours of cpu time to complete it.
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Figure 3.7Time profile for the heating function calculated onx = 0.

3.2.3 Results

In this section I report the first results obtained from this simulation. We show results for
the first part of the simulation (fromt = 0 s to t = 2.5× 103 s ), where the heating rises
up until the apex temperature reaches 3× 106 K.

Fig. 3.8 shows i.e. maps of temperature, density andβ factor at progressive times. We
see that the temperature gradually increases in the centralregion of the loop. Only the
region along the magnetic field lines is heated. The density increases gradually as well
as we expected from the very slow growth rate of the heating. The plasma dynamics is
minor at any time. No local features are visible and also theβ evolves slowly, as expected.
Overall, we have a very smooth and “steady" evolution as we expected.

Our attention now turns more specifically to the transition region, and in particular to
the loop cross-section in the expansion region. For quantitative analysis, we consider two
magnetic field lines on the sides of the heated part of the loop. This lines are symmetric
and are far from the central axis of the loop 8× 108 cm at the loop apex, as shown in
Fig. 3.9a and b .

To study the evolution of the loop layers that compose the moss, I analyze the height
and width of the layer between the selected field lines at a temperature of 2× 105 K.
Fig. 3.9c,d shows the width and height of the layer vs time. As our preliminary simulation
shows, this layer becomes progressively narrower as the heating increases, essentially
because, due to the progressive evaporation, the transition region drifts deeper inside the
chromosphere, in regions whereβ gets smaller. This variation is stronger when the heating
increase (from (t = 0 to 1000s), but continues also when the heating is constant. We
expect that the variation of the area is a tracer of a variation of the brightness. Therefore,
this result could indicate that slow variations of heating lead to considerable variations
of the moss appearance. The preliminary conclusion is that aquasi-static heating does
not seem in good agreement with the steady appearance of the moss. However, more
investigations are needed to constrain this result better.
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3.3 Discussion

We investigate an MHD model of coronal loop, taking into account the presence of a
strong variation of the loop cross-section of the moss region.

Our model considers the time-dependent MHD equations in a 2DCartesian coordi-
nate system including the gravitational force (for a curvedloop), the thermal conduction
(including the effects of heat flux saturation), the coronalheating (via a phenomenological
term), and radiative losses from optically thin plasma.

We first create the proper loop topology ready for the injection of heating. Then,
as first test of our model, we heat our loop with a large-scale slowly-changing (quasi-
steady) heating (e.g.: Winebarger et al. 2011; Warren et al.2010a,b), and we search for
the position and size of the moss region.

From Fig. 3.9c and d we have seen that position and size of moss region change with
time. Consequently also the emission from moss vary.

The next step of our research activity will be to derive the emission measure distribu-
tion from moss, and then derive the corresponding emission in some important spectral
bands and lines, then we will compare these curve of light with the observation from
HINODE and SDO filters. We will also consider different heating mechanism, such as
for example nanoflare heating. Finally, we plan to obtain some constrain on the real heat-
ing mechanism through the comparison of the synthesized curve of light with the observed
ones.



3.3. DISCUSSION 69

(a) t = 50 (b) t = 50 (c) t = 50

(d) t = 200 (e) t = 200 (f) t = 200
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Figure 3.8Temperature (left column), electron density (central column), and plasmaβ factor
(right column) profile for our loop att = 50 s (pannel a, b and c),t = 200 s (pannel d, e and f),
t = 400 s (pannel g, h and i),t = 800 s (pannel j, k and l),t = 2500s (pannel m, n and o).
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Figure 3.9Evolution of the moss region. In panel (a) and (b) we see the map of temperature in
logarithmic scale att = 0 s and t = 2500 s. The vertical lines are the field lines that we use to
identify the loop. The horizontal lines identify the moss position. Panel (c) is the evolution of the
moss size with time. Panel (d) is the position of the moss withtime.
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This thesis is devoted to modeling the fine and dynamic structure of coronal magnetic
loops.

The first part investigates loops as multi-strand systems, each strand being heated once
by a short and intense pulse. To this purpose we describe the loop as a collection of in-
dependent thin tubes and use for each tube a standard 1-D loopmodel. In Chap. 2 we
investigated whether multi-strand loops can explain the evidence of increasing fuzziness
of coronal regions at increasing temperatures. Our basic scenario is that coronal loops
consist of bundles of thin strands, each of thickness below the instrumental spatial reso-
lution, and that each strand is heated up to about 10 MK by a strong and fast heat pulse.
We treat each strand as strictly independent of the others and we describe the loops as
collections of identical strands. We also use standard loophydrodynamic modeling to
model a single pulse-heated strand. We replicate and shufflethe model strand until a
proper loop system is built, and we compare the emission predicted after this procedure
with observations.

The images synthesized from our model show the same “fuzziness” in the same warm
lines as observed with EIS, and the same better definition in the cooler lines as observed
with EIS. In other words, our model is able to explain the evidence.

The reason is that the strands spend a long time with a high emission measure at a
temperature around 3 MK, much less time when plasma is hotter, and long time, but with
much less emission measure, when the plasma is cooler. So theloop systems appear more
uniform around 3 MK, and this higher filling factor gives the impression of “fuzziness",
as described in Tripathi et al. (2009).

Our analysis provides also an interesting prediction: we expect high contrast to show
up in very hot lines, such as the Fe XXIII line and the Ca XIX line (typical flare lines),
even stronger than in the cool lines.

We have been able to verify this prediction on a recent observation with the Solar Dy-
namics Observatory. In particular we have ascertained thatthe active region core appears
more fuzzy in the 335 Å channel (T ∼ 3 MK) than in the 94 Å channel (T ∼ 6− 8 MK).
This largely confirms the prediction of our model, i.e. that there is widespread extensive
hot plasma in active regions, and that hot active region plasma is very finely structured, as
expected in our scenario where storms of nanoflares are heating the coronal loops, one for
each strand. The reason why these superhot components are sodifficult to detect is their
small emission measure, and their small duty cycle with respect to most of their evolution
time, spent mostly for the subsequent long cooling phase. Desirable future X-ray spectral
observations of the quiet Sun, and in particular of active regions, at high sensitivity and
enough spatial resolution, may provide further confirmation of our scenario.

In the second part (Chap. 3) I deal with a new more general loopmodel, including the
interaction of the plasma with the ambient magnetic field. Sothis is a full MHD multi-D
loop model. We need this model to address very detailed questions on the structure of
loops that cannot be treated with 1-D models.
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In particular, we focus on the structure of the so-called moss in active regions de-
tected at temperatures about 1 MK, that are generally interpreted as the footpoints of
hotter loops. To study the low-lying parts of the loops in high detail, the assumption of
constant cross-section all along the loop cannot hold, because it is known that the loop
greatly expands going up from the transition region to the corona (e.g. (Gabriel, 1976)).
We cannot help including this effect in the modeling, and howit changes in time and with
the plasmaβ, and this requires a proper time-dependent magnetohydrodynamic descrip-
tion. Therefore, we use 2D-MHD model considering also gravity, the thermal conduction
(including the effects of heat flux saturation), the coronalheating (via a phenomenologi-
cal term), and radiative losses from optically thin plasma,to study the response of plasma
to a quasi-steady heating.

Our first simulations show that the position and the size of the moss region vary with
time, as the emission of moss itself. As next step we will analyze the light curve from
moss region and we compare it with observational evidences from HINODE and SDO
mission.

We also plan to repeat the same simulation changing first onlythe total energy release,
and then changing the heating mechanism, using a nanoflare-like phenomenological heat-
ing function. We will use these new simulations to analyze the temporal variability ob-
tained from the models with the instrumental curves of light, to obtain some constraints
on the heating mechanism of coronal loops, such as for example the cadence, and the
spatial and energy distribution.
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