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ABSTRACT

We present a three-dimensional analysis of magneto-acoustic waves, along the seven
coronal loops, observed on the active region NOAA 11272 during the class B and C
flares. We found 19-, 9-, 5-, 2-, 1-, and 0.6-minute waves using the pixelised wavelet
filtering method over images obtained from the Atmospheric Imaging Assembly in-
strument. We modelled the velocity of these waves along the extrapolated magnetic
field lines that reproduce the observed loops in extreme ultraviolet. The extrapola-
tion was made over magnetograms, got from the Helioseismic and Magnetic Imager
instrument, using the linear force-free approximation. From our model, we found
temperatures 10° < 7 < 1.8 x 107 K and densities 107 < n < 10'7 ecm ™3, cover-
ing from photosphere to corona, as expected in the solar atmosphere. Hence, we
obtained acoustic ¢, ~ 10% km s~! and Alfvénic v4 ~ 10* km s~! velocities values
which are in agreement with the literature. In addition, the brightness asymmetry
observed along the coronal loops is explained by the magnetic field and Alfvén veloc-
ity distributions along the extrapolated field lines. We found fast magneto-acoustic
waves at the beginning of B3.8 and C1.9 flares and slow modes along the loops dur-
ing all flares. Our 3D model represents an unprecedented method to study waves in
coronal loops. All results are coherent with expected values in the solar atmosphere
conditions.

Keywords: Flares, Waves. Corona, Structures. Flares, Relation to Magnetic Field.
Waves, Magnetohydrodynamic. Waves, Alfvén.
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MODELO TRIDIMENSIONAL DE ONDAS MAGNETOACUSTICAS
EM LOOPS CORONAIS OBSERVADOS DURANTE EVENTOS
TRANSIENTES

RESUMO

Apresentamos uma analise tridimensional de ondas magnetoactsticas ao longo de
sete loops coronais, observados na regiao ativa NOAA 11272 durante os flares de
classe B e C. Encontramos ondas de 19, 9, 5, 2, 1 e 0.6 minutos usando o método
Pizelised Wavelet Filtering sobre imagens obtidas com o instrumento Atmospheric
Imaging Assembly. Modelamos as velocidades dessas ondas ao longo das linhas de
campo magnético extrapoladas que reproduzem os loops observados em ultravioleta
extremo. A extrapolacao foi feita sobre os magnetogramas obtidos com o instru-
mento Helioseismic and Magnetic Imager, usando a aproximacao Linear Force-Free.
A partir do nosso modelo, encontramos temperaturas de 103> < 7' < 1.8 x 107 K
e densidades de 10" < n < 107 cm™3, cobrindo desde a fotosfera até a coroa, como
esperado na atmosfera solar. Desta forma, obtivemos valores para as velocidades
actstica e Alfvénica de c; =~ 102 km s™! e v4 ~ 10* km s~! respectivamente, as quais
estdao acorde com a literatura. Adicionalmente, a assimetria no brilho observada ao
longo dos loops coronais é explicada pelas distribui¢cdes do campo magnético e da
velocidade Alfvén ao longo das linhas extrapoladas. Nos encontramos ondas mag-
netoacusticas rapidas no inicio dos flares B3.8 e C1.9 e modos lentos ao longo dos
loops durante todos os flares. O nosso modelo representa um método inédito para
estudar ondas em loops coronais. Todos os resultados sao coerentes com os valores
esperados nas condi¢oes da atmosfera solar.

Keywords: Flares, Ondas. Corona, Estruturas. Flares, Relacdo com o Campo Mag-
nético. Ondas, Magnetohidrodinamicas. Ondas, Alfvén.
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1 INTRODUCTION

The study of waves in the solar atmosphere began with the attempt to explain the
observed Doppler shifts and the broadening of photospheric spectral lines (STEIN;
LEIBACHER, 1974). Then, was established that the acoustic waves contribute to heat-
ing of photosphere, chromosphere and low corona (STEIN, 1968; STEIN; SCHWARTZ,
1972). Biermann (1946) and Schwarzschild (1948) suggested for the first time that
the acoustic waves generated in the convective zone, provide the heat needed to
balance the lost energy by radiation in the chromosphere and corona. Since then,
magnetohydrodynamics (MHD) waves in the solar corona have been widely stud-
ied (LEROY; SCHWARTZ, 1982; ASCHWANDEN, 2004; MATHIOUDAKIS ct al., 2012).
Particularly, waves in coronal loops have been recently analysed in quiescent and
transient Sun (MOORTEL, 2006; KIM et al., 2012). These waves have been classi-
fied, according to their period, phase, amplitude, etc., as kink, sausage, fast or slow
magneto-acoustic among other (ROBERTS, 1981a; ROBERTS, 1981b).

In transient Sun regime is common to see flaring events, and it is interesting to
analyse waves associated with them, in some cases in a recursive mode called quasi
periodic pulsations (QPP) (NAKARIAKOV; MELNIKOV, 2009). They can be observed
in all stages of the flare, in different bands at the same time, and can have periods
from seconds to several minutes (NAKARIAKOV et al., 2010a; KUMAR et al., 2016).
Actually, the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics
Observatory (SDO) allows us to observe oscillatory phenomena during transient
events (NISTICO et al., 2013a). This instrument provides images in ultraviolet (UV)
and extreme ultraviolet (EUV), with spatial resolution of 0.6 arcsec and temporal
cadence of 12 seconds (LEMEN et al., 2012).

Waves-like oscillations are commonly detected by means of wavelet analysis, which
determines period, power, amplitude and phase in temporal signals (MOORTEL et al.,
2000a; MOORTEL et al., 2004). The pixelised wavelet filtering (PWF) method applies
pixel by pixel the continuous wavelet transform with a Morlet mother function (TOR-
RENCE; COMPO, 1998) in the temporal series of a 3D data cube. This method allows
us to analyse spatially and temporally oscillations found through the narrowband
dynamic maps (SYCH; NAKARIAKOV, 2008; SYCH et al., 2010).

Many numerical (MENDOZA-BRICENO et al., 2004; MORTON et al., 2010; ERDELYT;
MENDOZA-BRICENO, 2004) and observational (WANG et al., 2003a; MOORTEL, 2009)
analysis have been carried out, in an attempt to represent the behaviour of waves

along the coronal loops. Most of them in 2D.



With the help of Sun Farth Connection Coronal and Heliospheric Investigation
(SECCHI) on board of Solar Terrestrial Relation Observatory (STEREQO) mission
(HOWARD et al., 2008) it is possible to do a three-dimensional analysis of coronal
loops. Some works show results about the waves studied along the loops in 3D, join-
ing SECCHI and AIA images (WHITE; VERWICHTE, 2012; ANFINOGENTOV et al.,
2013; VERWICHTE et al., 2013). The magnetic field on these observed lines can be
computed using the potential field source surface (PFSS) extrapolation tool (SCHRI-
JVER, 2001; SCHRIJVER; DE-ROSA, 2003). However, this method can be used only
in limited cases because, it is not possible to obtain SECCHI images all time, and

the reconstructed loops should be on the solar limb.

In this work, we present a new method for analysing waves along the coronal loops
involved in transient events. We chose the active region NOAA 11272 on 17 August
2011, where occurred B and C class flares, and made a three-dimensional model for
describing the waves’ behaviour along the loops. In order to do this, we detected
these waves in images obtained with SDO/AIA; using the PWF method. We extrap-
olated the magnetic field lines using the Linear Force-Free Field (LFFF) approxi-
mation (NAKAGAWA; RAADU, 1972; SELHORST et al., 2008), from the line-of-sight
(LOS) magnetograms obtained with the Helioseismic and Magnetic Imager (HMI)
instrument (SCHERRER et al., 2011) on board of SDO. Thus, we reproduced the field
lines that best match with the coronal loops observed in EUV, to study variations of
physical parameters along them. Then, we determine temperature, density, acoustic
and Alfvén velocities for each height of the line using models for flares (MACHADO
et al., 1980), quiet sun (AVRETT; LOESER, 2008) and Solar Software (SSW) routines
for automated detection of temperature (ASCHWANDEN et al., 2013).

In order to present the development of our study, we distributed this work as follows:
In Chapter 2 we present a theoretical description of MHD waves and their role in the
heating of the solar atmosphere. In Chapter 3 we explain the process for obtaining
and processing data. Methods used for analysing oscillatory data as PWF and for
extrapolating magnetic field lines are described in Chapters 4 and 5, respectively.
Description of our results in concerning to active region NOAA 11272 as well as the
waves that we found, extrapolated field lines and 3D models for physical parameters
of coronal loops are presented in Chapter 6. In the last Chapter, we discuss our

results and present the final remarks and perspectives.



2 MAGNETOACOUSTIC WAVES

The Sun is a dynamic star, so it is natural to find waves as response to many physical
processes. The presence of waves in the solar atmosphere is product of restoring
forces, which act in opposition to the plasma motion and try to restore the fluid
to its original equilibrium. For a fluid in presence of magnetic field, the magnetic
tension drives Alfvén waves. Magnetic and plasma pressure acting together generate

magneto-acoustic waves (PRIEST, 1982).

The energy deposited by acoustic waves may keep the thermal equilibrium be-
tween photosphere and low corona (ULMSCHNEIDER, 1970; STEIN; LEIBACHER, 1974;
MCWHIRTER et al., 1975; NARAIN; ULMSCHNEIDER, 1996; WALSH; IRELAND, 2003),
but in some parts of chromosphere and to inner of corona, where the plasma is
magnetically dominated, the MHD waves play a very important role to balance the
lost of energy by radiation (KHODACHENKO et al., 2004; NAKARTIAKOV; VERWICHTE,
2005).

Many ground-based observatories such as Nobeyama Radioheliograph (NoRH) and
space-borne (e.g., SDO) have been used for detecting oscillatory phenomena. For
example, Walsh and Ireland (2003) studied magneto-acoustic waves using data from
the Extreme Ultraviolet Imaging Telescope (EIT) on board of Solar and Heliospheric
Observatory (SoHO), in the Fe XII line at 195 A. Waves of 5 minutes were detected
with the Transition Region and Coronal Explorer (TRACE) in 171 A and with the
Coronal Diagnostic Spectrometer (CDS) in the He I, O V and Mg IX lines (MOORTEL
et al., 2000b; ROBBRECHT et al., 2001; MARSH et al., 2003). Fast and slow waves prop-
agating simultaneously along the same path were observed in images of SDO/ATA
(ZHANG et al.,, 2015). Kliem et al. (2002) and Wang et al. (2003a) detected quasi
periodic oscillations through a Doppler shift in the Fe XIX and Fe XXI emission
lines, observed by the spectral instrument Solar Ultaviolet Measurements of Emitted
Radiation (SUMER), see Figure 2.1(a). These oscillations have ¢, = 370 km s7},
periods in the range 7—31 minutes and decay times of 5.7—36.8 minutes. Obser-
vations of Doppler shift in UV emission lines showed that the solar corona can be
heated by waves generated under it (ATHAY; WHITE, 1978; BRUNER JR., 1978).



Figure 2.1 - Doppler shift in the Fe XIX line observed with SOHO/SUMER on 9 March
2001.

)
[*7]
]
(=]

Solor Y (orcsec
~
o
a

186:00 16:30 17:00 17:30 18:00

(b)

Doppler shift for B & D (km s™)

Doppler shift for A & C (km s™')

[ |
[ T
o o o

oot o o
16:00  16:30  17:00 17:30  18:00  18:30

(a) Waves observed through the LOS Doppler shift. (b) Time series for Doppler shift in
the oscillatory event for points AC and BD of panel (a).

SOURCE: Wang et al. (2003a)

2.1 Magnetohydrodynamics Equations

We present a standard mathematical discussion about magneto-acoustic waves, e.g.,
see Ferraro and Plumpton (1966), Priest (1982), Mihalas and Mihalas (1984), Lan-
dau and Lifshitz (1987). In the most simple form, it is assumed a plasma frozen to
the magnetic field lines, thermally insulated obeying the adiabatic law (p/p? =cte),
the medium should be homogeneous and isotropic, and fluxes with vy = 0 are not
considered, i.e., the density and magnetic field only depend on the spatial coordi-

nates.

At the beginning, the plasma in thermal and hydrodynamic equilibrium is slightly
perturbed and then is analysed whether the resulting disturbance propagates as a
wave or not. For that, the ideal MHD equations are used. In order to avoid phenom-
ena associated with the non linearity regime, as turbulence, we restrict our presen-

tation only to the linear regime and the perturbation of thermodynamics quantities



(p, T e p) is assumed to vary like ~ expli(kx — wt)]. Then, the wave equation and

dispersion relation are found.

As follow, the ideal MHD equations for an homogeneous, isotropic, adiabatic, of
infinite extent medium and without external forces acting over it are presented. In
these equations a volume element V) whose boundary surface lies entirely within the

fluid is considered.

The FEquation of Continuity express the conservation of matter, i.e., the mass con-

tained within the volume V always should be the same

Op , Oov) _ (2.1)

where p is the mass density and v; is the i component for velocity with i = 1,2, 3.

We are using the Einstein summation notation for the indices.

The Momentum Equation describes the principle of conservation of linear momen-
tum, which says that the rate of change of the momentum associated with the volume
element is equal to the forces acting on it, e.g., in our case, the pressure and the

magnetic force

p(aw av,-> op 1 lB 0B; _ 19(B") (2.2)

- + . — R, - i ,
ot Y Oz, ox; * 4 k@xk 2 Oux;
where p is the gas pressure and B; is the it component of magnetic field.

On the other hand, the Energy Equation describes the law of conservation of energy.
The rate of change of heat received by the volume element should be equal to the
heat dissipated by it. Because in the ideal form, the fluid is adiabatic, then dissipative

processes are not considered

op = 9p 2<8p 8p>:0

ot " ax, "%\ Yo,

where ¢, is the velocity of sound to constant entropy s, i.e.,



5 (Op
c; = <ap>s (2.4)

The FEquation of State relates the pressure, temperature and density of a fluid. A

particular case of this equation is called perfect gas law

k
p=—pT, (2.5)

T m
where kp is the Boltzman constant, m = pm,, is the mean particle mass, p is the
mean atomic weight, m, is the proton mass, and 7" is the temperature. In this work
we conveniently express the density as p = mn, where n = n;,, + n. is the total
number of particles per unit volume, n,,, and n. are the ion and electron number

densities respectively. Thus, the Equation (2.5) may be expressed as

vkp
p =

pmy,

T, (2.6)

where + is the ratio of specific heats for a given adiabatic equation of state. For fully-
ionized gases v = 5/3. In the solar atmosphere p ~ 0.6 and n ~ 1.9n., except near
to the photosphere (PRIEST, 1982). In the solar corona p ~ 1.27, n = n,+n. = 2n,,
and p = n,m, +n.m. ~ n.m,, where n, and m, are the proton number density and

the electron mass respectively (ASCHWANDEN, 2004).

The magnetic field behaviour is governed by the Induction Equation (Equation 2.7).
This depends on the magnetic Reynolds number R,, = lyvg/n, with [y the length-
scale, vg the plasma speed and 7 the magnetic diffusivity. In this case R,, > 1, i.e.,
the plasma satisfies the frozen-flux theorem (the magnetic field lines move with the

plasma perfectly conducting) (PRIEST, 1982)

0B; ov;  Ov; 0B;

'=B— — 1B —v—. 2.7
ot J ox j ox j Y ox j ( )
Finally, it is considered the Gauss’ Law for magnetism, which determines that mag-

netic monopoles do not exist

0B;
3:@-




Because the perturbation is adiabatic, variations in the material properties may be
related through the density, temperature and pressure taking the entropy constant
(MIHALAS; MTHALAS, 1984), i.e.,

_op

For an ideal gas, the pressure adiabatic behaviour is described by

o\?
P = po () : (2.10)
Po
Then, (2.4) becomes
v—1
2=, <p> . (2.11)
Po  \Po

Because the temperature in this conditions is

T p 71
T = (p()) (2.12)

and using the Equation (2.6) we can see that the sound velocity ¢s depends only on

the temperature

2 DPo kp
A= N7 = T. 2.13
ki (2.13)

2.2 Wave Equation

At the beginning, the fluid is at rest (vg = 0) and in equilibrium. Thus, we can

consider the physical quantities pg, po, Bo, and T as constant.

In order to study the wave motion, we linearised the magnetohydrodynamic Equa-
tions (2.1)—(2.8). For that, we considered small perturbations departing from the
equilibrium p = pg + dp, p = po + op, T =Ty + 0T, B = By + 6B, and v, where
10p/pol < 1, |0p/po| < 1, |6T/To| < 1, |[0B/By| < 1, and |0v|/cs < 1 (MIHALAS;
MIHALAS, 1984; LANDAU; LIFSHITZ, 1987). Hence, without considering second and



higher order terms, the equations of continuity, momemtum, energy, state, induction,

and Gauss’ law become respectively

dp v,
at oz

=0, (2.14)

0dv; oop 1 00 B; 0

P o T s, t BOkak - %(BojaBj) ; (2.15)
8(951? — cia;tp =0, (2.16)
b _n 0T .
856;92- = (BO,C;%) Sv; — BOig}k’f, (2.18)
6(;551- =0. (2.19)
The wave equation for density, pressure and velocity come to be
L e R
El i L SR s
Povi 20000 1 1G 1w % (90 x Bo)] x Bol., (2.22)
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where the second term on the right-hand side of Equation (2.22) may be expressed

in component as
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The Equations (2.20)-(2.22) permit plane-wave solutions of the form

+B

~ exp[i(k;z; —wt)]. Hence, the solutions for density, pressure, velocity, and magnetic

field perturbed are described as

op = pexpli(k;z; —wt)], (2.23)
op = pexpli(kjz; —wt)],
Uy = Umexpli(kjz; —wt)],

5Bm = Em eXp[i(ijj - Wt>]7

where, p, p, Um, and B,, are constants. The wave number k is the magnitude of
wave vector k, and w represents the angular frequency. For these waves P = 27 /w,
A =27 /k and k=k /k represent the period, wavelength, and direction of the wave

propagation respectively.
2.3 Dispersion Relation

Dispersion relation defines the frequency as a function of the wave number and the
angle (0p) between the equilibrium magnetic field and the wave vector (PRIEST,
1982). For magneto-acoustic waves, we only take into account the plasma pressure
and the magnetic force in the MHD equations. Considering that the perturbations in
the fluid are propagating only along the x axis, the direct substitution of Equations

2.23 into the wave Equation 2.22 yields to

wt — WK (2 +v}) + vkt cos® Op = 0, (2.24)



where v, is the Alfvén velocity (FERRARO; PLUMPTON, 1966; ASCHWANDEN, 2004 )

B
= 2.25
oA VAT pmyn (2.25)

For outward-propagating waves (w/k > 0) exist two different solutions of Equation
(2.24)

1 2 2 1 4 4 2,,2 12
5(08+UA)j:§\/CS+UA—QCSUACOSQQB . (2.26)

w
e = (5), =

These solutions define the phase velocity (v, ) and from there the group velocity

(vg), ie.,

w
Uphy = <|k|> s Vg = ka. (227)
£

Thus, one solution to the Equation (2.24) corresponds to the high frequencies mode,
called fast magneto-acoustic waves and the other one to slow magneto-acoustic
waves, which refers to the low frequencies mode. The Alfvén velocity is between the

fast and slow modes, then sometimes is called intermediate mode (PRIEST, 1982).

For coronal loops, the phase velocity in the fundamental mode (WANG, 2006) is
defined as:

oL
Uph = (2.28)

where L represents the loop length.

The magneto-acoustic waves may be considered as sound waves modified by the
magnetic field and as compressional Alfvén waves modified by the plasma pressure.

These modifications depend of angle 6. Other important considerations are:
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e perturbations along the magnetic field, 65 = 0

Uph+ = Gs

Uph— = VA
e perturbation across the magnetic field, 05 = 7/2

vpne = (¢ +vd)"

Uph— = 0

e slow magneto-acoustic waves, as 0 — /2, v,, — 0, but

w w VACs
(V3 + )7

where cp is the cusp velocity for v,, which represents the component of
vpp, along B for perturbations almost perpendicular to the magnetic field
(PRIEST, 1982).

e [f the magnetic field vanishes, v4 = 0, the slow wave disappears and the fast
wave becomes a sound wave. On the other hand, if the pressure vanishes,
cs = 0, the slow wave disappears and the fast wave becomes a compres-
sional Alfvén wave (ROBERTS, 1981b).

When v < ¢, the group velocities become v AEO and cslzz for slow and fast waves
respectively. On the other hand, the vy, > ¢, case have been observed for coronal
conditions, with v4 ~ 1000 km s~! and ¢, ~ 200 km s~! for 7' = 1.5 MK plasma
(ASCHWANDEN, 2004).

2.4 'Waves and Thermal Equilibrium in the Solar Atmosphere

The thermal equilibrium in the solar atmosphere is determined by the energy trans-
fer processes (KOOP, 1968). The energy can be transported through the different
atmosphere layers by convective Fiyp,, radiative F,,q or acoustic Fy. fluxes (KUPE-
RUS, 1969; KUPERUS et al., 1981).

Chromosphere and corona loss energy mainly by radiation of optically thin plasma
(MCWHIRTER et al., 1975; ROSNER et al., 1978). In Figure 2.2 are shown different
radiative loss functions P(7") in the plasma of solar atmosphere (POTTASCH, 1965;
ROSNER et al., 1978).

11



Figure 2.2 - Radiative loss functions for chromospheric and coronal plasma.
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SOURCE: Rosner et al. (1978)

On the other hand, the model made by McWhirter et al. (1975) shows the balance
of energy in the solar corona. In Figure 2.3 are presented the height distribution
for pressure, density, temperature and flux of energy (solid lines). The curves show
that in transition region the pressure is maintained relatively constant, while the
temperature and density values vary rapidly with the height. For heights greater than
10" c¢m (dashed line), other mechanisms for coronal heating different of dissipation
of acoustic waves may deposit energy in the solar atmosphere. To reach the thermal
equilibrium in the solar corona it is necessary an input of mechanical energy flux of
3 x 10° ergs cm™2 s7! (MCWHIRTER et al., 1975; BOHM-VITENSE, 1987).
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Figure 2.3 - Model for the solar corona based on energy balance.

T T T TTrrry T T T rrrrng T T T Troom T T T 1111y

TTTTT

(ol S otz

- ] s

i ] %

10° 108 —Jm-zi
.'.;‘l:la— IO"'J:- 3
1

B 405 5,

1 %

1 £

8- 103 —:uo"%
A WET | M 2 2 aaanl M AN il
108 0% 1010 1ol 102

Height (cm)

Standard model for the solar corona heating (solid line). The dashed lines represent energy
deposited at heights greater than 10'? cm.
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In addition, the energy dissipation of acoustic waves by viscosity, thermal conduction
or shock waves are important for regions with § = (87p/B?) 2 1 (KUPERUS et al.,
1981). However, for magnetized plasma § < 1, magneto-acoustic waves may be
an important mechanism of heating (NAKARIAKOV; VERWICHTE, 2005; ERDELYT;
BALLAT, 2007). Acoustic waves can generate sufficient energy for explaining coronal
temperatures of 1.5—2x10® K, but for higher values the plasma needs an energy flux
two orders of magnitude greater than the observed. This mean that coronal regions

not perturbed are heated by other dissipative mechanisms (JAGER; KUPERUS, 1961).
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2.5 Waves During Transient Events

Oscillatory processes in the Sun, related with transient events, have been studied
since many years ago. Kosovichev and Zharkova (1998) announced for first the time
that flares affect the Sun’s interior generating seismic waves similar to earthquakes.
Since then, other studies were realized in attempt to explain how the flares generate
waves in the Sun (BESLIU-IONESCU et al., 2006; MARTINEZ-OLIVEROS et al., 2008).

In the solar atmosphere it is common to find flares containing QPP (NAKARIAKOV;
MELNIKOV, 2009). They can be observed in all stages of the flares and in all emission
bands from radio to gamma-rays (SYCH et al., 2009; SU et al., 2012; SHEN; LIU, 2012;
NAKARIAKOV et al., 2010a; KUMAR et al., 2016). They can be associated with MHD
auto-oscillations because their observed modulation depth, period, and anharmonic-
ity (NAKARIAKOV et al., 2010b).

Figure 2.4 shows the QPP spectra of X1.6 flare observed in NOAA 12158 on 2014
September 10. This flare was registered by the Geostationary Operational Environ-
mental Satellite (GOES) (MACHOL, 2016), and observed by the Interface Region
Imaging Spectrograph (IRIS) (PONTIEU et al., 2014), Fermi Gamma-ray Burst Mon-
itor (GBM), SDO/AIA, STEREO/WAVES (SWAVES), at soft X-ray (SXR), hard
X-ray (HXR), UV, EUV, and radio wavelengths (LI et al., 2015).

The QPP exited by flares can be detected in the modulation of flare emission
which can be generated by standing and travelling waves (NAKARIAKOV; MEL-
NIKOV, 2009). Fast and slow magneto-acoustic waves represent a mechanism for
periodic triggering of magnetic reconnection (MCLAUGHLIN; HOOD, 2004; CHEN;
PRIEST, 2006) which generate MHD turbulence and hence periodically can perturb
the flare neighbouring plasma, modulating its rate, and producing QPP.

14



Figure 2.4 - QPP Spectra of X1.6 class flare
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3 FACILITIES FOR OBTAINING AND PROCESSING SOLAR DATA
3.1 Solar Dynamics Observatory (SDO)

SDO is a spacecraft of the National Aeronautics and Space Administration’s (NASA)
Living With a Star (LWS) program. This provides data since 2010, which let us to
study the solar variations and establishing their consequences on the Earth’s climate
and technological system (PESNELL et al., 2012). The spacecraft contain solar panels
that produce 1500 W of power, high-gain antennas for transmitting the raw data to

two ground stations in New Mexico, for the following instruments (see Figure 3.1) :

e AIA is an array of four telescopes that provide full-disk images of the solar
corona in UV and EUV band passes every 12 seconds or less (LEMEN et al.,
2012).

o FExtreme Ultraviolet Variability Experiment (EVE) measures the EUV spec-
tral irradiance with unprecedented spectral resolutions, temporal cadence,

accuracy and precision (WOODS et al., 2012).

e HMI provides full-disk, high-cadence Doppler, intensity and magnetic im-
ages of the solar photosphere (SCHERRER et al., 2011).

Figure 3.1 - Design of Solar Dynamics Observatory.
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Distribution of ATA, EVE and HMI instruments on board of SDO, high-gain antennas
and solar arrays.

SOURCE: Courtesy of http://sdo.gsfc.nasa.gov
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In this work we study waves on Sun’s magnetic field structures and then, we only

use data from AIA and HMI instruments. They are described in more detail below.
3.1.1 Atmospheric Imaging Assembly (AIA)

Transient events as flares change rapidly the magnetic field configuration and plasma
characteristic of solar corona. These processes occur on short time scales and for
understanding them it is necessary to use instruments that offer data with high

temporal cadence and good spatial resolution.

ATA instrument, was designed to study the dynamic of Sun’s magnetic field and
the coronal response to this. ATA consists of four Cassegrain telescopes optimized
to observe solar emissions from the temperature minimum region to the corona, in
a range of temperatures from 6 x 10* K to 2 x 10" K (LEMEN et al., 2012). Full-disk
ATA images have dimensions of 4096 x 4096 pixels, high spatial resolution (0.6”)
and temporal cadence of approximately 10—12 seconds, sometimes with cadence of

8 seconds to study energetic transient phenomena.

Figure 3.2 - Sun’s image in the band passes of ATA.

The Sun observed by AIA in nine wavelengths. The mosaic shows Sun’s parts in two
UV and seven EUV band passes on the background 4500 A continuum. These parts are
distributed from left to right as 1700, 1600, 335, 304, 211, 193, 171, 131 and 94 A.

SOURCE: Courtesy of http://sdo.gsfc.nasa.gov

Figure 3.2 shows a Sun mosaic observed by SDO/AIA in different band passes. The
background is 4500 A in the continuum, where the region observed is the photo-
sphere. From left to right the band passes 1700 and 1600 A in UV, 335, 304, 211,
193, 171, 131 and 94 A in EUV are observed. Details of regions and characteristic

18



emission temperature of instrument are presented in Table 3.1.

Table 3.1 - Distribution of wavelengths, lines, regions, and temperatures observed by AIA.

Channel Primary ion(s) Region of atmosphere Char. log(T)
4500 A continuum photosphere 3.7
1700 A continuum temperature minimum, photosphere 3.7
1600 A C IV + continuum transition region, upper photosphere 5.0
304 A He II chromosphere, transition region 4.7
171 A Fe IX quiet corona, upper transition region 5.8
193 A Fe XII, XXIV corona and hot flare plasma 6.2,7.3
211 A Fe XTIV active-region corona 6.3
335 A Fe XVI active-region corona 6.4
94 A Fe XVIII flaring corona 6.8
131 A Fe VIII, XXI transition region, flaring corona 5.6, 7.0

SOURCE: Lemen et al. (2012)

The filter response for UV and EUV channels of AIA is computed using the
CHIANTT solar spectral model. This is an atomic database for emission lines made to
calculate the temperature, atomic energy levels, wavelengths, radiative and electron
excitation data using programs written in interactive data language (IDL) (DERE et
al., 1997). In particular, the emissivity and temperature response functions are com-
puted using CHIANTI version 7.1 and we can obtain them using the SSW routine
aia__get_response.pro. As was showed in Table 3.1, the iron emission line dominates
in six EUV band passes (171, 193, 211, 335, 94, and 131 A). In Figure 3.3 are showed
the temperature response functions for the EUV channels of ATA.

19



Figure 3.3 - Temperature response functions for six EUV channels.
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SOURCE: Lemen et al. (2012)

3.1.2 Helioseismic and Magnetic Imager (HMI)

The HMI instrument was designed to study the convection-zone dynamics, the solar
dynamo, and the solar magnetic activity of the corona and heliosphere. Measure-
ments are made in form of filtergrams in a set of polarizations and spectral-line
positions at a regular cadence during the emission (SCHERRER et al., 2011). The
scientific data produced can be divided into five main areas: global and local helio-

seismolgy, line-of-sight and vector magnetography, and continuum-intensity studies.

For this work we used full-disk (4096 x 4096 pixel) LOS magnetograms with 0.5” spa-
tial resolution and temporal cadence of 45 seconds. They were obtained at level 1.5,
which are made from level 1.0 filtergrams, i.e., with bad-pixel removal, flat-fielding,
and quality assessment checks (ROSA; SLATER, 2015). Figure 3.4 shows the corre-
sponding magnetogram for NOAA 11272 which was observed by AIA instrument in
171 A.
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Figure 3.4 - LOS magnetogram and EUV image of NOAA 11272.

SDO/AIA 171 A

2011-08-

Image of active region obtained by HMI and AIA instruments. Left: Image of active
region from HMI and AIA in 171 A. Right: Full-disk magnetogram of the Sun. Orange
box indicates the place of NOAA 11272.

SOURCE: Author production

3.1.3 Data Processing

The data obtained by SDO/AIA are transmitted via Ka-band telemetry to two
ground stations in White Sands, New Mexico. From there, the data are transferred
by broad-band circuits to the Stanford University campus where are permanently
archived in the Joint SDO Operations Center—Science-Data Processing (JSOC-
SDP) facility (BOERNER et al., 2012). Science operations for both AIA and HMI
are controlled from the Instrument Operations Center at Lockheed Martin Solar
and Astrophysics Laboratory’s (LMSAL).

Level 0 data recorded in JSOC-SDP are processed and converted to Level 1.0. This
process include the follow steps (LEMEN et al., 2012):

e To remove the “over-scan” included in the readout format of files. This is
using for monitoring the charge transfer efficiency in the charge coupled

device (CCD) and it is only for engineering purposes.
e To remove CCD dark images, read noise and dark current.
e To apply a flat-field correction to the AIA images.

e To correct the pixels that do not respond correctly to the light (bad pixels),

replacing by interpolated values from neighboring pixels.
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e To remove the “spikes” that appear as result of the interaction of energetic

particles with the instrument and to rise the number of high energy photons

detected in the CCD.

e To flip the image so as to put solar north at the top of the array.

Level 1.0 data are freely available as flexible image transport system (FITS) files in

different websites (see Table 3.2) approximately 48 hours after receipt at the JSOC.
The data may be download using the SSW routines (FREELAND; BENTLEY, 2000).

Table 3.2 - Information about ATA data adquisition at websites.

Function

Name site

Site

To browse data

The Sun Now

Sun in Time

Solar Monitor
Helioviewer Project

http://sdo.gsfc.nasa.gov/data/
http://sdowww.lmsal.com/
https://solarmonitor.org/
http://www.helioviewer.org/

To find data Heliophysics Events
Knowledgebase http://www.lmsal.com /hek/
iSolSearch http://www.lmsal.com /isolsearch
To get data Joint Science

Operations Center

The Cutout Service
The Virtual
Solar Observatory

http://jsoc.stanford.edu/
http://jsoc.stanford.edu/ajax/lookdata.html
http://jsoc.stanford.edu/ajax/exportdata.html
http://www.lmsal.com/get_aia_data/

http://sdac.virtualsolar.org/cgi/search

SOURCE: Rosa and Slater (2015)

The images can be read with read_sdo.pro routine and used at level 1.0. For making

videos and analysing a sequence of frames is necessary to prepare the images, i.e.,

convert the level 1.0 to level 1.5 with aia_ prep.pro routine (BROWN et al., 2011;
ROSA; SLATER, 2015). In addition to the calibration made in level 1.0, this process

includes procedures to:

e Correct the roll angle. The images are rotated so that solar North is at 0°,

i.e., at the top of the image array.

e Adjust the plate-scale to 0.6 arcsecs per pixel for all AIA’s telescopes.

22



e Remove the residual differences of the alignment adjust in the bore-sight

pointing of each telescope.

In this work we obtained ATA and HMI data in level 1.0 and 1.5 format, respectively.
For this, we used the informational resource Heliophysics Coverage Registry (the
cutout service) and consequently obtained sub-fields of images in EUV and UV for
NOAA 11272. For getting HMI data, we used the Virtual Solar Observatory (VSO)
service. AIA level 1.0 data were processed using the read_sdo.pro and aia__prep.pro
SSW routines. In addition, we used the aia_ prep.pro routine to process HMI Level
1.5 data and to co-align their with ATA Level 1.5, because the plate scales between
HMI and ATA images are different.

We obtained data for six hours of observation, so the region of interest may move out
of the field of view as the Sun rotates. To maintain the region inside the same field
of view (FOV), was necessary to calculate the region position as it rotates across the
solar disk during the observation time. For that, we used the rot_xy.pro function
(BROWN et al., 2011) and with the new position we established the coordinates for
clipping the region correctly. Thus, we analysed level 1.5 data aligned and in the
same FOV. In Figure 3.5 we present the first and the last image of 1700 A data set
used for our analysis. These images were aligned using rot_zy.pro function to keep
them in the same FOV.

Figure 3.5 - Tracking of NOAA 11272 observed by AIA in 1700 A.

2011-08-16 T23:45:19 UT 2011-08-17 T05:39:43 UT

Y (pixel)

0 50 100 150 200 0 50 100 150 200
X (pixel) X (pixel)

Tracking of active region observed during six hours, from 2011-08-16 at 23:45 UT (left-
hand) to 2011-08-17 at 05:49 UT (right-hand). The region was aligned using the function
rot__xy.pro.

SOURCE: Author production
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4 DATA ANALYSIS METHOD

It is not an easy task to detect waves in the solar atmosphere, mainly because they
occur in the threshold of instrumental detectability. Hence, it is necessary to obtain
data with the best spatial resolution and temporal cadence (SYCH; NAKARIAKOV,
2008). Fortunately, data obtained from SDO/AIA allow us found waves of 24 and
48 seconds in EUV and UV images respectively, with a good spatial resolution.
Besides, in the low atmosphere and corona the waves are of transient nature and
finite lifetime, then in the most of cases we found oscillations of few periods. These
waves also have a pronounced temporal modulation in parameters as period and
amplitude. Theses characteristics, turn the wavelet analysis a well suited method for
analysing temporal series and to study waves in the solar atmosphere (MOORTEL et

al., 2004).

In this work we used the PWF method (SYCH; NAKARIAKOV, 2008) to determine
the presence of waves in a 3D data cube, making spectral static and dynamics 2D

maps.
4.1 Wavelet Analysis Evolution

Before the wavelet transform becomes a popular tool for the analysis of data sets,
were introduced methods as the Fourier transform and windowed Fourier transform
(WENG; LAU, 1994). As follow, we will explain the principal characteristics of each

one.

Fourier transform is an useful tool to obtain global information of wave-like signals.
However, it does not get local information at certain instant of time. The signals
are averaged over a whole domain, hence, it is not appropriated to analyse non-
stationary signals that occurred only in a short period of time (WENG; LAU, 1994;
MOORTEL et al., 2004). On the other hand, the windowed Fourier transform extracts
local-frequency information of a signal using time-frequency window (TORRENCE;
COMPO, 1998). As this is fixed width, it is not possible to detect simultaneously
high and low frequencies at the same signal (WENG; LAU, 1994).

Wavelet transform is a suited tool to analyse non-stationary signal observed in short
periods of time (MOORTEL et al., 2004). It is a mathematical technique, based on
group theory and square integrable representations, used to unfold a signal into
both space and scale (FARGE, 1992). Wavelet transform divides a data set into

components with different scales, then each component is studied with a resolution
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matched to its scale. In addition, wavelet transform uses a flexible time-frequency
window that adjust its width automatically when fixing on high (narrow) or low
(wide) frequencies oscillations (WENG; LAU, 1994; TORRENCE; COMPO, 1998).

For a time series, x, with equal time spacing 6t and n = 0 ... N — 1, the wavelet
function v(n), with 7 as non-dimensional time parameter, satisfies the following
conditions (FARGE, 1992; WENG; LAU, 1994):

e Admissibility condition: It is a squared integrable function with average

equal to zero.
e Regularity condition: It is well localized in both time and frequency spaces.
e [t has finite energy, i.e., it should be normalized.

e (Cancellations condition: To study the behaviour of the Nth derivative of
function, the wavelet should cancel terms up to order N, i.e., vanishing

high order moments to not alter the lower-order variations.

e Invertibility condition: The function’s shape should be able to recover the
signal exactly from its wavelet coefficients (i.e., to be one reconstruction

formula) and for allowing to calculate other quantities from them.

e Similarity condition: The scale decomposition should be obtained by the
translation (¢(n) — ¥(n+ 1)) and dilation (¢/(n) — ¢(2n)) of only one
mother function. Dilated and translated functions that have its origins in
a mother function are called daughter wavelets or wavelet. Sometimes, the

mother function is know as analysing wavelet or basic wavelet.

The most common mother functions are Morlet, Paul and Derivative of Gaussian
(DOG) (TORRENCE; COMPO, 1998; MOORTEL et al., 2004).

The Morlet wavelet is complex-valued characterized by having large number of os-

cillations and hence a good frequency resolution.

W) = henem0r), (4.1)

where k is a non-dimensional frequency that controls the number of oscillations

present in the mother wavelet, i.e., determine the frequency and time resolution of
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the corresponding wavelet transform. In Figure 4.1 is presented the real and complex

part of function Morlet in both time and frequency domains.

Figure 4.1 - Morlet mother function.
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Representation of Morlet mother function (Equation (4.1)) for k£ = 6. Left: Real (red line)
and complex (blue line) part of wavelet function in time domain. Right: Wavelet function
in frequencies domain for k = 6 and s = 1.

SOURCE: Reproduction from Torrence and Compo (1998)

Figure 4.2 shows the Paul wavelet. This mother function is also complex-value. It
has fewer oscillations, but is very localised in time, which means that the resolution

in time is larger but in frequency is lower.

tls ski(2r)

Representation of Paul mother function for m = 4 (Equation (4.2)). Left: Real (red line)
and complex (blue line) part of wavelet function in time domain. Right: Wavelet function
in frequencies domain.

SOURCE: Reproduction from Torrence and Compo (1998)
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DOG function is real-valued. It has few oscillations in a much wider time domain. To
k =2 DOG is called Mexican hat wavelet. In Figure 4.3 we show the DOG function

form=2and m=26

(_1)m+1 dm _ 2/2 . .
Y(n) = e " , m=derivative 4.3
0= T ) w

Figure 4.3 - Derivative of Gaussian (DOG) mother function.
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Representation of Equation (4.3) DOG mother function. Left top: Real part of wavelet
function in time domain for Mexican hat (DOG m = 2). Right top: Wavelet function in
frequencies domain for (DOG m = 2). Left lower: Real part of wavelet function in time
domain for DOG m = 6. Right top: Wavelet function in frequencies domain for DOG
m=26

SOURCE: Reproduction from Torrence and Compo (1998)

A wavelet function may be orthogonal or non-orthogonal, but a wavelet basis refers
only an orthogonal functions. This can be used with the discrete wavelet transforms,
while the non-orthogonal functions may be used with the discrete or continuous
wavelet transform (FARGE, 1992; TORRENCE; COMPO, 1998). We will use the con-
tinuous wavelet transform and hence we will not describe the orthogonal neither

discrete wavelets.

For a discrete time series z, the continuous wavelet transform is defined as the
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convolution of z,, with a scaled and translated version of ¢(n) i.e .

(4.4)

where s is a wavelet scale, n = (n’ —n)/s is a time variation, and ¢* is the complex
conjugate of ¢y (TORRENCE; COMPO, 1998; MOORTEL et al., 2004).

The wavelet transform has been widely used in solar physics to study oscillatory
phenomena. For example, Moortel et al. (2000a) studied the damping of a signal us-
ing the wavelet power and applied this technique to the phase mixed Alfvén waves.
Moortel et al. (2002) and Moortel et al. (2004) also used this technique to study
the properties of observed wave-like oscillations and damping of waves in coronal
loops. On the other hand, Moortel and McAteer (2004) developed an automatic tech-
nique for identifying periodicities in time series, through wavelet spectrum. Ireland
et al. (1999) analyse active regions oscillations and detect their duration and period,
through the wavelet transform over observations from SoHO and CDS—Normal In-

cidence Spectrometer (NIS).
4.2 Pixelised Wavelet Filtering (PWF)

One method based in wavelet analysis is called pixelised wavelet filtering (PWF)
(SYCH; NAKARIAKOV, 2008; SYCH et al., 2010), which has been applied to find waves
in sunspots with data obtained from SDO (SYCH; NAKARIAKOV, 2014; YUAN et al.,
2014), TRACE and NoRH (SYCH et al., 2012). This allows us to identify periodic-
ities in 3D data cubes, showing the spatial distribution and temporal evolution of

frequencies found, through of 2D narrowband maps.

The method applies the continuous wavelet transform, using the Morlet mother
function over the time signal of each pixel within the region of interest (ROI) se-
lected. The continuous wavelet transform is calculated with the code provided by
Torrence and Compo (1998) 1.

We will explain the PWF method steps using a synthetic data cube that contains
standing and travelling waves of different periods, wavelengths, and amplitudes. This
was reproduced from Sych and Nakariakov (2008). Figure 4.4 shows the simulated

data cube of 300 frames with 21 x 21 pixels and temporal cadence of one second.

!The software is available at http://paos.colorado.edu/research/wavelets/
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Figure 4.4 - Synthetic data cube

21px

The data cube was made with 300 frames of 21 x 21 pixels temporally spaced by 1 second.

SOURCE: Reproduced from Sych and Nakariakov (2008)

A 3D data cube (z, y, t) is a set of images obtained with a equal cadence dt; x and
y represents the axis of images and ¢ the time. Therefore, each pixel is associated

with a time series x,, which describes the temporal variation of its intensity.

To select the ROI it is made a variance map, calculating the variance over the
time series of each pixel. Thus, the map shows the spatial distribution of the time
variations including all spectral frequencies. However, we can select the ROI without
the variance map. In Figure 4.5 is presented a snapshot of synthetic data cube and

its variance map which includes the 20, 60, and 100 seconds periods and noise.

Figure 4.5 - Test signal and Variance map
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Image of test signal and variance map for synthetic data cube.
SOURCE: Reproduced from Sych and Nakariakov (2008)
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In the next step we calculate the wavelet transform of the time signal integrated
over the whole ROI (see Figure 4.6(a)). Through the amplitude wavelet spectrum,
we identify the significant periodicities present in the signal. The cone of influence
(COI) is the region where the errors at the edges of the wavelet transform may be
important and values inside this area should be treated with caution (MOORTEL;
MCATEER, 2004). In Figure 4.6(b) the COI is represented by the hatched area.
Period F3 is inside of this area, but we considered it in the significant periodicities
group. In Figure 4.6(b) and (c) are presented the significant periods F1, F2, and
F3 indicating 20, 60 and 100 seconds, respectively. The dashed lines indicate the
periods found and the peaks present in the global wavelet spectrum (GWS) indicate

the presence of these oscillations.

Figure 4.6 - Temporal signal and wavelet spectra for synthetic data cube.
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(a) Temporal signal integrated over ROI (b) Amplitude wavelet spectrum. (c) Global
wavelet spectrum.

SOURCE: Torrence and Compo (1998), Sych and Nakariakov (2008)
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In the same manner, we applied the wavelet transform in the time series of each pixel
of ROI, obtaining a 4D data cube (z, y, t, P), with P representing the period. Next,
we filtered by period-bands previously chosen and calculate the inverse transform
over this 4D cube. Thus we made a band pass filter to obtain a time signal for a
specific period-band. Next, we find the power for each curve and made a broadband
power cube which is used for visualising the spatial distribution of the spectrum of

the oscillation sources.

The spatial distribution of the power corresponding to each period-band is called
narrowband power map. Then, integrating this narrowband temporal signal over the
spatial domain of each period-band, we obtain the global spatially integrated wavelet
power spectrum (GSIWPS). The spectrum peaks show the oscillations found in the
ROL

The peaks shown in Figure 4.7 represent the periods found in the 3D data cube.
There are three peaks indicating the presence of 20, 60, and 100 second oscillations.
Also is present the signal noise in the spectrum. Figure 4.8 shows the temporal signal
by each filtered period-band.

Figure 4.7 - Global Synthetic Integrated Wavelet Power Spectrum
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The three peaks on the GSIWPS indicate that were found oscillations of 20, 60, and 100
seconds. Also the noise is showed in the spectrum .

SOURCE: Reproduction from Sych and Nakariakov (2008)
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Figure 4.8 - Temporal signal filtered.
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Temporal signal filtered by period-bands for oscillations present in the synthetic data cube.
Filtered signal for noise and periods of 20, 60, and 100 seconds are presented.

SOURCE: Author production.

To stablish what type of wave was found and to study the temporal evolution of
these waves we made videos with the narrowband maps for each period-band. They
are called dynamical map. In this example were found travelling waves of 20 and
60 seconds and standing waves of 100 seconds. In Figure 4.9 are showed travelling
waves of 20 and 60 seconds in three instants of time (top and middle). In the same

manner, standing waves of 100 seconds are presented in the data cube (bottom).
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Figure 4.9 - Dynamical Maps.

Amplitude Narrowband maps

Travelling Waves P1=20 sec

Dynamical map for waves found in the synthetic 3D data cube. Top: Travelling waves
of 20 seconds. Middle: Travelling waves of 60 seconds. Bottom: Standing waves of 100
seconds.

SOURCE: Reproduced from Sych and Nakariakov (2008)

In this work, we made the 3D data cubes taking a number of frames corresponding
to sixty and thirty minutes of observation. For one hour, we made six principal and
five secondary cubes overlapped by thirty minutes. Similarly, for thirty minutes we
made twelve principal and eleven secondary cubes overlapped by fifteen minutes.
All data cubes have the same dimensions (122.4” x 146.4”) and we chose the ROI

before calculate the variance map.

We wrote a set of routines in IDL to calculate step by step the PWF in each 3D data
cube according to Sych et al. (2010). At the end, we got the plots of variance map,
wavelet transform power and amplitude spectra, GSIWPS indicating the oscillations

present in the ROI, and a narrowband map for oscillations found in automatic
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form. The set of routines were written considering the follow steps. The continuous
wavelet transform, was calculated with Morlet mother function using the Torrence
and Compo (1998) routines. We select the period-bands between dt x 2"~ and dtx 2",
where dt is the temporal cadence in seconds and 1 < n < 6. These period-bands
were chose following to Sych et al. (2010). Thus, in the next step we calculated the
wavelet transform pixel by pixel, filtering by the period-bands selected. Then, with
the GSIWPS, we identified the frequencies present in the data cube, and with the

broadband, narrowband maps we studied the spatial distribution of signal power.

One complete data cube is too large to calculate the PWF and need a lot of time and
random access memory (RAM). So, to optimize the calculation time and RAM usage
we divided these ROI cubes in parts (two, four, and six) depending on the number
of frames contained in the data cube, e.g. for a cube of 171 A with 300 frames, we
divided it in six parts. The code divide the data cube with our specifications and

put together the filtered results in just a few minutes.
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5 3D MODEL OF WAVES ALONG OF CORONAL LOOPS
5.1 Linear Force-Free Field (LFFF) Approximation

The dynamics of most part of the solar atmosphere is dominated by the magnetic
fields. This can be seen through the plasma-f parameter, which is defined as the

ratio of the thermal plasma P, to the magnetic Pg pressures.

by 26nckpTe

_ fh “Ble 5.1
Py B2/81 (5-1)

p

where £ is the ionization correction of pressure, £ = 1 and £ = 0.5 for the corona and
photosphere respectively, B (G) the magnetic field strength, and 7, (K) the electron
temperature (ASCHWANDEN, 2004). Figure 5.1 shows that between the photosphere

and upper corona the magnetic pressure is dominant over the plasma pressure.

Figure 5.1 - Plasma § parameter in the solar atmosphere.
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The plasma [ determines the relation between the thermal gas P, and magnetic P,
pressures.

SOURCE: Gary (2001)

For g <« 1, if in the lowest order all non-magnetic forces, e.g., gravity and kinematic
plasma flow pressure, are neglected and the Lorentz force is vanished, we can use
the force-free field approximation (WIEGELMANN; SAKURAI, 2012).
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For static configuration it is defined as:

jxB = 0, (5.2)
i = VxB/u. (5.3)

where the relation (5.3) is the electric current density. This approximation also
includes the Gauss’ law (Equation (2.8)).

Inserting Equation (5.3) into (5.2) we have:

(VxB)xB=0, (5.4)

which is satisfied by one of the following two cases (WIEGELMANN; SAKURALI, 2012):

e Current-free or potential magnetic fields: It is the simplest assumption for

the coronal magnetic field. This is expressed by

VxB=0. (5.5)

The magnetic field is measured from the Zeeman effect in the photosphere
through of LOS magnetograms (BECKERS, 1971). This is used as boundary

conditions to solve the Laplace equation for the scalar potential ¢,

A¢ = 0. (5.6)

The Laplacian operator A is the divergence of the gradient of the scalar

field. The magnetic field is expressed as

B=_V¢. (5.7)

e [orce-free fields

B||V x B (5.8)
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This condition can be written as

VxB = aB, (5.9)
B-Va = 0, (5.10)

where a(r) is the force-free function.

The function a(r) depends only on the local geometry of field lines, not on the
field strength. Considering the Gauss’ Law « should be constant along magnetic
field lines (MACKAY; YEATES, 2012), always. When « is constant also throughout
different field lines, the solution of Equation (5.9) is the linear force-free set (LFFF)
and when it is not, we get the non-linear force-free field set (NLFFF). For global
solutions using the LFFF approach, the o values should be closer to potential and

can be used for small regions not for the total solar disk (SEEHAFER, 1978).

Figure 5.2 - Twist for force-free magnetic field

(a)

(b)

/ \

Direction of twist for a field line with & > 0 (a) and o < 0 (b) with respect to potential
field a = 0. Panels (c) and (d) correspond to the image of sigmoid structures for each «
showed in (a) and (b) respectively. These images were taken with Hinode X-ray Telescope
on 2007 February 16 and 2007 February 5, respectively.

SOURCE: Mackay and Yeates (2012)
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The function a(r) also quantifies the magnetic “twist” (see Figure 5.2(a)—(b)). The
potential field j = 0 is recovered if & = 0 in all places. On the other hand, if « is

constant everywhere, then the curl of (5.9) leads to the vector Helmholtz equation

(V2 +a*)B =0, (5.11)

which is linear and may be solved analytically in spherical harmonics (DURRANT,
1989).

5.2 Three Dimensional Reconstruction of the Magnetic Field Line

Images from SDO/AIA allow us to study the dynamics of structures (e.g., coronal
loops) involved in transient events. We can observe well defined coronal loops in
171, 193, and 211 A band passes. However, as the coronal loops structure is guided
by the magnetic field, to obtain the magnetic field lines allow us to study the loops

dynamic with more accuracy.

Extrapolating the magnetic field at photospheric level, using LOS magnetogram and
numerical codes, we can know its value in the chromosphere and corona (NAKAGAWA;
RAADU, 1972; AMARI et al., 1997; AMARI et al., 1999). Considering a force-free field,
some methods have been made in attempt to reconstruct the coronal magnetic field
from photosphere. For example, Nakagawa et al. (1971) and Sheeley Jr. and Harvey
(1975) studied the magnetic configuration of sunspots and flux tubes at the solar
surface. Also, Barnes and Sturrock (1972) and Low and Nakagawa (1975) studied
the characteristics of magnetic field in coronal structures, considering different states

of force-free field.

In this work, we used the method proposed by Nakagawa and Raadu (1972) where
it is assumed that in the chromosphere and lower corona the quasi-static magnetic
field must be nearly force-free (LFFF approximation). Besides, we also considered
the conditions to determine the o value according the boundary value problem
discussed by Sechafer (1978).

We used codes written in IDL to find the magnetic field lines. It is necessary a regular
grid formed by plane surfaces, which is possible considering small regions in the
solar disk. The codes obtain the magnetic field value since the vertical component
B, of LOS magnetogram, give us a resultant cube with the B components value
(B:, By, B.) and with this, we obtain the field lines coordinates (z,y, z).
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We choose a ROI with 512 x 512 pixels, which give us a 3D cube of 512 x 512
x 512 pixels®. The process to obtain the field lines in this cube consume a lot of
time and RAM memory. Then, we established some criteria in order to diminish the
calculation time and optimize the use of the RAM memory. These criteria concerns

on the lines maximum height and the selection of the region where we hope to find
the field lines.

It is important to note that for regions closer to solar limb the Sun’s geometry plays
an important role and it is possible to obtain false values of « or not find the lines
that match with the loops seen in EUV. In our analysis, we considered an active
region near to the solar limb (S19E53). Then, we rotated this region to the Sun’s
centre and re-sampled it to obtain a regular grid, taking into account the spherical
shape of the Sun. Next, we extrapolated and rotated back the field lines. Figure 5.3
shows the steps to extrapolate field lines in the solar limb for loops G. Panel (a)
shows the ROI's HMI magnetogram. Panel (b) shows the same ROI moved to centre
of solar disk and re-sampled. Over this were extrapolated the field lines which are
shown in panel (c). We used a transformation matrix, generated when the ROI was

rotated, to move the field lines to the solar limb as is shown in panel (d).

Figure 5.3 - Extrapolation of magnetic field in the solar limb
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Process to extrapolate field lines in the solar limb for loops G of NOAA 11272. (a) ROI in
the solar limb. (b) ROI moved to the solar disk centre and re-sampled. (c) Extrapolated
lines in the solar disk centre. (d) The same lines seen in (c¢) but moved to the solar limb.

SOURCE: Author production
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5.3 3D Model of Velocity Waves

Most of works about waves in coronal loops have been done in 2D (ASCHWANDEN
et al., 2002; MOORTEL et al., 2002; WANG et al., 2003a), because one of the problems

is to reconstruct the loop in 3D.

The knowledge of the loop coordinates (x,y, z) allows us to do more accuracy anal-
ysis, about the characteristic of plasma along them. Thus, techniques to obtain the
3D magnetic field topology of coronal loops have been used (ASCHWANDEN et al.,
1999; WHITE; VERWICHTE, 2012; ASCHWANDEN, 2016), some of them using mag-

netic extrapolation and others through of automatic detection from EUV images.

Aschwanden et al. (2008) and Aschwanden et al. (2009), used the stereoscopy-based
tomography method to detect loops in EUV and represent them in 3D. In the same
manner, Aschwanden (2005) and Rosa et al. (2009) obtained the geometry of loops
observed in EUV through NLFFF extrapolations. Another alternative is proposed in
the Vertical Current Approximation (VCA)-NLFFF code, developed by Aschwanden

(2016) to reconstruct coronal loops for far regions of solar limb.

On the other hand, STEREO is a NASA mission and has two nearly identical space
observatories (one ahead of Earth in its orbit, the other trailing behind) (EYLES et
al., 2009; HOWARD et al., 2008). We can know the geometrical shape of loops in 3D
space joining images from both STEREO and SDO/ATA (NISTICO et al., 2013b) and
making a coordinate transformation. This has been used for studying loops in active
regions located near to the solar limb (ANFINOGENTOV et al., 2013). However, due to
the movement of STEREO observatories, images on the solar limb are not available
all time. Then, this method can be used only in limited cases. Figure 5.4 shows the
geometry of four loops observed from SDO and STEREO. Length of these loops
was used to measure the period and amplitude of kink oscillations to determine the
evolution phase along the oscillating loops (ANFINOGENTOV et al., 2013).
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Figure 5.4 - Loops reproduced using SDO and STEREO images

SDO/AIA 171 2013-01-22T02:20:11.34  STEREO/EUVI-A 195 2013-01-22T02:20:30.008

-800 -700 -600 -500 -400 -300 -200

950 1000 1050 1100 1150 1200
X [arcsec) Xgy [arcsec]

Images of coronal loops reproduced using SDO and STEREO data. Left: Loops seen by
SDO/AIA. Right: Loops seen by STEREO

SOURCE: Anfinogentov et al. (2013)

We made a three-dimensional model for describing the waves behaviour along the
loops. This model was constructed over extrapolated field lines that reproduce the

coronal loops seen in EUV.

We calculated the sound velocity for each line point, using the Equation (2.13) and
temperature values from structure semi-empirical models. We used the Machado
et al. (1980) model for chromospheric flare regions to heights between photosphere
and low chromosphere. For greater heights, we used the SSW routines for automated

detection of temperature developed by Aschwanden et al. (2013).!

According to SDO/ATIA thermal response and to flare-like temperatures determined
by O’Dwyer et al. (2010), we calculated the sound velocity expected for each band
pass of AIA, which are listed in Table 5.1.

ISoftware available at http://www.lmsal.com/~aschwand /software
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Table 5.1 - Sound velocities expected for
O’Dwyer et al. (2010) model.

SDO/ATIA EUV lines,

Wavelength T Cs
(A) (MK) ~ (kms™)
131 11.22 492.39
171 0.70 122.98
193 17.78 619.84
211 1.99 207.36
335 2.81 246.41
94 7.07 390.86

SOURCE: Conde et al. (2016)

according to

For Alfvén velocity, we used the magnetic field value corresponding to each line

point and hydrogen number density n;, (cm™3) values from structure semi-empirical

models. As we did for temperature, we used the Machado et al. (1980) model for

heights below the chromosphere. For heights corresponding to chromosphere and

transition region, we used the C7 model by Avrett and Loeser (2008). These values

were used in the Equation (2.25) for determining v4. We present the resulting veloc-

ities through three-dimensional graphics of the loops over the magnetogram located

in the Sun’s centre.
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6 NOAA 11272
6.1 Active Region Characteristic

Active Region NOAA 11272, localised at S19E53 was analysed between 16 August
2011 at 23:45:00 UT and 17 August 2011 at 05:40:00 UT. For this study we used
high-resolution UV (1600 and 1700 A) and EUV (304, 131, 171, 193, 211, 335, and
94 A) images taken by SDO/ATA, with temporal cadence of 24 and 12 seconds,
respectively. We did not use images in 4500 A, because the temporal cadence is
3600 seconds. The images were aligned and processed using the SSW routines as
we explained in Chapter 3. Figure 6.1 (left-hand) shows the active region in nine
SDO/AIA wavelengths on 2011-08-17 at 04:19:00 UT. Orange box on the full disk
(right-hand) encloses the ROI selected for the wavelet analysis.

Figure 6.1 - Active Region NOAA 11272 seen in nine SDO/AIA wavelengths

SDO/AIA

2011-08-17 T04:19:00 UT 4500 A

At right-hand, an image of the Sun’s surface in white light continuum. Orange box indicates
the place of NOAA 11272. Active region seen in 1700, 1600, 304, 171, 193, 211, 131, 335
and 94 A is shown at left-hand.

SOURCE: Author production

On 17 August 2011 GOES-15 spacecraft detected the B3.8, C1.9, and C2.3 class
flares as is shown in Table 6.1. B3.8 class flare was located in NOAA 11271, however
we compared the temporal signals for NOAAs 11271 and 11272 around 23:50:00 UT
and observed that this flare occurred in NOAA 11272. Figure 6.2 shows the signal
integrated for both active regions in 131 A. We plotted this band pass because it was
more sensible for detecting the B3.8 flare. The black line in Figure 6.2 is coherent
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with the period in which this flare occurred and hence we included it in our analysis.

Table 6.1 - Flares occurred in NOAA 11272 on 17 August 2011.

Flare Begin Maximum End
Class UT uT UT
B3.8 00:06 00:11 00:20
C1.9 01:44 02:54 03:44
C2.3 04:19 04:29 05:07

SOURCE: Author production

Figure 6.2 - Time profile of signal for NOAAs 11271 and 11272 in 131 A.

NOAA 11271

NOAA 11272

Intensity [arbitrary units]

08 n | n n | n n | n n | n n | L L L L
23:54 00:00 00:06 00:12 00:18 00:24
Start Time (16-Aug-11 23:50:00)

Time profile comparison between NOAA 11271 (red line) and 11272 (black line) during
the corresponding time for B3.8 class flare.

SOURCE: Author production

Figure 6.3 shows the GOES-15 light curve for NOAA 11272. We indicate the max-
imum time of each flare with vertical dashed lines. In the same manner, we show
the temporal signal integrated (in arbitrary units) of the ATA images in nine band
passes. For 193 and 211 A, the intensity was re-scaled subtracting 1150 and 150
arbitrary units, respectively. For 131, 304 and 1700 A we used factors of 3, 6 and 5
and subtracted 150, 400 and 1200 arbitrary units, respectively. In 1600 A we did it

46



with a factor of 5.5 and added 190 arbitrary units. Finally, 94 A signal was re-scaled
by a factor of 4. The GOES light curve and the temporal signals coincide in the

maximum time of each flare. This is more evident in 131 A.

Figure 6.3 - Time profile of intensity for NOAA 11272.
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The time profile from nine ATA band passes is compared with the GOES light curve in
1-8 A. The B3.8, C1.9, and C2.3 flares maximum time are indicated by vertical dashed
line.

SOURCE: Author production

In Figure 6.4 we show seven loops related with each flare described in Table 6.1.
These loops were seen in six EUV band passes of ATA images. According to this we
chose the ROI with dimensions of 122.4"” x 146.4” for the active region’s oscillatory
analysis. Numbers 1 and 2 indicate the footpoint positions for the active region loops.
We designed these positions according the result of the magnetic field extrapolation,
1 and 2 refers to first and last line point, respectively. This, will be better explained

in Section 6.4. Times in which appeared the loops are described in Table 6.2.

47



Figure 6.4 - Loops perturbed during the period of flares occurred in NOAA 11272.

(a) 2011-08-17 T02:07:24 UT (b) 2011-08-17 T02:42:39 UT (c) 2011-08-17 T02:49:24 UT
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(d) 2011-08-17 T03:29:54 UT (e) 2011-08-17 T03:51:39 UT (f) 2011-08-17 T04:56:09 UT
340
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Loops A, B, and C were perturbed during C1.9 flare (see panel (a), (b), and (c), respec-
tively). Next, the loops D, E and F were perturbed (panel (d) and (e)). Finally, loop G
was disturbed as is shown in panel (f). 1 and 2 refers to the footpoints of the loops.

SOURCE: Author production

Table 6.2 - Description of perturbed loops during the period of flares.

Flare Band pass Time Loop
A
B3.8 131 00:06:09 UT — 00:30:09 UT C
C1.9 171, 193 02:03:09 UT — 02:22:21 UT A
C1.9 171, 193 02:35:57 UT — 03:39:45 UT B
C1.9 171, 193 02:41:09 UT — 02:45:57 UT footpoints B — C
C1.9 171, 193 02:41:09 UT — 03:16:09 UT footpoint C
C1.9 171, 193 03:49:09 UT — 03:55:57 UT  footpoint C
C1.9 171, 193 02:49:33 UT — 03:34:09 UT C
C1.9 131 01:44:09 UT — 02:30:45 UT A, B, C
C1.9, C2.3 131, 171,193 03:39:45 UT — 04:14:33 UT E
C1.9, C2.3 131, 171,193 03:48:45 UT — 04:15:09 UT F
C1.9, C2.3 131 01:44:09 UT — 05:40:00 UT G
C1.9, C2.3 171,193 03:04:33 UT — 05:40:00 UT G
C2.3 131 04:18:21 UT — 04:52:45 UT D
C2.3 171, 193 04:45:33 UT — 05:33:21 UT D

SOURCE: Author production
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6.2 Waves Detected

We searched oscillatory presence along the loops A—G using the PWF method. In
the first part, we obtained the variance maps to see the brightness spatial variation
and the wavelet spectra for determining the significant periods. Figure 6.5 shows a
variance map for 171 A in different periods along the observation time. The variance
map shows that there is high possibility of finding waves along the loops A (panel
(a)), B and C (panel (b)), D, E, and F (panel (¢)) and G (panel (d)).

Figure 6.5 - Variance map for loops perturbed during the flares occurred in NOAA 11272
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Variance map for images in 171 A. The maps allow us to see the major spatial variation
in each loop chosen for our analysis.

SOURCE: Author production

In Figure 6.6(b)—(d) we show the wavelet amplitude, phase, and power spectra of
temporal signal integrated over the ROI (panel (a)), in 1700 A band pass. In panel
(b) it is possible to see the presence of oscillatory periods around 9, 5 and 2 minutes.
In panel (d) the confidence level is seen outside of COI and the GWP (panel (e))
shows the 95 % of confidence level for periods of 19 and 9 minutes. Then, we selected
the 19-, 9-, 5-, 2-, 1-, and 0.6-minute period-bands for filtering in the second part of
PWF method (see Chapter 4).
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Figure 6.6 - Wavelet spectra over temporal signal of 1700 A .

a) Temporal Signal Integrated

Intensity (arbit. units)
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Period (sec)

e) Global Spectrum
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(a) Temporal signal integrated over the ROI, in arbitrary units. (b) wavelet amplitude
spectrum indicating the periodicities included in the temporal signal. (c) Wavelet phase
spectrum. (d) Wavelet power spectrum. (e) The global power spectrum shows the peaks
of probably periodicities present in the signal. The 95 % of confidence level is shown in
panels (d) and (e).

SOURCE: Author production
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Hence, we obtained the global spatially integrated wavelet power spectra to identify
the periodicities present in the data cube. Also, we can see the spatial distribution

of these oscillations in the ROI through the narrowband maps.

Peaks in the GSIWPS showed the presence of 19-, 9-, 5-, 2-, 1-minute, and 36-
second oscillations. The narrowband maps showed oscillations along all considered
loops in EUV band passes and in the footpoints of the loops A, B, and C. For
example, in Figure 6.7 we found 19-, 9-, 5- and 1-minute peaks in the spectrum for
a data cube of 1600 A, between 00:15:05 UT and 01:14:41 UT. In the same manner,
Figures 6.8(a)—(e) show the first snapshot of narrowband map resulting of PWF
for this data cube. Panel (f) represents a zoom for oscillations of 19 minutes seen in
panel (e). Oscillations of 1, 2, 5, 9, and 19 minutes found in the data cube of 1600
A are centred in the footpoint regions of the loops A and C. For determining if
these oscillations are travelling or standing waves, we study the temporal evolution

through the dynamical narrowband maps, i.e., videos.

Figure 6.7 - Global spatially integrated wavelet power spectrum for 1600 A.

Global Spatially Integrated Wavelet Power Spectrum

2.0

Power

0.5 1 min
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Period (seconds)

The peaks show the presence of 19-, 9-, 5-, and 1-minute oscillations.
SOURCE: Author production

51



Figure 6.8 - narrowband map for 1600 A .
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(a)-(e) The oscillation spatial variation is centered in the footpoint area of the loops A
and C. In (f) is shown a zoom of the region where the oscillations of 19 minutes are
centered.

SOURCE: Author production

In the following, we will explain in more detail the waves found in the active region

during the flares mentioned in Table 6.1.
19-minute standing waves

We found standing waves in the period-band of 19 minutes (1946 min) at the loops
A, B, and C showed in Figures 6.4(a)—(c). These waves were observed during the
C1.9 flare, from 01:15:00 UT to 03:44:48 UT, in six EUV band passes (171, 193, 211,
131, 335, and 94 A).

Figures 6.9(a)—(f) show snapshots of narrowband maps for the amplitude (in ar-
bitrary units) of the waves seen at 01:58:36 UT. Comparing the maximum (bright
details) and minimum (dark) amplitudes, we saw that detected waves in 131, 335,
and 94 A (Figures 6.9(a)—(c)) and in 171, 193, and 211 A (Figures 6.9(d)—(f)) are

in phase. However, the two groups are out of phase.
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Figure 6.9 - Amplitude narrowband maps for waves of 19 minutes along the loop A.

(a) 131 A 01:58:36 UT (b) 335 A 01:58:36 UT (c) 94 A 01:58:36 UT

-340 -340

-350 -350

Y (arcsec)

-360 -360

-370 -370

-880 -870 -860 -850 -880 -870 -860 -850 -880 -870 -860 -850
1 1 1
-400-300-200-100 0 100 200 -20 O 20 40 60 80 -200 -100 0 100
(d) 171 A 01:58:36 UT (e) 193 A 01:58:36 UT (f)211 A 01:58:36 UT

-s30 [ -330

LS P4 y \
04 v . -340
g r
1<)
s
> -350 -350
L d ‘
L
360 ‘ 360
-880 -870 -860 -850 -880 -870 -860 -850 -880 -870 -860 -850
X (arcsec) X (arcsec) X (arcsec)
1 1 1
-400 -300 -200 -100 O 100 -300-200-100 O 100 200 300 -200 0 200 400

Standing waves were seen in 131 A (a), 335 A (b), 94 A (c), 171 A (d), 193 A (e) and
211 A (f). The colorbar indicates the variation between the maxima and minima ampli-
tudes.

SOURCE: Conde et al. (2016).

Loops B and C were perturbed after starting the C1.9 flare (Figure 6.10), from
01:45:00 UT to 02:44:48 UT, being clearly visible in 171, 193, and 211 A lines
(Figures 6.10(d)—(f)). In particular, the loop C is highlighted in the snapshots of
171, 193 and 211 A. The variation between maximum and minimum amplitudes seen
in the narrowband maps, shows waves in phase for loops B and C in all EUV band

passes.

The amplitude dynamical maps confirmed the presence of standing waves along the
loops A, B, and C in all six EUV band passes. These videos are available in the
supplementary material of Conde et al. (2016).

We found a high spatial coincidence between the appearance of the waveform shown

in Figure 6.9 and 6.10 and the shape of the loops seen in Figure 6.4(a)—(c).
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Furthermore, these waves appeared in all moments of C1.9 flare, starting at loop A

and continuing at loops B and C.

Figure 6.10 - Amplitude narrowband maps for waves of 19 minutes in loops B and C.
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The waves were seen in 131 A (a), 335 A (b), 94 A (c), 171 A (d), 193 A (e) and
211 A (f). The colorbar indicate the variation between the maxima and minima of ampli-

tude.

SOURCE: Conde et al. (2016).

Figures 6.11(a) and (c) show snapshots of amplitude narrowband maps (in arbitrary
units) for 94 and 193 A in three different instants of time (spaced 10 minutes each
other). The time variation of the loops’ bright and dark regions shows a static wave
behaviour, which also is seen in the phase narrowband maps (in rad), Figure 6.11(b)

and (d). This characteristic was seen in all data cubes studied and during all stages

of C1.9 flare.
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Figure 6.11 - Amplitude and phase narrowband maps for waves of 19 minutes.
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Amplitude (arbitrary units) and phase (rad) narrowband maps for loops A in 94 A
(a)—(b) and loops B and C in 193 A (c)—(d) for standing waves of 19 minutes.

SOURCE: Conde et al. (2016).

We also found standing waves of 19 minutes along the loops D, E, F, and G, showed
in Figure 6.4(d)—(f), just after of the C1.9 flare and during the C2.3 flare.

From 03:45:00 UT to 04:44:48 UT we observed waves along the loop G in 94 and
131 A, also in loops E, F, and D in 171, 193, 211, and 335 A. In the same time
interval, we saw the waves along the loop D in 131 A, in loop A in 94 A, in footpoint
of loop F and near to the footpoint of the loops E and A, in 1600 A. In the same
manner, we found waves in loops D and G from 04:15:00 UT to 05:14:48 UT in 131,
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171, 193, 211, and 335 A. For this period of time we saw waves along the loop G
in 94 A and in one footpoint of loop F in 1700 A. After that, between 04:45:00 UT
and 05:39:48 UT, we observed waves in loops D and G in 171, 193, 211, and 335 A.
In addition, these waves were seen again in loop A in 94, 131, 171, 193, 211, and

335 A, and in loop B in 171, 193, and 211 A.

Figure 6.12 - Amplitude narrowband map for waves of 19 minutes in loops D and G.
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Amplitude (arbitrary units) narrowband map for loops D and G in 171, 193, 211, 131,
335, and 94 A (a)—(f) for standing waves seen at 04:49:36 UT.

SOURCE: Author production
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Figure 6.13 - Amplitude narrowband maps for waves of 19 minutes in loops E and F.
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(a)—(d) at 04:03:48 UT.

SOURCE: Author production

Figures 6.12 show waves along the loops D and G. For loops D the oscillation is
more evident in 171 A (panel (a)), however in 193, 211, and 335 A (panels (b), (c),
and (e), respectively) these waves were seen in the their top. For 131 and 94 A the
oscillation is slightly visible at the top of D (panels (d) and (f), respectively). These
waves are in phase for 171, 193, and 211 A band passes, but they are out of phase
with respect to 131, 335, and 94 A. In the same form, Figure 6.13 shows standing
waves found along the loops E and F, which are in phase for 171 and 193 A (panels
(a) and (b), respectively) and out of phase with 335 A (panel (d)). It is clearly visible

the spatial coincidence between the waveform and the loops shape.

In Figure 6.14 we show the amplitude and phase narrowband maps for waves of 19
minutes along the loops D—G in 171 A. The phase narrowband maps (panels (b)
and (d)) confirm the existence of standing waves in these loops, which is clearly

visible in the amplitude maps (panels (a) and (c)).
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Figure 6.14 - Amplitude and phase narrowband maps for waves of 19 minutes from the
loops D to G.
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loops D and G. (b) and (d) represent the phase (rad) narrowband maps for (a) and (c),
respectively.

SOURCE: Author production

9-minute standing waves

We found standing waves in the period-band of 9 minutes (9 £+ 3 min) along the
loop A and footpoint regions of the loops A and C. These waves were seen in 1700,
1600 and 304 A for loop A, in 131 and 94 A for loops B and C and in 131 A
for loop D. They appeared from 23:45:00 UT (just before the B3.8 flare starts) to
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00:29:38 UT (after the flare ends). We also saw these waves in loop A from 01:30:00
to 02:29:48 UT, in 171, 193, 211, 131, 335, and 94 A (Figure 6.15(d)—(i)) and in
loop B from 02:15:00 UT to 03:14:48 UT in 171, 193, 211, and 335 A band passes
(Figure 6.16(c)—(f)). Figures 6.15(a)—(c) show waves of 9 minutes connecting the
footpoint regions of loops A and C, between 00:13:00 UT and 01:41:00 UT.

Figure 6.15 - Amplitude narrowband maps for waves of 9 minutes in loop A and footpoint
of loop C.

(a) 1700 A 00:12:55 UT (b) 1600 A 00:13:05 UT (c) 304 A 01:41:08 UT

Y (arcsec)

(d) 171 A 02:05:48 UT (e) 193 A 02:05:55 UT (f) 211 A 02:05:48 UT
400

:
200

Y (arcsec)

et

(9) 131 A 02:05:45 UT (h) 335 A 02:05:51 UT (i) 94 A 02:05:50 UT

-200 -200

-340

-350

-360

Y (arcsec)

-370
-100

-380

-890 -880 -870 -860 -850 -890 -880 -870 -860 -850 -890 -880 -870 -860 -850
X (arcsec) X (arcsec) X (arcsec)

Amplitude (arbitrary units) narrowband map for loop A and footpoint of loop C in 1700,
1600, 304, 171, 193, 211, 131, 335, and 94 A (a)—(i), respectively.

SOURCE: Author production
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Figures 6.16(a) and (b) show 9-minute waves found along the loop B in 131 and
94 A at 00:07:33 UT and 00:07:38 UT, respectively. Waves in footpoint of the loop
C in 304 and 1600 A were seen at 03:48:32 UT and 03:48:41 UT, respectively as is
shown in 6.16(g) and (h).

Figure 6.16 - Amplitude narrowband maps for waves of 9 minutes in loops B and C.
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SOURCE: Author production

Figure 6.17 shows a sequence of amplitude narrowband maps for 9-minute waves
observed along of loops A in 171 A (panel (a)), and B and C in 211 A (panel
(¢)). The phase narrowband maps clearly shows standing waves for these loops (see
panels (b) and (d)). Videos showing the development of these waves are available in

the supplementary material of Conde et al. (2016).
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Figure 6.17 - Amplitude and phase maps for waves of 9 minutes in loops A, B, and C.
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Amplitude for loops B and C observed in 211 A. Panels (b) and (d) represent the phase
(rad) narrowband maps for (a) and (c), respectively.

SOURCE: Author production

The temporal interval of waves found in loops A, B, and C correspond to the C1.9
flare. However, we also detected waves of 9 minutes during the period of C1.9 and
C2.3 flares in loops D, E, F, G, and footpoint of the loop C. We saw these waves from
03:30:00 UT to 04:14:48 UT along the loops E and F in 171, 193, 131 and 94 A
as is shown in Figures 6.19(a)—(d), respectively. In loop D they were seen from
02:45:00 UT to 05:39:48 UT in 171, 193, 211, 335 and 131 A (see Figures 6.18(a)—(e),
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respectively). In one footpoint of loop C we saw waves from 03:29:53 UT

to 04:14:41 UT in 1600 A and from 03:45:00 UT to 04:14:48 UT in 304 A and
again in the loops B and C from 04:30:00 UT to 05:14:48 UT in 335 A. Between
04:00:00 UT and 05:39:48 UT we found waves in the loop G in 171, 193, 211, 131,
335, and 94 A (Figures 6.21(a)—(f), respectively). Also, we saw oscillatory presence
along the loop A in 131 and 94 A around of 04:55:48 UT in the same Figures 6.21(d)

and (f).

Figure 6.18 - Amplitude narrowband maps for waves of 9 minutes in loop D.
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SOURCE: Author production
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Figure 6.19 - Amplitude narrowband maps for waves of 9 minutes in loops E and F.
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Figure 6.20 - Amplitude and phase for waves of 9 minutes in loops D, E, and F.
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Figure 6.21 - Amplitude narrowband maps for waves of 9 minutes in loop G.
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Figure 6.22 - Amplitude and phase narrowband maps for waves of 9 minutes in loop G.
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The phase narrowband confirmed that the oscillations found along the loops D, E,
F (Figures 6.20(a)—(b), and (c)—(d), respectively), and G (Figures 6.22(a)— (b))
are standing waves. We also saw that exists a high spatial coincidence between the

waveform and the loops shape.
5-minute standing waves

We found 5-minute waves (5 4+ 2 min) in the loops A—D and G of Figure 6.4, in
the corresponding time of B3.8, C1.9, and C2.3 class flares.

During the B3.8 flare we found waves in loop A from 23:45:00 UT to 00:14:48 UT
in 304 A and in loop C between 00:00:00 UT and 00:29:48 UT in 94 A. On the
footpoint 1 of loop C (see Figure 6.4) we detected these waves from 00:00:00 UT to
00:26:36 UT in 304 A.

Figure 6.23 - Amplitude narrowband maps for waves of 5 minutes in loop A and footpoint
1 of loop C.
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(a)—(b) waves between the loops A and C in 1700 and 1600 A at 01:50:55 UT. (c)—(h),
waves in loop A 171, 193, 211, 131, 335, and 94 A around of 02:06:12 UT.

SOURCE: Author production
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Figure 6.23(a) and (b) shows waves of 5 minutes from region of loop A to C seen
in 1700 and 1600 A at 01:50:55 UT. These waves also were seen along the loop A
(Figure 6.23(c)—(h)) in 171, 193, 211, 131, 335, and 94 A around of 02:06:12 UT.
Panels (c) and (f) show waves in the footpoint 1 of loop C in 171 and 131 A,

respectively.

Figure 6.24 - Amplitude and phase for waves of 5 minutes in loops A and C.
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SOURCE: Author production
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During the C1.9 flare, between 01:29:53 UT and 02:29:48 UT we found waves in
loop A in 1700, 1600, 304, 171, 193, 211, 131, 335, and 94 A. Also we saw waves in
loops B and C from 02:15:00 UT to 03:11:00 UT in 171, 193, 211, 131, and 335 A.
We found waves in the footpoint 1 of the loop C from 01:45:00 UT to 03:23:24 UT
in 1600, 304, 171, 131 and 94 A and in loop D from 03:15:00 UT to 03:44:48 UT in
131 A.

Figure 6.25 shows the amplitude narrowband map in arbitrary units for waves along
the loop B in 171, 193, 211, 131 and 335 A around of 02:40:00 UT. Loop C is seen
oscillating in 193 and 211 A (6.25(b)—(c) respectively). Footpoint 1 of loop C is
observed in 171, 131 and 335 A (6.25(a),(d), and (e), respectively).

Figure 6.25 - Amplitude narrowband maps for waves of 5 minutes in loops B and C.

(a) (b) 193 A 02:40:07 UT (c) 211 A 02:44:36 UT

171 A 02:40:00 UT

-920 -900 -880 -860 -840 -920 -900 -880 -860 -840 -920 -900 -880 -860 -840
X (arcsec) X (arcsec) X (arcsec)

-300 -200 -100 0 100 200 -200 -100 0 100 200 -200 -100 0 100
(d) 131 A 02:40:09 UT (e) 335 A 02:40:03 UT

)
-920 -900 -880 -860 -840 -920 -900 -880 -860 -840
X (arcsec) X (arcsec)

]
-60 -40 -20 0 20 -15 -10 -5 0 5 10 15

Amplitude (arbitrary units) for standing waves in loop B and footpoint 1 of C observed
in 171, 193, 211, 131 and 335 A around of 02:40:00 UT (a)—(e). In panels (b) and (c)
are shown waves along the loop C in 193 and 211 A.

SOURCE: Author production
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Figure 6.26 - Amplitude narrowband maps for 5-minutes waves in footpoint 1 of loop C.
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SOURCE: Author production

Standing waves of 5 minutes were seen in the footpoint 1 of the loop C (see Figures
6.26(a)—(e)) in 1600, 304, 171, 131, and 94 A between 03:29:53 UT and 04:14:41 UT.
In the top of loop D were seen in 131, 171, 193, 211 and 335 A from 03:20:48 UT to
04:44:48 UT (Figures 6.28(a)—(e)). This time period corresponds to C1.9 and C2.3

flares.

Finally, during the C2.3 flare, we observed waves from 04:00:00 UT to 05:39:48 UT
along the loop G in 171, 193, 211, 335, and 94 A band passes (Figure 6.29(a)—(d),
respectively). From 04:45:00 UT to 05:10:12 UT these waves were seen in the

footpoint 1 of loop C in 171 A. Again, we saw waves in loop D from 03:01:12 UT

to 05:39:48 UT in 171, 193, 211, and 335 A. These loops registered waves from the
begin of C1.9 flare until after of C2.3 flare. After of C2.3 flare we detected waves
from 05:00:00 UT to 05:39:48 UT in 171, 193, and 211 A in loops A, B, and C but

the form of these loops is a little different.
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Figure 6.27 - Amplitude and phase for 5-minutes waves in loop B and footpoint 1 of C.

02:41:55 UT 02:43:55 UT
200
200 300
100
200
_ 100
) 0 100
8
kA 0 0
> -100
-100
-100 _200
-200
-200
3 3 3
y 2 2 2
— | 1 1 1
o .
2 |
g » 0 0 0
s : [
> ) . ! 1 1 1
\ -2 -2 -2
, -3 -3 . -3
-920 -900 —880 -860 -840 -920 -900 —880 -860 -840 -920 -900 -880 -860 -840
X (arcsec) X (arcsec) X (arcsec)
(c) Amplitude 1600 A 03:53:29 UT 03:55:29 UT 03:57:29 UT
20
-360 60 10
-365 0 0
— 40
3 -370 -10
8 -20
& 375 20 -20
>
-40
-380 0 -30
-385 ~ -40
60 _20
(d) Phase 1600 A 03:53:29 UT 03:55:29 UT
v o 7 3 3 3
- -’
. 2 2 2
= g 1 1 1
&
<4 0 0 0
s
> : -1 -1 -1
" -2 -2 -2
p -3 -3 . -3
-870 -860 -850 -840 -830 -870 -860 -850 -840 -830 -870 -860 -850 -840 -830
X (arcsec) X (arcsec) X (arcsec)

(a) Amplitude (arbitrary units) for loops B and C in 193 A. (c) Amplitude for footpoint 1
of Cin 1600 A. Panels (b) and (d) represent the phase (rad) for (a) and (b), respectively.

SOURCE: Author production
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Figure 6.28 - Amplitude narrowband maps for waves of 5 minutes in loop D.
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Figure 6.29 - Amplitude narrowband maps for waves of 5 minutes in loop G.
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Figure 6.30 - Amplitude and phase for waves of 5 minutes in loops D and G.
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(a) and (c) Amplitude (arbitrary units) for loops D and G in 171 and 193 A, respectively.
(b) and (d) represent the phase for (a) and (c), respectively.

SOURCE: Author production

Figure 6.29 shows standing waves of 5 minutes along of loop G around 04:57:03 UT.
These waves are highly visible along the loop G in 171, 193 and 211 A (panels
(a)—(c), respectively), however in 335 A (panel (d)) is faintly visible. Figure 6.30
shows the amplitude and phase narrowband for waves of 5 minutes in loops D and
G (panels (a)—(b) and (c)—(d), respectively).

The amplitude (arbitrary units) and phase (rad) narrowband maps of Figures 6.24,
6.27, and 6.30 show clearly the presence of standing waves along the loops A—G
and in the footpoints of the loops A and C.
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2-minute travelling waves

We found waves in the period-band of 2 minutes (2 4 0.8 min) for loops A, B, and

C. They were seen in different moments of each flare mentioned in Table 6.1.

We saw these waves from 01:30:00 UT to 02:14:48 UT propagating in the footpoints
of loop A in 1700, 304, and 171 A (see Figure 6.31(a)—(c)). Particularly, we observed
the waves along the loop A in 171 A at 02:04:00 UT (Figure 6.31(d)) and along the
loop B in 171 A, from 02:37:36 UT to 02:44:48 UT (Figure 6.31(e)).

Figure 6.31 - Amplitude of 2-min travelling waves in loops A and B.
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SOURCE: Author production
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Figure 6.32 - Amplitude and phase maps for waves of 2 minutes in loops A and B.
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SOURCE: Author production

During the B3.8 flare, between 23:56:24 UT and 00:24:36 UT, we saw 2-minute
waves propagating between the footpoints of loops A and C in 1600 A band pass
(see Figure 6.33(a)). In the same manner, from 01:43:53 UT to 02:29:29 UT these
waves were seen travelling from A to C footpoints in 1600 and 94 A, but from
02:10:36 UT to 03:14:48 UT in 171, 1600, and 304 A they were seen only in the
footpoint 1 of loop C as is shown in Figure 6.33(b)—(d). This period correspond to
C1.9 flare. Finally, during the C2.3 flare we saw travelling waves in the footpoint 1
of loop C, between 04:45:05 UT and 05:23:05 UT in 1600 A.
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Figure 6.33 - Amplitude narrowband maps for waves of 2 minutes in loops A and C.
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(a) Waves found in the loops A and C footpoint regions in 1600 A at 00:12:17 UT. Panels
(b)—(d), waves in the footpoint 1 of loop C, around of 02:41:24 UT in 171, 1600 and
304 A, respectively.

SOURCE: Author production

The amplitude (arbitrary units) and phase (rad) narrowband maps of Figure 6.32
show waves propagating in the footpoints of loop A (panels (a)—(b)) and along
of loop B (panels (¢)—(d)). In addition, Figures 6.34(a)—(b) show waves moving
between the loops A and C footpoint regions.
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Figure 6.34 - Amplitude and phase maps for waves of 2 minutes in loops A to C.
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SOURCE: Author production

1-minute travelling waves

We found 1-minute (1+0.4 min) travelling waves in the chromosphere and tempera-
ture minimum regions. These waves were seen during the B3.8 flare in the footpoints
of loop A, from 00:04:00 UT to 00:19:53 UT in 1600 and 304 A. In the same loop,
but during the C1.9 flare the waves appeared from 01:30:00 UT to 02:29:29 UT in
1700, 1600 and 304 A as is shown in Figure 6.35(a)—(c). The waves were seen in
the footpoint 1 of loop C, from 02:42:41 UT to 03:57:36 UT in 1600 and 304 A (see
Figure 6.35(d) and (e)) and during the C2.3 flare, from 04:57:24 UT to 05:12:24 UT
in 304 A. In Figure 6.36 we show the amplitude and phase narrowband (panels (a)
and (b), respectively) for travelling waves of 1 minute in the footpoint area of the
loops A and C in 1700 A.
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Figure 6.35 - Amplitude narrowband maps for travelling waves of 1 minute in the
footpoints of the loops A and C.
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C, around of 02:51:05 UT in 1600 and 304 A, respectively.

SOURCE: Author production

Figure 6.36 - Amplitude and phase maps for waves of 1 minute between the loops A to C
footpoints.
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36-second travelling waves

We found 36-second (36 + 12 s) waves in 304 A. We detected these waves in the
footpoints of loop A from 00:06:48 UT to 00:12:36 UT (Figure 6.37(a)) and from
01:32:36 UT to 01:59:48 UT, i.e., during the B3.8 and C1.9 flares, respectively. We
also saw these waves in the footpoint 1 of loop C from 03:48:24 UT to 03:55:48 UT
(Figure 6.37(b)) and between 04:58:24 UT and 05:14:48 UT, i.e., during the period
without flares and ending the C2.3 flare, respectively.

In Figure 6.38 we show the amplitude and phase narrowband for travelling waves of
36 seconds in the footpoints of loops A and C. In panel (a) the waves are triggered
in the footpoint 1 of loop A and moves toward the footpoint 1 of loop C. In panel
(c) these waves start in the footpoint 1 of loop C and propagate outward in three

different directions.

Figure 6.37 - Amplitude narrowband maps for waves of 36 seconds in the footpoint of
loops A and C.
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Amplitude (arbitrary units) for waves found in 304 A. (a) Footpoint region of loop A at
00:09:32 UT. (b) Footpoint of loop C at 03:51:32 UT.

SOURCE: Author production
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Figure 6.38 - Amplitude and phase narrowband maps for travelling waves of 36 seconds
in the footpoints of loops A and C.
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6.3 Curve Fitting for Waves Found

We extracted the temporal signal of the waves found, integrating the narrowband
maps cube for each period-band (19, 9, 5, 2, 1 min, and 36 s), and we used a curve-
fitting method to determine the amplitude, phase, and decay time of the oscillations.

We fitted a decaying sine function to the temporal profile of waves that we found.
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F(t) = Ay + Asin (2; + 5) e/, (6.1)

where t, A, Ay, P, 6, 7 are the time, amplitude, vertical shift, period, phase, and

decay time, respectively.

The fitting error is computed as

_|Signal — Fitting|

E (6.2)

Signal

In Table 6.3 we present the parameters of best fitted functions, with a fitting error
of ~ 5 %. The decay times Tigmin & 24 min, 7o, ~ 10 min and 7s,,:, ~ 8 min are
in agreement with the values found in the literature and are characteristic of slow
magneto-acoustic waves (WANG et al., 2002; WANG et al., 2003b).

Table 6.3 - Fitting parameters for waves found in NOAA 11272.

Period band A (10°) Ay (10%) P ) T

(min) (arb. unit) (arb. unit) (min) (rad) (min)
1946 1.80 39.80 18.20 3.20 24.10
943 1.10 23.30 9.10 3.20 10.80
512 0.45 5.44 4.70 3.22 8.09
240.8 23.37 10.78 2.08 2.15 3.01
14+0.4 7.30 0.83 1.15 8.34 1.66
0.6+0.2 6.17 6.02 0.57 10.74 4.16

SOURCE: Conde et al. (2016)

In Figure 6.39 we show the best fitted curve (red line) for waves of 5 minutes seen
in 94 A. These waves were seen closer to footpoint 1 of the loop C, during the
maximum period of C1.9 class flare, between 02:45:00 UT and 03:23:24 UT. The

curve fitted showed a decay time of ~ 10 minutes.
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Figure 6.39 - Best fitted decaying curve
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Temporal signal integrated for waves of 19 minutes in 171 A (blue points). The red line
shows the best fitted curve using the Equation (6.1).

SOURCE: Author production

6.4 Magnetic Field Extrapolation and Waves Velocity

In this section we will show the velocities along the extrapolated field lines, that
better match with the loops presented in Figure 6.4. The upper label of Figures
6.4(a)—(f) shows the time in which the loops were better observed and it is related
with the flares time mentioned in Table 6.1. Comparing the results of Table 6.1
and Section 6.2 we saw that there is high temporal coincidence between flares and
waves found in the active region studied. Hence, we calculated the sound and Alfvén

velocities of the extrapolated lines as a function of height.

In order to do this, we chose six magnetograms that coincided temporally with the
loops observed in EUV on August 17, 2011. The loops were organized according
to the moment in which they appeared during the flares occurred in NOAA 11272.

Thus, the selected time was established as:

Loop A: 02:07:24 UT

Loop B: 02:42:39 UT

Loop C: 02:49:24 UT

Loop D: 03:29:54 UT

Loops E and F: 03:51:39 UT
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e Loop G: 04:56:09 UT

We processed and aligned the magnetograms as explained in Chapter 3 and extrapo-
lated the magnetic field lines using the linear force free approximation as mentioned

in Section 5.1.

In Figures 6.40(a)—(f) we show lines with a4 = —1.5x1072 Mm ™!, ap = —6.8x 1073
Mm™, ac =1.1x102 Mm™!, ap, = 1.5 x 1072 Mm ™}, ap, = 2.2 x 1072 Mm!,
ap =13 x 1072 Mm™, ap = 22 x 1072 Mm~! and ag = —2.2 x 1072 Mm™!,
that better match with the loops A—G showed in Figure 6.4(a)—(f), respectively.
In addition, we indicated the footpoint of each loop through of numbers 1 and
2, which refers to the first and last point of the extrapolated field line. Footpoint
position was established according to the a value obtained from the magnetic field
extrapolation, i.e., lines with &« > 0 (C— F) placed these footpoints contrary to lines
with a < 0 (A, B, and G).

Figure 6.40 - Magnetic field lines plotted over ATA images.

(a) 2011-08-17 T02:07:24 UT (b) 2011-08-17 T02:42:39 UT (c) 2011-08-17 T02:49:24 UT
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Magnetic field lines that better match with the loops observed in 171 and 193 A, showed
in Figure 6.4. 1 and 2 represent the footpoints of the loops.

SOURCE: Author production
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In Figures 6.41, 6.44, 6.47, 6.50, 6.53, and 6.56 we present the loops A, B, C, D,
E, F, and G seen in nine SDO/ATA band passes (1700, 1600, 304, 171, 193, 211,
131, 335, and 94 A). The extrapolated field lines that better match with the loops
observed in the ATA images can be seen in Figures 6.42, 6.45, 6.48, 6.51, 6.54, and
6.57. In the same manner, Figures 6.43, 6.46, 6.49, 6.52, 6.55, and 6.58 shows these

lines over the magnetogram corresponding at the time of each observed loop.

Figure 6.41 - Image of loop A obtained by SDO/AIA in nine wavelengths.
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Loop A is highly defined in 171, 193 and 211 A. Also it is visible in 131, 335, and 94 A.

SOURCE: Author production
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Figure 6.42 - Magnetic field lines for a4=-1.5x10"2 Mm~! over images of SDO/AIA.
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Magnetic field lines reproducing the loop A as seen in 171, 193, and 211 A wavelengths.

SOURCE: Author production
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Figure 6.41 shows the loop A in nine band passes on 2011-08-17 at 02:07:00 UT.
The loop shape is well defined in 171, 193, and 211 A, however in 131, 335, and 94 A
is high visible but surrounded by hot plasma. We show the extrapolated field lines
with aq = —1.5x 1072 Mm ™! over ATA and HMI images (see Figures 6.42 and 6.43,
respectively). These lines match with the loops observed by SDO/AIA, particularly
in 171 A.

Figure 6.43 - Magnetic field lines for a4=-1.5x10"2 Mm~! over an image of SDO/HMI.

Loop A SDO/HMI 2011-08-17 T02:07:24 UT
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Magnetic field lines plotted over the magnetogram at 02:07:24 UT. 1 and 2 represent the
footpoints of the loops.

SOURCE: Author production

Figure 6.44 shows the loop B in nine band passes on 2011-08-17 at 02:42:39 UT.
The loop shape is well defined in 171, 193, and 211 A and partially visible in 131
and 304 A. The loop is not well defined in 335 and 94 A. We show the extrapolated
field lines with ap = —6.8 x 1072 Mm™~! over ATA and HMI images (see Figures 6.45
and 6.46, respectively). These lines match with the loops observed by SDO/AIA, in
171, 193, 211, 304, and 131 A.
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Figure 6.44 - Image of loop B obtained by SDO/AIA in nine wavelengths.
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Loop B is well defined in 171, 193 and 211 A, but not in 335, and 94 A. The loop is
partially visible in 131 and 304 A.

SOURCE: Author production
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Figure 6.45 - Magnetic field lines for ap=-6.8x1073 Mm~! over images of SDO/AIA.
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SOURCE: Author production
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Figure 6.46 - Magnetic field lines for ap=-6.8x1073 Mm~! over an image of SDO/HMI.
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Magnetic field lines plotted over the magnetogram at 02:42:39 UT. 1 and 2 represent the
footpoints of the loops.

SOURCE: Author production

Figure 6.47 shows the loop C in nine band passes on 2011-08-17 at 02:49:24 UT. The
loop shape is well defined in 171, 193, 211, and 131 A and it is partially visible in
94 A. We show the extrapolated field lines with a = 1.1x 1072 Mm ™! over AIA and
HMI images (see Figures 6.48 and 6.49, respectively). Note that these lines match
with the loops observed by SDO/AIA, in 171, 193, 211, and 131 A.
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Figure 6.47 - Image of loop C obtained by SDO/AIA in nine wavelengths.
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SOURCE: Author production
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Figure 6.48 - Magnetic field lines for ac=1.1x10"2 Mm~! over images of SDO/AIA.
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Magnetic field lines reproducing the loop C as seen in 171, 193, 211, and 131 A wavelengths.
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Figure 6.49 - Magnetic field lines for ac=1.1x10"2 Mm~! over an image of SDO/HMI.
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Magnetic field lines plotted over the magnetogram at 02:49:24 UT. 1 and 2 represent the
footpoints of the loops.

SOURCE: Author production

Figure 6.50 shows the loops D in nine band passes on 2011-08-17 at 03:29:54 UT.
We observed the loops in all band passes except in 1700 and 1600 A. We show the
extrapolated field lines with ap, = 1.5 x 1072 Mm~! and ap, = 2.2 x 1072 Mm™!
over ATA and HMI images (see Figures 6.51 and 6.52, respectively). These lines
match with the loops observed by SDO/AIA in all EUV band passes.
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Figure 6.50 - Image of loop D obtained by SDO/AIA in nine wavelengths.
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Loops D were seen in all wavelengths except in 1700 and 1600 A.
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Figure 6.51 - Magnetic field lines for ap,=1.5x10"2 Mm~! and ap,=2.2x1072 Mm™!
over images of SDO/ATA.
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Magnetic field lines reproducing the loop D as seen in EUV band passes

SOURCE: Author production
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Figure 6.52 - Magnetic field lines for ap,=1.5x10"2 Mm~! and ap,=2.2x1072 Mm~!
over an image of SDO/HMI.
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Magnetic field lines that reproduce the loop D seen in EUV images, plotted over the
magnetogram at 03:29:54.80 UT. 1 and 2 represent the footpoints of the loops.

SOURCE: Author production

Figure 6.53 shows the loops E and F in nine band passes on 2011-08-17 at
03:51:36 UT. The loops shape is well defined in 171, 193, 211, and 131 A and it is
diffuse in 335 and 94 A. Footpoint 1 of the loop C is clearly visible in 304 A. We show
the extrapolated field lines with ap = 1.3 x 1072 Mm~! and ap = 2.2 x 1072 Mm~!
(see Figures 6.54 and 6.55, respectively). Note that these lines match with the loops
observed by SDO/AIA, in 171, 193, 211, and 131 A.
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Figure 6.53 - Image of loops E and F obtained by SDO/AIA in nine wavelengths
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Loops E and F are well defined in 171, 193, 211, and 131 A
SOURCE: Author production
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Figure 6.54 - Magnetic field lines for ap=1.3x10"? Mm~! and ar=2.2x10"2 Mm~! over
images of SDO/AIA.
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Figure 6.55 - Magnetic field lines for ap=1.3x10"? Mm~! and ar=2.2x10"2 Mm~! over
an image of SDO/HMI.
Loops E and F SDO/HMI 2011-08-17 T03:51:39 UT
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Magnetic field lines that reproduce the loops E and F seen in EUV images, plotted over
the magnetogram at 03:51:39.80 UT. 1 and 2 represent the footpoints of the loops.

SOURCE: Author production

Figure 6.56 shows the loop G in nine band passes on 2011-08-17 at 04:56:09 UT.
The loop shape is well defined in 171, 193, 211, and 335 A, partially visible in 304 A

and diffuse in 131 A.
We show the extrapolated field lines with ag = —2.2 x 1072 Mm ™! (see Figure 6.57

and 6.58, respectively). These lines match with the loops observed by SDO/AIA, in
171, 193, 211, and 335 A.
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Figure 6.56 - Image of loop G obtained by SDO/ATIA in nine wavelengths.
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Figure 6.57 - Magnetic field lines for ag=-2.2x10"2 Mm~! over images of SDO/AIA.
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Magnetic field lines reproducing the loop G as seen in 171, 193, 211, and 335 A

wavelengths.

SOURCE: Author production
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Figure 6.58 - Magnetic field lines for ag=-2.2x10"2 Mm~! over an image of SDO/HMI.

Loop G SDO/HMI 2011-08-17 T04:56:09 UT
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Magnetic field lines plotted over the magnetogram at 04:56:09.80 UT. 1 and 2 represent
the footpoints of the loops.

SOURCE: Author production

In Table 6.4 we present the most important characteristics of extrapolated field lines.

Table 6.4 - Lenght L (Mm), height ~ (km) and magnetic field B (G) of extrapolated field

lines.
Loop o Romaa L B
name (Mm™1) (km) (Mm) (G)
A —15x107% 20591.4 34-70 46.21 - 465.76
B —6.8 x 1073 49059.0 60 - 136 11.41 - 457.03
C 1.1 x 1072 41549.6 76-116 17.16 - 492.11

D1 1.5 x 1072 44869.2 115 - 141 13.51 - 715.63
D2 2.2x 1072 37552.9 80-135 21.93 - 962.95
E 1.3 x 1072 39101.2 73-110 20.17 - 404.07
F 22x1072 29639.5 T7-91  34.47 - 318.49
G —-22x107% 37384.7 81-114 20.19 - 818.14

SOURCE: Author production
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6.4.1 Waves Velocity

The extrapolated field lines showed heigh values less than 50 Mm. Then, according
to the structure model explained in Section 5.3 we obtained the density and tem-
perature distributions for the loops A—F, and with this we calculated the sound ¢

and Alfvén v, velocities.

For plotting our results, we divided the loops in two groups. One group contains
the loops A, B, and C, which were seen during the C1.9 flare and the other group
contains the loops D, E, F, and G, observed after C1.9 and during the C2.3 flare.
Thus, we select the LOS magnetograms at 02:42:39 UT and 03:51:39 UT for plotting
the lines. Next, moved them to the solar disk’s centre and re-sampled to plot the

modelled loops.

We obtained number density values between n ~ 10'7 cm™ (loop footpoints) and
n ~ 10" cm™® (loop apex). As an example, in Figure 6.59 we show the logarithm of
the number density distribution n (cm™2) as a function of height i (km), for loops
A, B, and C.

Figure 6.59 - Logarithm of the number density along the loops A—C.
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Logarithm of the number density log(n) (cm™3) distribution as a function of the extrap-
olated field lines’ height. Footpoints 1 and 2 are indicated for all loops.

SOURCE: Conde et al. (2016)
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We found temperatures of ~ 10® (K) to reach values of T' ~ 18 MK. Loops A,
D1, and E had higher temperature values. As an example, Figure 6.60 shows the
temperature distribution 7' (K) as a function of height A (km) along the loops D—G.

Figure 6.60 - Temperature distribution along the loops D—G.
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Temperature distribution 7' (K) as a function of the extrapolated field lines’ height.
Footpoints 1 and 2 are indicated for all loops.

SOURCE: Author production

We used the obtained temperature values to calculate the sound velocity as a func-
tion of height, for the extrapolated field lines A—G. We found c,, .~ 344 km s™!
for loop A, which is compatible with the established ¢, value for 94 A given in Table
5.1. In the same manner, loops D1 and E reached c,,,,. ~ 638 km s™!, that are in

agreement with the ¢, value for 193 A given in Table 5.1.

Figure 6.61 shows the acoustic velocity distribution along the loops A, B, and C.
The maximum value of sound velocity correspond to the loop apex, in which also
were seen the higher temperature values. Loop A, where the C1.9 flare started,
shows an high velocity value compared with loops B and C. On the other hand, in
Figure 6.62 we present the c, distribution for loops D—G. Higher values were seen

in loop E which was perturbed after C1.9 and during C2.3 flares.
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Figure 6.61 - Sound velocity c¢s along the loops A—C.
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SOURCE: Conde et al. (2016)

Figure 6.62 - Sound velocity c¢s along the loops D—G.
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We made a 3D model for Alfvén velocity using the magnetic field values directly from
the extrapolated lines. We also used the density values obtained from the structure
models, which were presented in Figure 6.59. We obtained v4 > 10000 km s~! for
heights where B ~ 100—300 G and n ~ 10® cm™3. These values are in agreement
with reported studies in the literature (BROSIUS et al., 1992; SCHMELZ et al., 1992;
SCHMELZ et al., 1994).

We also found that the magnetic field distribution was not symmetric (By < By
or contrary) along the loops. This was reflected in the Alfvén velocity distribution
(Vay < Vg, ). We also saw that the maximum value of B and v, are inclined towards

one loop leg and it coincides with the bright distribution along the loops.

Figure 6.63 - Alfvén velocity v, along the loops A—C.
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Figure 6.64 - Alfvén velocity v, along the loops D—G.
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Comparing the sound and Alfvén velocities distributions we found fast magneto-
acoustic waves (v4 > ¢;) in the loops B, C, E, F, and G, and in the footpoint of the

loops A and D. In addition, we observed slow magneto-acoustic waves (v4 < ¢;) at
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the loop apex A and we saw the intermediate mode for loop apex D (v4 = ¢).

Table 6.5 - Phase velocity v, for 0.6-, 1- and 2-minute waves.

Loop L Upp, 36-8 Upp I-min vy, 2-min

(Mm) (km s71) (km s71) (km s71)

Footpoint of loop A 34 -70 2827 - 3479 1696 - 2087 848 - 1043
B 60 - 136 2368 - 7467 1421 - 4480 710 - 2240

C 76 - 116 1831 - 5606 1098 - 3363 549 - 1681
Footpoint of loop D1 115 - 141 2490 - 7708 1494 - 4625 747 - 2312
Footpoint of loop D2 80 - 135 1736 - 6258 1041 - 3755 520 - 1877
E 73 - 110 4929 - 6138 2957 - 3682 1478 - 1841

F 77-91 1394 - 5074 836 - 3044 418 - 1522

G 81-114 2053 - 6089 1232 - 3653 616 - 1826

SOURCE: Author production
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Table 6.6 - Phase velocity vy, for 5-, 9- and 19-minute waves.

Loop L Upp, D-min Upp, 9-min Upp, 19-min

(Mm) (km s71) (km s71) (km s71)
A 34 - 70 339 - 417 188 - 231 89 - 109
B 60 - 136 284 - 896 157 - 497 74 - 235
C 76 - 116 219 - 672 122 - 373 57 - 177
D1 115 - 141 298 - 925 166 - 513 78 - 243
D2 80 - 135 208 - 751 115 - 417 54 - 197
E 73 - 110 591 - 736 328 - 409 155 - 193
F 77 -91 167 - 608 92 - 338 44 - 160
G 81 -114 246 - 730 136 - 405 64 - 192

SOURCE: Author production

From Equation (2.28) we calculated the phase velocity v,y of waves for each period
found. According to vy, values we determined that the fast magneto-acoustic waves
corresponding to lower periods, i.e., 36-second, 1- and 2-minute period-band (see
Table 6.5), and the slow magneto-acoustic waves to higher periods, i.e., 5-, 9-, and
19-minute (see Table 6.6). These results are in a good agreement with fast (WILLIAMS
et al., 2002) and slow (WANG et al., 2003b) modes observed in coronal loops.
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7 CONCLUSIONS AND FINAL REMARKS

We analysed the active region NOAA 11272 during six hours in which occurred B
and C class flares. In this time period, we observed seven loops (A, B, C, D, E, F,
and G) being sequentially perturbed since the first flare (B3.8). These loops were
clearly visible in all EUV wavelengths of SDO/ATA. The time profiles for the nine

ATA band passes showed the moments in which the flares occurred.

Through the PWF method (SYCH; NAKARIAKOV, 2008), we found standing waves
in the period-band of 5, 9, and 19 minutes. Waves of 9 and 19 minutes were seen
along the loops A—G in all EUV wavelengths. 5-minute waves were not seen in
loops E and F, but interestingly they were observed between the footpoints of the
loops A and C when C1.9 flare started, and in the footpoint 1 of loop C when the

same flare ended.

In the same manner, we found travelling waves in the period-bands of 2, 1, and 0.6
minutes. We observed waves of 2 and 1 minutes moving between footpoint regions of
the loops A and C during the B3.8 class flare, in 1700, 1600 and 304 A principally.
36-seconds (0.6 min) waves were seen in loops A and C during the B3.8 and C2.3

flares respectively.

One important aspect refers to high frequency waves moving from A to C. These
waves started in loop A and before B3.8 class flare. It is very likely, that the waves
found in loop A triggered the flare. However, also is possible that the loop A had
been perturbed by the flare and successively the loops B and C. Similarly, the
high frequency waves found on footpoint 1 of loop C may be responsible by the
perturbation of the loops E and F.

We found the decay time 7 ~ 1 — 24 minutes, fitting a decaying sine function to
the time profile of the waves found. Decay time for 5-, 9-; and 19-minute standing
waves are in agreement with values found in the literature for slow magneto-acoustic
waves (WANG et al., 2002; WANG et al., 2003b). It could be interesting to extend
the analysis of these waves to estimate the dissipated energy in the region and to
determine if these waves can be the source to trigger the flares studied here. In
the same manner, we could calculate the dissipative coefficients for determining the

mechanism responsible for damping wave, i.e., conductivity, viscosity, etc.

Using the LFFF approximation we obtained the magnetic field lines that better

match with the loops observed in EUV, in such manner that we reproduced the 3D
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geometry of the loop. Thus, we proposed to analyse the plasma physical behaviour
as a function of line height and not as a function of line length as before models did,
e.g., Anfinogentov et al. (2013).

We made a 3D model for describing the temperature, number density and velocities
along the loops. In order to do this, we used the coordinates (x,y, z) and magnetic
values obtained directly from extrapolated field lines. In addition we used structure
models for flares regions (MACHADO et al.,, 1980) and quiet sun (AVRETT; LOESER,
2008) to find the density distribution as a function of the height. With these values
we calculated the Alfvén velocity (v4) for all loops. In a similar form we put together
the structure model for flare region with SSW routines (ASCHWANDEN et al., 2013)
to obtain the temperature distribution and calculate the sound velocity (c;) as a
function of the height.

We got extrapolated lines with an h,,,, = 50 Mm and from the 3D model we found
density and temperature values of n ~ 107 — 10" cm™ and T ~ 103 — 107 K,
respectively. Then, we obtained sound velocity values of ¢, ~ 10? km s~! which were

consistent with the expected values given in Table 5.1.

On the other hand, the magnetic field distribution along the line was not symmetric
and this was reflected in the Alfvén velocity distribution. Hence, the v4 maximum
values were in one leg of the loop and not in its apex. In some line points we found
va ~ 3 x 10% km s~! which is in agreement with the literature (BROSIUS et al., 1992;
SCHMELZ et al., 1992; SCHMELZ et al., 1994). We also found a high spatial coinci-
dence between the waveform and the bright distribution along the loops studied,

particularly for standing waves.

We found slow magneto-acoustic waves at the loop apex A and fast mode in the
other loops except in D were we found the intermediate mode. The slow mode
corresponds to lower frequencies, i.e., period-bands of 5, 9, and 19 minutes, while
the fast mode to higher frequencies, i.e., period-bands of 0.6, 1 and 2 minutes. These
results were established through the decay time 7 and calculating the phase velocity

as a function of loop length.

The standing waves detected during the C1.9 class flare, principally in loop A, may
be related with QPP of long periods (NAKARIAKOV; MELNIKOV, 2009). It is possible
to do the same appreciation for travelling waves between loops A and C during the
B3.8 and C1.9 flares, but for QPP of high periods. For determining the relation

between the QPP and the magneto-acoustic waves found, it is necessary to analyse
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the same region in additional wavelengths and modulation depths for each time

signal. This could be done in a future work.

Our 3D model represents an unprecedented method to analyse waves in coronal
loop, because the most studies are made in 2D or considering only the loop length.
In fact, we can extend our model considering magneto-gravity waves because we
obtain the values as a function of height and hence we could consider the gravity

effects in each loop point.

Also in a future work, we could study with more detail the influence of the Sun
geometry in the field lines extrapolation. We could compare these results with ob-
servations from STEREO and with the VCA-NLFFF code.

Finally, it is worthwhile to mention that energy dissipation by MHD waves in null
points has been an interesting topic for the flares physic study. One reconnection
point was observed when the C2.3 flare started (SU et al., 2013). This region involve
the loops E, F, and G. We are looking the field lines that reproduce the reconnection
point, to study the wave behaviour along these lines and to determine if there is

energy dissipation contributing to electron acceleration in this region.
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GLOSSARY

Filtergram — A photograph of the Sun at a particular frequency range

(by means of a variable filter).
Footpoint — The intersection of magnetic loops with the photosphere.

Ka-band — Part of the electromagnetic spectrum used in the transmission of science
data from space missions. Ka-band, at 26 GHz can transmit a high

rate data hundred of time faster, comparing with other bands.
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