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Abstract

Over the years, local helioseismology has provided us with nprecedented insights
into the structure and dynamics of solar active regions, in @rticular sunspots, which
for a long time have been known to be dominated by strong magrte& activity. How-
ever, even though signi cant inroads have been made over théast two decades since
the inception of the eld, there are still a number of unanswered questions regarding
physical conditions in the solar interior that need to be addessed. In this thesis,
we aim to shed light on two of these open questions: i) what ishe true nature and
extent of the sub-surface structure of active regions and suspots? ii) how do we ef-
fectively diagnose the seismic response of the solar inteni to are-induced energetic
transients, and what is their underlying cause?

Addressing the rst question requires the development of MHD simulations to test
observational inferences made in regions of strong surfageagnetic elds. We devise
and apply a numerical forward model based on MHD ray theory toaddress some of
the ambiguous and inconsistent interpretations of heliosesmic travel times that have
resulted from tomographic observations in the vicinity of sunspots. The resulting
simulations have shown that it is feasible to use ray theory m model sunspots to
produce travel-time shifts than can meaningfully be compaed with observations. In
order to validate the results from ray theory, we also condut detailed comparative
studies with an existing simulation code developed for analsing the interaction of
linear waves with magnetic structures in nonuniform atmosgheres. Together, these
numerical forward models provide compelling evidence whitindicates that the e ect
of the magnetic eld on helioseismic waves can not be consided to be small near
the surface, with travel time inhomogeneities observed though sunspots appearing
to be dominated by MHD physics. These results are the strongst indication yet that
surface magnetic elds are directly and signi cantly altering the magnitude and lat-
eral extent of linear inversions of sunspot structure (i.e, sub-surface wave and sound
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Abstract

speed perturbations) made by time-distance helioseismody.

On addressing the second question, we employ various localetioseismic methods
to distinguish and analyse the multi-wavelength observatbnal signatures of seismic
emissions from three solar ares { X1.2-class are of 15 Janary 2005, M7.4-class are
of 14 August 2004 and M6.7-class are of 10 March 2001. In-ddp correlative studies
were conducted, with the resulting analysis showing that althree ares exhibited the
same close spatial alignment between the sources of the gmis emission and impul-
sive visible continuum emission as previous ares, reinfazing the hypothesis that the
acoustic emission may be driven by radiative \back-warming { heating of the low
photosphere by intense Balmer and Paschen continuum-edgecombination radiation
from the overlying ionized chromospheric medium. Detailedanalysis of the magnetic
eld topology of the host active regions also reveal the exigence of a close relationship
between the heights of the coronal magnetic loops that condet high-energy particles
from the are and the seismicity of the energetic transients
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Chapter 1

Introduction

This chapter introduces the reader to the key issues and compts required to appre-
ciate the motivation for this research. A brief review of heloseismology is presented
with a focus on the local helioseismology diagnostic technues used extensively in
this thesis. This is followed by a general overview of sunsgs and sunspot seismology,
familiarizing the reader with some of the pertinent issues &ced by both observers and
theoreticians. We then delve into the details of the di erent forward modelling tools
at our disposal today, followed by a brief review of the obserational aspects of solar
ares and the detection of helioseismic responses to are-dven seismic transients.
We conclude by summarizing the key research aims and work ctained in this thesis.



CHAPTER 1. INTRODUCTION

1.1 Helioseismology

Helioseismology is a diagnostic tool that allows one to prob the solar parameters to
compare with theory and observation. Methods of helioseismlogy can be divided into
two classes: global and local. The rsttools to be generallyemployed in analysing the
wave- eld of the Sun were the techniques of global helioseisology. In this approach,
the normal modes of the Sun are used to infer properties via d¢eulation of the mode
eigenfunctions given the changes brought about by perturbions to the background
statel. With a su ciently good theoretical forward model, it becom es possible to
attempt to compute how changes in the observed modes of the Suare related to
changes throughout the entire sphere. Local helioseismaly is a relatively young
eld of study that has transformed our view of the Sun through sub-surface imaging
of active region dynamics. We shall discuss this particular eld in greater detail a

little later on.

The rst observations of the oscillations of the solar surfece were made by Leighton
et al. (1962) and|Evans and Michard [1962). | Leighton et al. (B62) reported sur-
face Doppler velocity observations with a combined amplitwde of 500 ms?®. They
also noted that the observed surface velocities appeared thave a strong oscilla-
tory behaviour with a period close to ve minutes. Ulrichi (1970) later described
these as standing acoustic waves trapped in the solar inteor by the photosphere.
Deubnel (1975) con rmed the predicted modal structure from de nite ridges in the
wavenumber-frequency, k; ), diagram. Figure [ depicts the ridges of power as-
sociated with k and . A few years later, [Claverie et al. (1970) identi ed lower
wavenumber oscillations with the same period providing coslusive evidence of global
modes of oscillation within the Sun. With a full range of modes, properties of the
solar interior can be inferred by comparing theoretically @lculated solar oscillation
spectra, observationally obtained power spectra and diagaostic diagrams of pressure
modes.

Today the signals from these oscillations can be detected gy space-borne in-
struments such as the Michelson Doppler Imager (MDI) (Scherer et all, 11995) aboard
the Solar and Helioseismic Observatory (SoHO) satellite. aunched in 1995, SoHO
overcomes the problems su ered by terrestrial observatios (e.g., atmospheric turbu-
lence and day-night cycle data gaps) to produce high-qualit helioseismic data. The
MDI instrument computes the vibration velocity by processing dark absorption line

L1t should be noted that not all global methods use linearizat ion about a background state. Some
invert directly (see e.g., Goughl, 1984).



1.1. HELIOSEISMOLOGY
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Figure 1.1: The Doppler velocity power spectrum of the Sun a®bserved by the MDI
instrument. The lower horizontal axis is the spherical harmonic degree,’, an alternate
measure of the wave-length of the wave, shown on the upper paof the graph as .
Image obtained from the soi.stanford.edu website

shifts in the Ca+ K-line spectrum. The dark absorption lines are formed by Ni atoms
oscillating in the solar photosphere. The shifts can be usetb infer the changes in the
wavelength of light emitted from the photosphere and produ@ a map of velocities of
the localized vibrations on the solar surface, also known aa Dopplergram. Contin-
uous coverage is also provided by the Global Oscillations Neork Group (GONG)
array of ground-based instruments, which has achieved spéatl resolutions similar in
quality to that of MDI.

The normal modes of oscillation of the Sun can be categorizeds either p-modes,
f -modes, org-modes. Each mode is characterized by its spherical harmonidegree,
(which is approximately the number of wavelengths around the solar circumference),
and the radial order, n (the number of nodes in the radial direction). The g- (or
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CHAPTER 1. INTRODUCTION

\gravity") modes are internal gravity waves for which the pr imary restoring force
is buoyancy, and are almost totally con ned to the deep solarinterior. The f - (or
\fundamental”) mode ( n = 0) is an incompressive, surface gravity wave with ampli-
tude that decays roughly exponentially with depth away from the solar surface. The
dispersion relation is similar to that for deep water waves,! 2 = gk, where! is the
angular temporal frequency of the wave,g = 274 ms 2 is the gravitational acceler-
ation at the Sun's surface,k, = ~( +1)=R is the horizontal wave-number and
R =696 Mm is the solar radius. The p- (or \pressure") modes are gravity-modi ed
acoustic waves, with pressure the primary restoring force. The discrete mode pat-
tern is a consequence of the existence of a resonant cavity thire ecting boundaries.
As illustrated in Figure the photosphere essentially ats like a mirror, with the
change in physical parameters providing such an abrupt chage in conditions that it
represents a xed node for oscillations.

In the absence of magnetic elds, most of the modes can be appximated by
plane waves satisfying the dispersion relation,

12= k% + 12 (1.1)

where ¢ is the sound speedk = jkj, and the wave-vector k = k;e; + khe,. The
nal term, ! 2, represents the square of the acoustic cut-o frequency, te uppermost
limit below which radial acoustic waves will be re ected from the surface (this is at
approximately 5.3 MHz in the quiet Sun). Above this frequeng/ rays will propa-

gate freely into the upper atmosphere where they are normayl subject to non-linear
and non-adiabatic e ects. The lower turning point of the ray path (i.e. where a
pure acoustic wave propagates horizontally) is determinecby the Lamb frequency,
12 = +1)c2=r? and r; is the turning depth at k, = 0. The horizontal surface
wavelength of the mode is givenby , =2 =k, =2 R = “( +1). Rays with higher

" are shallow and have a smaller horizontal wavelength, whees those with lower®

penetrate deeper and have a larger horizontal wavelength. &lioseismology exploits
this property to infer structural details of the solar inter ior. For all helioseismic meth-
ods any deviations from the path are seen as acoustic anomel along the ray path
in the solar interior.

Global helioseismology has had much success in determininguch features as
the sound speed pro le (e.g.,. Christensen-Dalsgaard et al1985%), the depth of the
convection zone (e.g..Christensen-Dalsgaard et al., 199Basu and Antid, 1997), the
solar di erential rotation (e.g., Gough/ 1984; Brown et al., 1989;|Charbonneau et al.,

4



1.1. HELIOSEISMOLOGY

Figure 1.2: Propagation of rays of sound in a cross section ahe solar interior,
adopted from[Christensen-Dalsgaard [(2002). The ray paths @ bent by the increase
in sound speed with depth until they reach the inner turning point (indicated by the
dotted circles), where they undergo total internal refraction. At the surface the waves
are re ected by the rapid decrease in density.

1999), and the neutrino ux (e.g., Turck-Cheze et al.| 2001) to name a few. Whilst the
global approach is a method that has proved extremely succsful, it is an approach
that is spatially limited. The global modes also do not distinguish between the
Northern and Southern hemispheres. Unless one considersdlperturbations to the
eigenfunctions themselves, the detailed spatial distribtion of a parameter cannot be
better determined. As a result, it is not possible to detect bngitudinal variations or
ows in meridional planes and other ne structures using global-mode helioseismology
(Gizon and Birch,, 2005%).

In order to examine structure on local scales and those whosasymmetric prop-
erties are not visible with global methods, one must use modethat are more nely
resolved in space, and can therefore sample local structurd.ocal helioseismology was
developed to complement global helioseismology with the g to interpret the full
wave eld observed at the surface, not just the eigenmode frguencies. Local helio-
seismology has provided promising results on the structuref localized features such
as large-scale ows, sub-surface ows, emerging active régns, sunspots and magnetic
structures in general, and their interactions in the solar nterior. As the subject is
reviewed comprehensively by Gizon and Birch [(2005), in the ppceeding section we

5



CHAPTER 1. INTRODUCTION

shall provide only a brief overview of some of the diagnostidools employed in local
helioseismology.

1.2 Local Helioseismology Diagnostic Tools

There are several distinct but complementary methods for pusuing local helioseis-
mology. In this section we describe the two complementing tehniques that are most
commonly used to conduct sunspot seismology, time-distarechelioseismology and he-
lioseismic holography (both referred to and used extensivg in this thesis), and the
subsequent observational results that have been gained. Ipassing only we brie 'y
mention the methods of Fourier-Hankel spectral decomposion and ring-diagram
analysis.

The Fourier-Hankel analysis procedure has been used sucefdglly in the past
for studying the interaction of p-modes with sunspots. This process essentially de-
composes the solar oscillation signal, observed in an anrug around a sunspot, into
inward and outward propagating wave modes. The annulus is ugally chosen to be
small so that the radial form of the wave is described approxinately with Hankel
functions. Braun_ et all (1988), |Bogdan et al. (1993) and Brawu (1995) investigated
p-mode absorption in sunspots and active regions using this ethod and observed
that the amplitudes of the outward moving wave modes were sigi cantly smaller
than the inward moving wave components, and their phases wer advanced.

The ring-diagram method was introduced by Hill (1988). Ring-diagrams are lo-
cal power spectra of the wave- eld. Cuts at constant frequemy through the three-
dimensional power-spectrum reveal nested ellipses or risgthat change shape and
shift centre under the in uence of alterations to the solar medium. By tting the
position and shape of the ring (various methods can be used,@, ISchou and Bogatt,
1998;|Basu et al., 1999), inversion methods can be used to @er the perturbation
to the background model (e.g., ows or sound-speed) from poer spectra obtained
locally on the Sun. Ring-diagram analysis is ideally suitedto large scale surveys of
sub-surface conditions, such as large and global scale owelds (e.g.,lHaber et al.,
2002;IKomm_ et al.,|2004).

1.2.1 Time-distance Helioseismology

First introduced by Duvall et al.|(1993) and later formalized by, e.g.,|D'Silve (1996);
D'Silva et all (199€) and [Duvall et al. (1997), time-distance helioseismology repre-

6



1.2. LOCAL HELIOSEISMOLOGY DIAGNOSTIC TOOLS

sents a reworking of methods long used in terrestrial seisnimgy. The method is

based on the cross-covariance€(r1;ro;t) between the solar oscillation signals at
two locations in the photosphere. At the heart of time-distance analysis is the use
of cross-correlation calculations to compare oscillationsignals (r;t), usually line-

of-sight velocity or intensity, and pick out wave-packets that are travelling between

points on the surface, producing data similar to the seismogams recovered on the
Earth. Wave-packets can then be tracked from one location toanother in the pho-

tosphere and changes to the propagation of the wave packet #ide the Sun can be
determined, traditionally by tting an analytical model of the packets.

The point-to-point cross-covariance can be de ned asl(Giza and Birch, 2005%):

dt X
C(ry;rot) = T 1 (re; ) (rost+ ) 1.2)

where dt is the sampling rate, and T is the observation time. Figure[I:3 shows an
example of a time-distance diagram obtained with MDI data: the x-axis shows the
distance between source and receiver, measured in angulaseparation at the solar
surface, while they-axis shows the time in minutes. The shape of the cross-covences
is clearly visible, as are the di erent ridges correspondilg to the waves bouncing back
at the solar surface in between the source and receiver.

Due to the stochastic excitation of acoustic waves by the salr convection zone and
also due to the oscillation signal at any location being a suprposition of a large num-
ber of waves of di erent travel distances (i.e., of di erent horizontal phase velocities
v = 1=k for p-modes in the ray approximation, wherek is the horizontal wave num-
ber and! is the temporal frequency), these point-to-point cross-ceariances are very
noisy. As a result, the data cubes rst require ltering and t he cross-covariances need
to be averaged (Duvall et al.,[1996). A number of di erent It ers are usually applied
to the data. Initially, it is important to remove unwanted si gnal contributions from
solar features like granulation and supergranulation, whch are regular over certain
scales and hence produce a strongly correlated measuremeint a cross-correlation.
Removing these features is done via knowledge of their speal properties e.g. super-
granulation has a period of greater than 10 minutes whilst weknow that oscillations
occur around a central period of 5 minutes and so can be remodewith a high-pass
Iter with a Gaussian roll-o at about 1 :7 mHz. Hence a temporal frequency lIter
is used to remove the unwanted signals due to such convectivews. The surface
gravity modes may also be removed by multiplying the power-pectrum of the input

7



CHAPTER 1. INTRODUCTION

Observed cross—covariance function
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Figure 1.3: An example of a mean cross covariance function ¢dined from SOHO-
MDI data, adopted from Duvall et al.|(1997). The solid line is a theoretical plot
representing the ray approximation. The greyscale pictureis the cross covariance
function. At the distance of around 50 Mm, the rst, second and third bounces are
visible near 30 minutes, 60 minutes and 90 minutes respectdly. The ne structure
in each of the ridges is caused by the nite band pass of the odtations.

data with a three-dimensional Iter constructed by approxi mating the locations of
the f - and p;-modes ink ! space as polynomials in frequency (unless working with
f -modes exclusively). Finally, phase-speed ltersF (k;! ; ) for each travel distance

= jrp, rqj are also applied to the data.

The rationale behind using a phase-speed lter (instead of aly a frequency lter)
is that for a particular separation of points that are being cross-correlated, one can
calculate the phase-speed (equivalent to determining thedwer turning point) associ-
ated with waves travelling along the appropriate ray path. In this way one weights
against modes that are not of interest. Such Iters can also lelp select waves trav-
elling in speci c directions. These lIters are given by a simple multiplication in the

8



1.2. LOCAL HELIOSEISMOLOGY DIAGNOSTIC TOOLS

Fourier domain,
t = (k)= F(k!) (k;!) (1.3)

where | isthe ltered data, and F is the Iter function. Typically, the phase-speed

lters are Gaussian,
(I=k V)2

F(k;!;)=exp e ;

(1.4)

wherev is the central phase speed andv is the width in phase speed. The central
phase speeds of the Gaussian Iters are derived from a solar edel, usually using a
ray tracer, but their widths are usually chosen empirically. For instance, if we use
ray theory, v can be related to the di erence in horizontal phase speed beteen that
of the shortest and longest rays used with a particular annulis geometry (Couvidat
and Birch, 2006).

The averaging scheme depends on the information we wish to &act from the
data. For example, in order to study sound-speed or ow pertubations, the point-to-
point cross-covariances are averaged over annuli of radius(see Figure L4). Then,
to further increase the signal-to-noise ratio, such crossovariances are computed for
several distances respectively slightly smaller than, andlightly larger than, (Cou-
vidat et al., 2006). They are averaged to produce a point-toannulus cross-covariance.
A detailed explanation of all these steps in the analysis proess can be found in Gizon
and Birch (200%), along with a table of distances and commonly used phase-speed
lter characteristics.

The most widely used technigue to obtain the travel times of the wave packets
from the point-to-annulus or point-to-guadrant cross-covariances stems from Koso-
vichev and Duvall (1997), who modelled the measured crossecrelation function as a
Gabor wavelet by expressing the wave- eld as a superpositio of global normal-mode
solutions for standing waves of a spherically symmetric Sun The cross-covariances
are traditionally tted with two Gabor wavelets, G(A;! o; !; ; p; g;t), one for the
positive times (outgoing waves), and one for the negative tnes (ingoing waves):

2
Aol ol )= Acoslolt pexp S (t o (15

where A is the amplitude of the wavelet, ! ¢ is the wavepacket central angular fre-
quency, ! is the wave packet frequency width,t, is the phase travel time, andtgy is
the group travel time. It is most practical to attempt measur ements oft,, in e ect to

x the location of a peak of the sinusoid. This is becausety represents a calculation

9



CHAPTER 1. INTRODUCTION

Figure 1.4: A sketch of the dierent averaging schemes comnmly used in time-
distance helioseismology: a) centre-to-annulus averag@n b) east-west and north-
south quadrant averaging. The central black dots are the sotcer;.

of the centre of the wave-packet, i.e. the peak of the Gaussim which is much harder
to accurately determine, particularly at small distances ().

The average of the ingoing and outgoing wave travel times, mean(r; ), is, in
rst approximation (see XL.3.24 for a more detailed explanation), sensitive only to tte
sound-speedc(r; z) in the region of the Sun traversed by the wave packet, while he
di erence gt (r; ) in the travel times will be sensitive to ows. When travel t imes
deviate in a consistent manner from the reference travel tines (usually calculated
in the quiet Sun), there is most likely a local disturbance orinhomogeneity that is
source of these anomalies. Inverse theory/modelling thenteempts to recover these
perturbations from the observed travel-time shifts through the use of sensitivity ker-
nels. This process is referred to as théinear forward problem and will be discussed
in greater detail later on.

Using a solar model as a reference we can relate the mean trdatame perturbations
mean (I'; ) to the sound-speed perturbations c(r;z) through an integral relation
(e.g.,Kosavichev and Duvall,| 1997),
zz z, 5
Oy = 0 .0,y 0 .
mean (r! ) - dr KC(r!r :Z! ) ?(r 1Z)d21 (16)
s d

where S is the area of the region, andd is its depth. The sensitivity kernel for the
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relative squared sound-speed perturbations is given b .. It is worth mentioning
that Equation (L8} is only approximate because e ects on  mean (r; ) other than
the sound-speed perturbation are completely ignored. Forristance, Braggen and
Spruit (2000) describe the impact of changes in the upper boodary condition in
sunspots due to the Wilson depression, Woodald (1997) and Gon and Birch (2002)
demonstrate that increased wave damping in sunspots can imbduce shifts in travel
times. |Gizon and Birch (2002) also caution that local changs in the wave excitation
rate (due to a lack of granulation-related wave sources in tie region) can also cause
changes in time-distance travel times - something that has ben con rmed through the
forward modelling calculations of|Parchevskyv and Kosovickyv (2007a) and Hanasoge
et al. (2008). Finally, as the interaction of acoustic waveswith sunspot magnetic
elds is strong in the near surface layers, the e ect of the maynetic eld on the travel
times is not expected to be small near the surface. We shall dcuss such e ects in
more detail in XI.3.2,

In a similar mannerto  mean(r; ), qirf (r; ) can be related to a vertical ow
V(r;z) through an integral relation:
zz z,
airf (1;) = dr® Ky, (r;r8%z) v (r8z)dz (1.7)
s d

where K, is the sensitivity kernel for vertical velocity. Again, equation [7 is ap-
proximate and ignores the sensitivity of gis (r; ) to, among others, the horizontal
divergence of the ow.

The rst e orts at computing the sensitivity of travel times to changes in the solar
model were based on the ray approximation (e.g.,_Kosovichevl1996;/D'Silva et all,
1996; Kosovichev and Duvall] 1997; Kosovichev et al., 2000)n the ray approximation
the travel time perturbation is approximated as an integral along the ray path using
Fermats principle. Ray theory is based on the assumption thathe perturbations to
the model are smooth and that the wave packet frequency bandidth is very large
(Gizon_and Birch, 2005). IBogdan (1997) showed that the energdensity of a realistic
wave packet was substantial away from the ray path. This resit strongly suggested
that perturbations located away from the ray path could have substantial e ects on
travel times. It is now well known that ray theory fails when applied to perturbations
that are smaller that the rst Fresnel zone (see, e.g., Hung eal., 2001; Birch et al.,
2001).

The Born approximation method is an alternative to the ray approximation, and
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like many of the approaches in time-distance helioseismodfy, has its roots in the geo-
physics literature (Zhao and Jordan,[1998| Marquering et al, [1999). These sensitivity
kernels, initially considered in regards to the Sun byl Birchand Kosovichey {2000),
allow a single scattering point between the source and recegr and it can be used
to treat perturbations with length scales that are smaller than the rst Fresnel zone.
The Rytov approximation (e.g., Jensen and Piipers ) 2003) snilarly allows for a single
scattering between the source and receiver, but it di ers fom the Born approxima-
tion in that the e ects of the perturbation on the amplitude a nd the phase can be
easily separated. Fresnel-zone approximation kernels, vith also take into account
nite wavelength e ects, were utilized in some later analyses, such as_Jensen et al.
(2000,12001) and_Couvidat et al. (2004). However, the Fresrieone kernels are not
based on a solution to the wave equation.

1.2.2 Helioseismic Holography

The method of helioseismic (or acoustic) holography was itiially proposed by Roddier

(@975) and has been largely developed into a powerful localdtioseismic diagnostic
tool by Lindsev and Braun (1997), and in a somewhat di erent formulation by Chou

et al. (1999). Helioseismic holography is the phase-cohanereconstruction of acoustic
waves observed at the solar surface into the solar interiord render stigmatic images
of sub-surface sources that have given rise to the surfaceslurbance.

Because nearly all of the acoustic radiation from a surfaceegion refracts back to
the surface, mostly within 50 Mm, holography can likewise ug observations in one
surface region, the pupil, to image another, the focus, a caiderable distance from
the pupil. The technique for this is called \subjacent vantage holography" (see Figure
[L3). The subjacent vantage images seismic radiation that rst propagates downward
from the source before refracting back to the surface. Thisenders the perspective
of an observer beneath the source. The superjacent signateris one which travels
directly to the surface.

The main computations in holography are of the \ingression" and \egression".
These two quantities are estimates of the wave- eld in the séar interior; the ingression
is an assessment of the observed wave- eld converging upohe focal point while the
egression is an assessment of waves diverging from that ptinThe ingression, H ,
and the egression,H., are obtained from the wave- eld at the surface, , through
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upil superjacent pupil

ip/—l signature —

Figure 1.5: A schematic diagram from|Lindsey and Brauh (200) depicting subja-
cent vantage imaging. The subjacent vantage images seismi@adiation that initially
propagates downwards from the source before refracting bécto the surface. This
renders the perspective of an observer directly beneath theource. As the angle, ,
of illumination at the focal point increases, the angular distance, , along the pupil
from its centre, above the focal point, decreases. The supgcent signature is one
which travel directly to the surface.

theoretical Green's functions, G
Z
HP(r:z;1)=  drGP@° r;z;t) (r%1); (1.8)
P

whereP denotes the \pupil" - the region of the surface over which theGreen's function
is non-zero. ! is the temporal frequency,r and r®are positions on the solar surface
and z indicates the focal depth.

The ingression, egression, and surface wave- eld can be cbmned in a number
of ways to obtain estimates of solar conditions. For examplethe \egression power",
which is given by

PP(r;z;t)= jHI(rz)i® | (1.9)
is used extensively in the detection of seismic emissionsdim solar ares (e.qg., Donea
et al., 11999;|Donea and Lindsey, 2005; Donea et @all, 2006b; vadi et all, 2007;
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Martnez-Oliveros et al.] 2007, 12008b). It is an estimate d the frequency-averaged
wave power (indicated by the brackets), over a chosen frequey range !, coming
out of the horizontal position r, at depth z seen in the pupil P. The adaptation of
computational seismic holography for applications in are seismology will be described
in greater detail in XZ£T1.

Another variation, known as \local control correlations”, CP, is used to facilitate
comparisons with surface-focused time-distance heliosnology. The correlations

ch(rity= HP(z=051) (1) (1.10)

and
CP(r;t)y= (nDOHP (1) (1.11)

describe the egression and ingression control correlatisnrespectively, which are di-
rectly comparable to centre-to-annulus time-distance corelations described inXLZ1.
The asterisk denotes the complex conjugatel_Schunker et A(200%) utilized this ap-
proach in showing the e ect of the line of sight on the local catrol correlation in

sunspot penumbra.

In a manner similar to time-distance helioseismology, surdce-focused helioseismic
holography can also be used to study sub-surface ows by diding the pupil into four
guadrants (e.g.,lLindsey and Braun,/2000), each spanning 98egrees and oriented in
the North, South, East and West directions. We can then compue the eight corre-
sponding control correlations, CN>5W  various combinations of these correlations
are then used to derive travel-time shifts due to the presene of ows or wave-speed
perturbations.

1.3 Helioseismology of Sunspots and Active Regions

1.3.1 Sunspots

Sunspots are very large and strong magnetic ux tubes that hae intersected with
the solar surface. As such they represent one of the major corctions of the internal
magnetic eld of the Sun with its wider environs, and also an aagoing challenge in the
study of the Sun. They tend to occur in bands centred on the eqator that extends
to latitudes of 30 and their distribution varies with the 11 year solar cycle.
Sunspots typically appear in groups of two or more, orientedoughly parallel to the
solar equator, starting close together and moving apart astie group evolves, achieving
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separations of up to 20. Sunspot groups lie within solar active regions containing
pores and smaller magnetic features that give rise to brightfaculae and ne-scale
ligree in the solar photosphere. A sunspot can span a lifetme of months, but more
typically of weeks (Solanki, |2008). However, this life expetancy is considerably
shorter than the dynamical time-scale associated with magatic di usion in the spot.
This reduced lifetime suggests a convective instability sks in at large times and
enhances the decay process, although some sunspots simplggment before decaying.
Understanding the growth and evolution of spot structures is tied to understanding
the overall eld con guration of the star.

-~

50000km

—> _(size of Earth)

430nm wavelength band (G-band)

Figure 1.6: A full-disk (left) and cropped (right) high resolution image of a
sunspot observed by HINODE in the 430nm wavelength band (avédable from
http://solarb.msfc.nasa.gov). Away from the spot the granulation of the solar surface
is clearly visible.

Individual ux tubes are believed to rise from deep in the corvection zone to break
through the surface of the Sun, since the lower gas pressurd aix tubes tends to
make them buoyant. When the ux does emerge, then it is often h the form of pore
structures of the order of only a Mm or so in size I(Zwaah| 1978) Groups of pores
are thought to have common roots in larger ux tubes that have been separated by
the process of convective transport, allowing them to rise ¢ the surface. Once at the
surface, these linked tubes are then pulled together, with e relative buoyancy of the
individual tubes acting to straighten their structure unde r the surface.

On the photosphere they are observed to develop from coaleisg dark pores which
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almost instantaneously develop a penumbra when the magneti eld reaches a critical
inclination (35 ) from normal (Martinez Pillet,l 1997). The central dark nucl eus of
the sunspot, the umbra, is usually associated with the strogest magnetic eld, with
the magnetic ux approaching a peak value of between 2700-310 G in the core of the
umbra ISolanki (2003). In general, the magnetic eld becomesnore inclined (up to
around 90 ) and weaker (around 700-1000 G) with radial distance from tle centre of
the spot. The sunspot itself appears dark on the surface becmse the magnetic eld
inhibits uid motion and hence the convective transport of heat (Biermanr, [1941),
creating the temperature de cit and the Wilson depression (@ physical depression of
the solar surface by around 400 km in the umbra). The Wilson deression implies
that the gas pressure in the umbra is much less than that outsie the spot at the
same geometric level, and therefore that magnetic stresseme required in order to
maintain hydrostatic equilibrium in any sunspot model.

(a) (b)

Figure 1.7: Sketch of the monolithic (left) and cluster (right) models of sunspots,
from Thomas and Weisss [1992).

Sunspots are easily observed at the surface (e.g., Figufef), but determining
general sub-surface structure is no trivial matter. There ae two main hypotheses for
the structure of the ux tube that forms the spot : the monolit hic model (Cowling,
1976) and the cluster (spaghetti) model (Parker|1975) (se&igure[[4). Determining
the parameters of these tubes, i.e., typical size, eld stragth etc,. will help reveal
details of the operation of the solar dynamo and how magneticeld is transported
up through the convection zone. The monolithic model assume that the sunspot
can be represented as a single ux tube, whereas the bril modl fragments the ux
tube into many small strands below the surface due to the uting or interchange
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instability. This latter model is able to explain observati onal phenomena such as
the high thermal ux in the penumbra and umbral dots. However, one argument

against the cluster model is that the potential eld in the ob servable layers produced
by a collection of buried magnetic monopoles held together taa great depth has a

maximum eld that increases much more rapidly with the size of the sunspot than

shown by the observations (Solanki/ 2003).

Unfortunately, as we shall see in the next section, currentihear inversion tech-
niques do not yet allow helioseismology to probe the internkstructure of the ux
tube with su cient precision to distinguish between monoli th and cluster models.
However, the agreement between high resolution observatits of bright umbral dots
(e.g.,Riethmuller et al.; 2008) and recently developed raliative MHD numerical sim-
ulations of sunspot structure by |Heinemann et al. (2007) ancRempel et al. (2009)
provide compelling support for the monolithic picture: convection within the ux
tube produces rising and expanding plumes with elds that are locally reduced, and
these plumes correspond to umbral dots. However, this is cainly not the end of
the story. The large dynamic range of sunspot behaviour in bth the temporal and
spatial domains, has meant that fully- edged computational modelling of the whole
spot has only recently become possible. We may still be in foa surprise in the future,
as both our observations and modelling of sunspot structureare bound to improve
signi cantly. The reviews by Solanki (2003), IThomas_and Wek$ (2004) and Tobias
and Weiss (2004) (and references therein) have excellent sussions regarding other
sunspot models and related observations.

1.3.2 Sunspot Seismology

Sunspot seismology, particularly measurements from timedistance helioseismology
that attempt to recover the three-dimensional local wave propagation and ow speed
structure, has the potential to answer some of the challengeof understanding sunspots.
As outlined in the previous section, realistic models of suspots are now being de-
veloped and re ned and have had much success in explaining th ner points of the
observed surface phenomena and the general large dynamicnge of spot behaviour.
Therefore, detection of the properties below the surface (heit with a resolution that
is still crude in comparison, for instance, with the size of aux tube) is critical for
understanding and comparing with these and other theoreti@l models beneath the
photosphere.

The propagation of waves through the Sun's convection zonesia ected by per-
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turbations generated from advection of material or from chaages in the sound-speed
of the medium relative to equilibrium. These two e ects can be separated, at least
to rst order. Since propagation speed is linked to both the local temperature and
magnetic eld, one can then attempt to determine the shape ofthe eld region and
estimate the strength of these parameters. For example, inhe geometrical acoustics
(ray) approximation, the ray time is presumed to be sensitive only to the perturba-
tions along the ray path (). This can be expressed in terms of the sound speed ¢)

and the ow velocity (v): b
ds

S —— 1.12
ctv it ( )
where ds is the increment of path length, andr is a unit vector tangent to the ray.
The sign ofv ®* depends on the direction of propagation, as a result, the trael times

in opposite directions di er due to the e ects ows.

If the variations of these travel times ( ) obey Fermat's principle, then we can
simply take the integral over the unperturbed ray path:
z

1
T k dr; (1.13)
where k is the perturbation of the wave vector (k) due to structural inhomogeneities

and ows along . Following Kosovichev and Duvalll (1997), th e variation of the
travel time (to rst order approximation) can then be writte n as:

mv) 1c e 12 1 a2 (ka)?
= + ——+ — + — = 1.14
c? Vp C le 122 2vp, ¢ k2c? ds (1.14)
where c is the change in sound speedy, = !=k is the phase speed and = B:p 4

is the vector Alfen velocity (with B being the magnetic eld strength and the
plasma density). The dierence between the reciprocal trawel times is related to
ows:

Z
o Rv)
diff = 2 =2 ds; (1.15)

while the mean of the travel time di erences is sensitive to he structural di erences
(i.e., in sound speed or in magnetic eld) between the Sun andhe model:

z

1c I ¢ !2vp+ 1 & (kca)?

— 4+ c

Equations (I.I8) and {II6) both specify inverse problemsisce a line integral
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is involved. By solving the inverse problem, we are able to ppduce tomographic
reconstructions of the ows and structural di erences in 3D and in the process (the-
oretically) separate the magnetic eld e ects from the vari ations of the sound speed
and acoustic cut-o frequency. This is because the magneticeld also introduces a
directional dependence in the structural di erences, thusproducing an anisotropy in
reconstructed structural di erences. In practice however, this separation has not been
achieved, in part due to limitations imposed by the noise. Bu as we shall see below
(and in Chapters[d and[3), there are numerous other complicaons (e.g., associated
with the actual helioseismic observations themselves, thélata reduction and analysis
process, and the previously mentioned assumption of lineasensitivity of travel times
to changes in the near-surface sound/wave speed, etc.) wiiichave severely impeded
our ability to correctly infer sub-surface structure.

Inferring Sub-Surface Structure

Over the years, time-distance observations of sunspots andctive regions using data
from MDI and GONG have been used to analyse the near-surfacedhaviour of mate-
rial ows and wave-speed variations beneath sunspots. Onefahe most well known
inversion results, produced by Kosovichev et al. [(2000), iseproduced in Figure[LB.
Using ray-path approximation sensitivity kernels, IKosovichev et all (2000) found that
the absolute di erence in wave-speed between a sunspot (AR181) and the quiet Sun
isuptolkms 1E In their analysis, they detected a two-region structure bebw the
sunspot. The shallow sub-surface layers exhibited a decrsa in the sound speed
(c?=c 0:1 at a depth of 4 Mm, which they say would correspond to a 10%
temperature decrease) relative to the quiet Sun, while the deper layers (7-15 Mm)
exhibited an increase in the sound speed ¢=c > 0). The authors noted that the
two-structure wave-speed pro le they detect could be causeé by a variety of physical
e ects, for example thermal and magnetic perturbations, bu they did not favor the
sole contribution of the magnetic eld. The perturbations vanish at depths greater
than 15 Mm, which may be an indication of the vertical extent of active regions or
perhaps of the poor resolution of the inversions there. Sintér two-region structure
for the sunspot was con rmed by: [Jensen et al. (2001) and Coudat et al.l (2004) us-
ing Fresnel-zone approximation kernels;_Hughes et all (2(®) using ray-approximation
kernels and GONG data;|Couvidat et all (2006) using Born-appoximation sensitiv-

2According to Gizon and Birch [(2005), the quiet Sun sound speed is about 20 km s ! at a depth
of 4 Mm and 35 km s ! at 10 Mm.
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ity kernels; IZharkov et all (2007) and|Zharkov and Thompsoh 2008) using Rytov-
approximation sensitivity kernels. Overall, inversions based on the four di erent
inversion kernels, have all provided similar results on suspot interior sound-speed
variations.

Figure 1.8: Sound-speed perturbation below a sunspot derad from SOI/MDI data.
Three planes are shown: on top the continuum intensity at thesurface, showing the
sunspot with the dark central umbra surrounded by the somewlat brighter, lamen-
tary penumbra. The second plane is a vertical cut from the suface to a depth of 24
Mm showing areas of faster sound speed as reddish colours asbbwer sound speed
as bluish colours. The third plane (bottom) is a horizontal cut at a depth of 22 Mm
showing the horizontal variation of sound speed over a regioof 150 150 Mm. This
gure was obtained from soi.stanford.edu website.

These inversion results led many to strongly believe that the two-region structure
detected below a sunspot did indeed have a physical origin,ral could not easily be
dismissed as an artefact of the data reduction process or theumerical algorithm
used. However, in the sub-photospheric magnetic regionshe ratio of magnetic to
gas pressure is close to unity, leading to the contention thiathe magnetic eld e ects
are systematic and signi cant. On the other hand, the higherwave speeds measured
at a depth of 10 Mm below sunspots are unlikely to be due only tadhe direct e ect of
the magnetic eld, as this (erroneously) implies very large eld strengths of a several
tens of kG (Gizon and Birch, 12005). The likely cause is possily a combination
of magnetic and structural/thermal e ects (Bnggen and Sp ruit] 2000; Basu et all,
2004). However, through numerical simulations of wave propgation through a model
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sunspot,|Cally et all (2008) and|.Crouch et al. (2005) (see ndxsection) were able to
reproduce the phase shifts measured by Hankel analysis withut the need for a thermal
perturbation, thus questioning the interpretation of trav el-time anomalies in terms of
linear perturbations to the wave speed. This stresses the resl for a proper solution
of the forward problem of time-distance helioseismology irsunspots.

Theoretical Modelling

Early theoretical work on the interaction of solar oscillations with magnetic elds was
motivated by observations of wave absorption by sunspots|(Baun et al., |1987). |Spruit
(1991) was the rst to suggest that the magnetic eld of the sunspot is responsible for
the absorption, this in turn initiated a number of studies analysing the interaction of
acoustic waves with magnetic elds (e.g./ Spruit and Bogdani1992; Cally and Bogdan,
1993; [ Cally et all, 11994;| Cally,| 1995] Bogdan and Cally, 1997Cally_and Bogdan,
1997). These studies have now provided us with a somewhat @eer picture, with
the absorption of p-modes by sunspots now believed to be the result of partial mde
conversion of the incomingp-mode into slow magneto-acoustic waves. These slow
magneto-acoustic waves tend to behave like an Alfven wavedr below the conversion
zone { a thin layer where the acoustic sound speed is close th¢ Alfen speed.

Later, Callyl (2000) demonstrated that an inclined magnetic eld is required to
explain the observedp-mode absorption by sunspots. The rst agreements between
p-mode absorption and the magnetic eld strength of sunspotswere reported by Cally
et al. (2003) and|Crouch et al. (2005) soon after, showing themode conversion by
non-vertical magnetic elds can provide a reasonable agreaent with the Hankel anal-
ysis observations of wave absorption and phase shifts (e,cBraun et al., 1988,11992;
Braun, 199%). They also demonstrated that the phase shift ad power absorption of
wave packets inside a sunspot depends on the central frequey of this wave packet.
Figure [LY clearly illustrates this acoustic mode convergsin mechanism for inclined
magnetic elds. The observational signatures of the mode coversion process (i.e.
upward propagating magneto-acoustic waves) has also rectiy been the focus of nu-
merous works (e.g.. Schunker and Cally, 2006; Khomenko and dllados,|2006; Cally,
2007;| Cally and Goossens, 2008).

1.3.3 Forward Modelling

There has long been a need for MHD simulations to be developetbr testing ob-
servational inferences and analysing the interaction of dar oscillations and wave
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Figure 1.9: Physical space ray diagram fronm_Cally ((2007). Rw paths in the x

z vertical plane in model surface layers with 2 kG uniform magretic eld inclined
at 30 respectively to the vertical, as shown by the background gre lines. The
incoming 5 mHz rays (shown in red) have lower turning points d z= 5 Mm. The
horizontal grey line indicates where the sound and Alfen gpeeds coincide, which is
approximately where mode conversion happens. The fractiom energy remaining in
each resulting ray is indicated by the colour legend. The dat on the ray paths indicate
1 min group travel time intervals. The thin black curve represents the acoustic ray
that would be there in the absence of magnetic eld.
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propagation in regions of strong magnetic elds. The abovementioned results have
emphasized the fact that our current forward modelling and data analysis techniques
are not yet developed well enough to allow robust conclusios about the sub-surface
structure (or ows, for that matter) in and around solar acti ve regions. As|Birch
(2004) points out, there are two main approaches that are use to study the forward
problem: the linear forward problem and direct numerical faoward modelling through
simulations.

Linear forward modelling is an approach which we have alreagl discussed. Used
in the context of linear inversions, it comprises of the compitation of the linear
sensitivity of travel times to small changes in the model (ie. sensitivity kernels). The
great advantage of the linear forward problem is that it is relatively computationally
inexpensive and can provide an intuitive understanding of he forward problem. The
accuracy of the Born approximation for magnetic perturbations has been tested by
Gizon et all (2006) using the exact solution for waves impadhg a toy model consisting
of a magnetic cylinder in an otherwise uniform medium. If the Born approximation
were to be valid for sunspot-like magnetic elds, then linea inversion methods could
be employed. For a 1 kG magnetic eld, they nd that the Born ap proximation
would appear to be valid except close to the solar surface (& rst few 100 km).
Thus, the assumption of small perturbations clearly breaksdown in active region
sub-photospheres. These results imply that near-surface agnetic elds cannot be
treated in the Born approximation and that some other form of forward modelling
will be required.

The other approach to the forward problem is direct numericd simulation. Through
the construction of computational models that mimic the int eraction of the solar wave
spectrum with various perturbations (e.g., magnetic eld, sound speed, ow etc.) as
closely as possible, we are able to obtain the complete noimkar response of travel
times to changes in the model. These simulations will lend alearer interpretation
to the observations through the validation of the results oktained from the linear
forward problem, as well as allowing the exploration of paraneter regimes where the
linear approach is not valid { e.g. in sunspots and active regpns where MHD e ects
are most dominant. When these interactions are well undersiod, the next steps will
be to use this knowledge to infer interior magnetic structures.
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MHD Ray Theory

MHD ray theory has traditionally provided a very useful conceptual framework in
which to understand wave propagation, even though this is gestionable at the sur-
face where the pressure and density scales vary rapidly, sie the assumption of slowly
varying coe cients may not be justi ed. Traditionally, the modelling of the motion
of wave packets through the Sun has been achieved via the higinequency ray ap-
proximation. One can understand a ray as a geometric constretion linking points
on the surface, often termed the source and the receiver, tlmugh the intermediate
solar material. The wave-energy can be considered as tralilg along ray paths from
a source to a receiver in this high-frequency approximation A more general ray the-
ory, including mode conversion was developed by Cally (200)6and later extended in
Schunker and Cally (2006).

Although ray theory is an approximation, it has often performed surprisingly well
in local helioseismic analyses when compared with a full wasmechanical description.
Bogdan (1997) emphasized this fact by showing that a wave p&et formed through
the superposition of p-modes, trapped in the same acoustic cavity, can travel alog
a bundle of rays (the sum of ray paths). This bundle follows tre WKB ray-path
predicted by the eikonal approximation, but it has a nite ex tent in both space and
time that varies inversely with the range of wave-numbers anl frequencies spanned
by the p-modes which comprise the packet.

However,[Bogdan (1997) also points out that the \broadening of a such a bundle
(which results in the travel time being sensitive not only to the local velocity eld
along the ray path, but also to conditions in the surrounding medium as well), which
is a clear consequence of wave e ects, questions whether thuse of the ray approxi-
mation is fully justi ed. However, in practice, this e ecti s probably not as important
as it might seem. As described in{L.Z1, in almost all time-distance measurements,
travel times are averaged over a small range of travel distaces and locations. Cross-
correlations are computed for a large number of pairs and paits, and then pairs
with similar distances and locations have their cross-comlations averaged together
to get a single measurement for the travel time. So in e ect, he ray path used is
then actually a \ray bundle", consisting of a number of rays covering the region of
propagation. The broadening of such a bundle by wave e ects right very well be
small compared to the extent of the bundle itself [Giles,199). Another limitation of
ray theory (and the WKB approximation in general) is that it t ends to break-down
in mode conversion regions. This issue has been addressedsaime length byl Cally
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(2005, 12006);. Schunker and Cally[(2006), in the latter case sing the general theory
set out in Tracy et al| (2003).

Regardless of these shortcomings, ray theory has been used helioseismology
for some time, being one of the several methods that have beeapplied to asymp-
totic inversions of helioseismic frequency measurementsnithe past (e.g., .Gough,
1984), and in general, it has performed well beyond its formkdomain of applica-
bility. A prime example is the agreement between the wave medtanical analysis
of ICally (200%), the ray theory modelling of |Cally (2006) and the recent results of
Hansen and Cally {2008), who nd very good agreement betweergeneralized ray
theory and previously published exact solutions (Cally, | 2@1, [2009b). In another
recently completed work, IMoradi and Cally (2008) successfily applied ray theory
to numerical forward modelling through the application of a three-dimensional ray
tracer (based entirely on MHD ray theory) to simulate magneto-acoustic ray propa-
gation and model travel-time inhomogeneities in a toy sunspt model (see Chaptei R).
With the ability to quickly and accurately generate arti ci al travel-time perturbation
pro les, this numerical forward model is a potent tool as ray tracing is traditionally
much less cumbersome and computationally expensive when apared to other forms
of numerical simulations, such as realistic simulations ofully-compressible non-linear
magneto-convection which are rapidly becoming feasible (g., |Stein_and Nordlund,
2000,/ 2006| Stein et al.l 2007; Steiner, 2007), o ering a merrobust way of validating
the various methods of local helioseismology (e.gl. Braunteal., 2007; Georgobiani
et al., 12007;/Zhao et al.; 2007). However, simulating wave mpagation in a fully con-
sistent manner as well as treating small-scale and non-lirex convection, which are
not easily resolved, requires signi cant computational paver and expense.

MHD Simulations of Wave Propagation

Another approach to generating arti cial data is through wave propagation simula-

tions using waves excited by sources that are speci ed, butritended to mimic the

generation of waves by convection (e.gl, Hanasoge etlal., @6;|Cameron et al. | 2007;
Shelyag et al.,|2007] Parchevsky and Kosovichev, 2007b; Khmenko et all, |2008R).
This approach substantially reduces the computational exgnse as well as having
the advantage of being able to rapidly simulate multiple data sets, which will allow

for statistical studies. Another advantage of this approad is that the wave sources
can be tuned, e.q., to simulate reduced wave excitation in suspots (Parchevsky and
Kosovichev,12007a| Hanasoge et al., 2008).

25



CHAPTER 1. INTRODUCTION

In this regard, a rst step is to devise a su ciently general m anner of comput-
ing wave propagation in a magnetized plasma. The linearizeddeal MHD equations
provide a reasonable starting point, since MHD oscillatiors in the photosphere and
below are governed by predominantly linear physics (e.q.. Badan, 2000). Cally and
Bogdan (1997),lRosenthal and Julien|(2000), and Callyl(2000performed MHD simu-
lations in two dimensions in order to study rates of mode absmption in magnetic ux
tubes. Subsequentlyl Cameron et 2l.1(2007, 2008) developeuhd validated numerical
technigues with which to perform three-dimensional linearMHD computations, with
a focus on recovering the magnetic eld distribution on the basis of wave-scattering
measurements. In Chapter’B we utilize the 3D ideal MHD solver developed in the
works of [Hanasoge et &l.1(2006, 2007) and Hanasoge (2008), somulate MHD wave
propagation in regions of strong, sunspot-like magnetic déds. This numerical forward
model, which also assumes linear wave propagation and timeationary background
states, provides us with a sound way of validating results otained from MHD ray
theory, as well as the results obtained from the linear forwad problem.

1.4 Solar Flare Seismology

The detection of signi cant seismic emission from solar ares or \sunquakes" { circular

waves propagating outward along the solar surface from an ipulsive are  30{

60 minutes after the impulsive phase { is a major discovery wth a broad range of
diagnostic and control applications for helioseismologis and are analysts alike as
are acoustic transients represent the most localized coheent sources (temporally as
well as spatially) that we are currently aware of. They are ako the hardest acoustic
radiation (i.e., the most intense at high frequencies) knowm to date, and the only

acoustic waves that are known to be generated in plain view atwe the solar surface
(Lindsey and Donea, 2008).

Sunguakes emanate from compact sources that encompass ordysmall fraction
of the energy emitted from ares, thus helioseismology of snquakes o ers us the
opportunity to explore not only the acoustics of ares themselves, but also the sub-
photospheres of the active regions that produce them. But, lefore we delve into
the details of sunquake generation, in the proceeding sech | shall provide a brief
overview of both the observational signatures and basic phsical mechanisms of the
solar ares that are their catalysts.
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1.4.1 Solar Flare Observations

Solar ares result from rapid release of magnetic energy inhe solar corona and are
typically observed as enhancements in the emission of a widenge of wavelengths
{ including radio, H (Balmer- emission of neutral hydrogen), ultra violet (UV),
extreme ultra violet (EUV), soft X-rays (SXR) and hard X-ray s (HXR). Because of
their conspicuous appearance, they have been extensiveltuslied since they were
observed for the rst time in white light by Carrington (1859 |).

The intensity and energy output of solar ares varies greatly. The strength of a
solar are is commonly given by its SXR ux in 1-8 A at 1 AU, where a C-class are
has a ux of the order of 10 3 cm 2s 1. Some ares are so weak that they are on the
edge of detection by current SXR telescopes. Others are so werful that their SXR
ux is one (M-class ares), two (X-class ares), or even more orders of magnitude
larger than C-class ares. The total amount of energy releasd during a solar are
in the form of thermal and non-thermal charged particles, kinetic energy and shock
waves can exceed 8 ergs.

Photospheric and Chromospheric Observations

Most of the optical light which travels from the Sun to the Earth is emitted from
the photosphere. In white light, we generally observe a reliively quiet Sun, except
for the presence of some dark sunspots on it. Huge ares are swtimes observed in
the white light, which are called \white light ares". They a ppear as a short-lived
increase of the solar continuum emission, with a duration ofLl-10 minutes, but they
are rare. |Carrington (1859) rst observed a white-light ar e as a local and short-
duration brightening on a white light picture of the Sun. However, with progress in
spectroscopic and monochromatic image observations we havbeen able to examine
the appearance of solar ares in the chromosphere by using cbmospheric lines, such
as H (6563 A).

In H observations we can observe brilliant ashes associated Wi ares. In
many large-scale and long duration ares, we observe a twoipbon structure { i.e.,
two narrow and bright long regions (called \ are ribbons") w hich lie on either side
of the magnetic neutral line (e.g., see Figurd_111). The suistructure of these are
ribbons consists of small bright points, called \H kernels". They brighten rapidly,
although the light curve of the H ux integrated over the aring region only shows a
gradual change as shown in Figur€L10. This brightening ishtought to be caused by
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Figure 1.10: A schematic pro le of the are intensity at several wavelengths. The
various phases indicated at the top vary greatly in duration. In a large event, the
pre- are phase typically lasts a few minutes, the impulsivephase 3 to 10 minutes, the
ash phase 5 to 20 minutes, and the decay one to several hourgrOm Benz, 2008).

precipitation of non-thermal electrons from the corona into the chromosphere, which
stimulates the excitation and ionization of hydrogen atoms (Ricchiazzi and Can eld,
1983;ICan eld et all, [1984).

Solar ares usually occur following the emergence of new ux This ux emergence
carries magnetic energy into the corona, leading to the cre#on of magnetic-inversion
regions. Shear motion on the photosphere also makes the magtic eld more com-
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plex and stores the magnetic energy in the corona. Large arg, such as X-class
ares, often occur at are-generative -type sunspots { sunspots that have two or
more umbrae of opposite polarities within a common penumbra Such volatile active
regions are thought to be generated by the emergence of strgty twisted magnetic
bundles (Kurokawa, 11987;| Kurokawa et al.,|2002). When the dds are extremely
sheared, an instability occurs. The eld then tends to be resored to the potential
con guration and magnetic free energy is released throughtie process of magnetic re-
connection which occurs in the corona. Therefore, precisena detailed measurements
of photospheric and chromospheric magnetic eld evolutionin aring regions are a
necessity for us to be able to examine the energy release meetism. Magnetograms
measured using photospheric lines provide us with a wealthfamportant information,
as do chromospheric magnetic eld lines which are extrapoleed from the appearance
in the chromosphere ltergrams in which the eld lines are visible due to frozen-in
plasma.

Figure 1.11: Image of a major eruptive (two-ribbon) are in the blue wing of H ,
observed at Big Bear Solar Observatory on 7 August 1972, shawg the two-ribbon
structure late in the event, with bright H loops connecting the ribbons. The two
bright are ribbons extend along the neutral line, marked in the pre- are state by a
dark lament. Image obtained from http://www.bbso.njit.e du.
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Coronal Observations

As the solar corona is dominated by magnetic forces and eneyg(due to the preva-
lence of low plasma), magnetic reconnection has a great in uence on heéaig and
dynamics once it occurs. Generally, the phenomena which oac in the corona are
much more dynamic than those in the chromosphere (average atma 1) and the
photosphere (average plasma  10%). However, due to its high plasma temperature
(more than 2 MK) and low density ( 10° cm 3), it was very di cult to observe the
structure of the corona until the advent of space-borne instuments such asYokkho
soft X-ray telescope (SXT) which revealed the dynamics of tle magnetic corona. Sub-
sequent observations in the SXR range have con rmed that ares are explosive events
in the corona. The magnetic energy is released in the coronand then carried down
to the chromosphere by energetic particles and thermal congction. As a result, the
chromospheric plasma is pumped up explosively due to the pesure enhancement.
This is referred to as \chromospheric evaporation" and resits in dramatic increase
of the coronal density in the are loops, resulting in the clear visibility of these loops
(e.g., see FigurdL12).

The coronal plasma is heated up to 10-40 MK just after the enegy release occurs,
then cools down due to thermal conduction and radiation and kecoming visible in
the EUV (1 MK), and nally in H ( 10* K). These \post- are loops", are
generally well tted with potential eld lines. Twisted SXR loop structures in the
pre- are phase are also sometimes observed in the corona. Erecon guration of the
eld structure, from the twisted con guration to potential -like loops, indicates that
magnetic energy was released via the are, resulting in the ragnetic eld moving
to a lower state of energy. The coronal structure of solar awles are also observed
in the microwave range, particularly in the impulsive phaseof the are, where gyro-
synchrotron emission produced by energetic non-thermal ektrons (accelerated during
the are), is radiated in microwaves. Consequently, are loops, which contain these
energetic electrons, are lit up.

Magnetic Reconnection

Magnetic reconnection theory has been applied to solar are by many authors, such
as |Parker (1957), Sweeét [(1958), and_Petschek (1964). Howavethe reconnection
model proposed by _Carmicha¢el|(1964). Sturrocki(1966). Hireama (1974), and Kopp
and Pneuman (1975) (together known as the \CSHKP" model, depicted in Figure
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Figure 1.12: Soft X-ray and EUV images of are loops and are acades with bipolar
structure. Yohkoh/SXT observed ares (18 March 1999, 16:40UT, and 7 June 2000,
14:49 UT) with \candle- ame"-like cusp geometry during ong oing reconnection, while
TRACE sees post are loops once they have cooled down to 1-2 MK, when they are
already relaxed into a near-dipolar state. Examples are shon for a small are (19
April 2001, 13:31 UT, GOES class M2), and for two large ares wth long arcades,
seen at the limb (30 September 1998, 14:30 UT) and on the diskL@ July 2000, 10:59

UT, X5.7-class are). Images obtained from|Beatty and Beatty (2007).
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[[I3), has now generally been accepted as the standard moded solar ares. This

reconnection model attempts to explain the observed phenoena, such as H two-

ribbon structure, post- are loops, SXR are loops, lament eruptions, coronal mass
ejections and their in uence on geomagnetic storms, and sorg in terms of the physical

mechanism that releases the energy stored in aring active egion magnetic elds.
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Figure 1.13: A comprehensive illustration of the CSHKP stardard model, reproduced
from Magara et all (1996), showing a cusp-type are in the impulsive (left) and in
the gradual phase or a long duration event (LDE) are (right) .

The CSHKP model suggests that the magnetic eld lines, at greter and greater
heights, successively reconnect in the corona. This modelan successfully explain
well-known features of ares, such as the growth of are loogs, and the formation of
the H two-ribbon structures at their footpoints. As Asai et al.|(2.004) point out, H
are ribbons are caused by the precipitation of hon-thermal particles, and/or the e ect
of thermal conduction. As the magnetic eld lines reconnect the reconnection points
(X-points) move to higher altitudes. As a result, the newly reconnected eld lines have
their footpoints further out than those of the eld lines tha t have reconnected earlier.
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Hence, the chromospheric material composing the ribbons des not actually move,
but rather the ribbons shift due to the changing locations of heating and excitation in

the chromosphere. A good review of the relationship betweemagnetic reconnection
and the H two-ribbon structures is presented in|Pneumah ((1981). The ame can
be said for the \motion" of HXR footpoint sources, which are considered to be more
directly associated with the production of high-energy eletrons in the reconnection
region, rather than H or UV sources.

1.4.2 Seismic Emission From Solar Flares

While the magnetic reconnection mechanism and the generallservational phenom-
ena of solar ares are now relatively well established (at last phenomenologically),
there still remain a number of unresolved problems or puzzle associated with certain
are observations, with one of the most intriguing perhaps being the basic mechanism
by which a are excites helioseismic waves. As we have alregdseen, solar ares re-
lease large amounts of energy at di erent layers of the solaatmosphere, including at
the photosphere in the case of exceptionally major events. Rerefore, it is expected
that large ares would be able to excite acoustic waves on thesolar surface, thereby
a ecting the p-mode oscillation characteristics. Instances of seismicransients emit-
ted into the solar interior in the impulsive phases of some skar ares o er a promising
diagnostic tool, both for understanding the physics of sola ares and for the general
development of local helioseismology.

Acoustic modes that are always present on the Sun are today gerally accepted
to be excited by turbulence in the convection zone (e.g.,_Galreich and Kumat, [1988).
Long before however| Woll (1972) speculated that solar osdiations could be excited
by solar ares as a result of the mechanical impulse producebly the thermal expansion
exerted by a large are towards the solar interior. He estimaed the damping times
to be longer than a day for the free modes. He went on further tosuggest that
these, and perhaps comets, were the primary source of solarsdillations reported
by LLeighton et all (1962). However,| Kosovichev_and Zharkova(1998) were the rst
to actually identify and analyse a are-induced seismic evat on the solar surface,
emanating from the X2.6-class are of 9 July 1996. The surfae manifestation of
this phenomenon was the appearance of \ripples" (surface amstic waves, see Figure
[LT3) on the solar surface, which we identify today as sunquas. Earlier attempts
to detect are associated e ects were mostly contradictory and inconclusive. For
example,|Haber et al. (1988) found a 14% greater power in thearing region, while
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Figure 1.14: MDI Dopplergrams of the 9 July 1996 are region 4 9:11 UT (a) and
09:37 UT (b). Bright areas correspond to down ows and dark aras to up ows.

Images reproduced from_Kosovichev and Zharkoval (1998).

IB.La.un_and_D.UMa.lll (|l.99d) found no such e ect for the energetic ares in AR 5395 of

10 March 1989. The di culty in detecting any are-related ph otospheric response is
primarily due to absorption of mode power by large sunspots Wich can absorb as
much as 50{70% of the power of thep modes tB.La.un_eLa.Ill_'LQ_&b) Therefore, any
excitation induced by a short duration, impulsive are has to compete with the e ects
of absorption associated with the intense magnetic elds ofthe host active region.

Using an analogy to water waves@am@ used an ind&, incompress-
ible uid, to model the seismic waves generated by the 9 July 996 sunquake. He
found that distances between successive wave crests wergdar than observed, and
concluded that the sunquake is primarily composed of acoust (p-mode) rather than
surface f -modes) waves. Hence, we can expect the acoustic waves whigbnetrate
through the sub-surface layers to reappear at the surface whout much distortion or
signicant decay. This is clearly observed as well, for exanig, in the case of the 9 July
sunquake, for which the seismic waves reportedly propagatka distance of 120 Mm
(ko.iom.ch.esLa.n.d_Zh.a.LkoMiL |_193|8) However, as the penetradin depth of these waves
is dependent on the travel distance, photospheric and shadl, sub-photospheric in-
homogeneities (in particular, strong magnetic elds found in sunspots and active
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regions) most likely a ect the propagation of waves with shater travel distances (i.e.,
smaller depths, where the ratio of magnetic to gas pressuresimuch greater). This
opens up the possibility of utilising the seismic signature as a kind control facility
for the discrimination of slow magneto-acoustic wave excition, and considerations
relative to issues respecting mode conversion in sunspot pembrae.

Overall, the detection of seismic emission from solar aress heavily dependent on
their amplitude relative to the background solar noise. As|Ambastha (2008) points
out, in theory, all ares could be expected to have seismic cosequences at some
Ieveﬁ, but because of the high solar noise, the seismic waves may neasily be seen
on individual Dopplergram images. As a consequence, for athg time after the initial
discovery by |Kosovichev and Zharkova [(1998), these events ave thought to be an
extremely rare phenomenon. However, with the advancement fopowerful local he-
lioseismic techniques such as computational seismic hologphy (Lindsey and Braun,
2000) (see alsa{l.Z2 and ¥ZLT1) which allows us to accurately image the seismic
sources of the waves, we have now detected numerous seismizices of varying in-
tensity produced by a variety of X- and high M-class ares (Donea and Lindsey ) 2005;
Donea et al.,| 20060; Besliu-lonescu et all. 2006: Moradi el a2007; Martnez-Oliveros
et al., 2007,12008b). Almost all of these have occurred in copiex active regions. In-
deed, as we shall see in Chaptdi 4, recent developments in tstudy of are acoustic
emissions have bolstered the view that seismic emission im ares o ers major new
insights both into are physics and helioseismology, rangng from a greatly improved
understanding of are dynamics and kinematics, to an undersanding of the role
played by coronal, photospheric and sub-photospheric maggtic elds.

1.5 Basis for this Research

As Werne et all (2004) point out, the key to local helioseisméngy is the e ective ap-
plication of local seismic diagnostic techniques to deterrme the structure of the solar
interior with the nest possible resolution. Indeed, as we have already touched on in
the preceding sections, there are a number of open questiomegarding certain impor-
tant phenomena in the eld (in particular, the extent and mag nitude of magnetic- eld
con gurations in and near active regions, the nature of themal anomalies, sub-surface
ows and are-driven seismic events) which we hope local habseismic analysis will

3Recently, Karo_and Kijeldsen |(2008) and Karo_(2008) lhave pr esented evidence of a strong
correlation between the energy in the high-frequency part of the acoustic spectrum of the Sun and
the solar X-ray ux. The discovery could indicate that ares drive global oscillations in the Sun.
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shed clear light on. However, current applications of localseismic methods in so-
lar active regions produce ambiguous and inconsistent intgretations, to the extent
that current observations of sunspots and active regions apear to be far ahead of
modelling e orts.

The main motivation behind this thesis is therefore to clarify some of these issues
through detailed analysis of the role of active region magnic elds in local helioseis-
mology. We aim to address these pertinent issues through: Yithe development of the
technigues of numerical forward modelling in sunspot seiswlogy to address certain
inconsistencies with regards to observed travel-time inhmogeneities in the vicin-
ity of sunspots, and, (ii) by undertaking a comprehensive corelative study of three
seismically active ares in order to identify and analyse the distinct observational
attributes associated with are-induced energetic transients, and the subsequent seis-
mic response of the solar interior. The key research questits that | set out to address
in this thesis can thus be summarized as follows:

1. How to successfully model the e ects of wave-speed inhongeneities thought to
be produced by MHD physics in solar active regions?

2. How to separate near-surface magnetic e ects from sub-stace ows, sound-
speed variations and other observational constraints and ects?

3. How will inferences made about sub-surface structure chrage as a result of
incorporating these e ects into the modelling process?

4. How to e ectively detect and diagnose the helioseismic eects of are-driven
energetic transients?

5. What is the underlying physical mechanism that drives these powerful seismic
emissions from solar ares?

6. To what extent do active region magnetic eld con guratio ns in uence the
seismicity of energetic transients?

To address questions (1), (2) and (3), two promising approakes for predicting
the helioseismic signatures that would be expected for mode of sunspots and ac-
tive regions are developed and applied. The rst approach, pesented in Chapter
[, is centred on the development and application of a numerial forward model for
time-distance helioseismology derived from MHD ray theory The main aim of the
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numerical simulations is to shed light on a major uncertainty associated with surface-
focus travel time measurements obtained from time-distane helioseismology, which
is isolating the e ects of the magnetic eld from those thought to be associated with
thermal or sound-speed perturbations. As brie y touched onin ¥I.3:2, this has proven
to be quite a complex task, and has yet to yield reliable resus when extracting travel

times from the cross-correlation function. In order to analtically decouple these ef-
fects, we rst formulate a realistic 3D magnetohydrostatic (MHS) sunspot model
based on observed surface pro les (obtained from VM), witha surrounding strati-

ed Model S (Christensen-Dalsgaard et al. 1996) backgroundcatmosphere. We then
model the magneto-acoustic ray propagation and analyse theesulting travel-time

perturbations that will then directly account for both the s ub-photospheric wave-
speed, and thermal variations, produced by the magnetic etl. This work shows that

it is now feasible to use ray theory in model sunspots to produoe travel-time shifts
than can meaningfully be compared with observations.

The second approach is presented in Chaptdrl3. Continuing otirom the theme
of the previous chapter, we investigate the direct contribuion of strong, sunspot-like
magnetic elds to helioseismic wave travel-time shifts. This time we employ two nu-
merical forward models: the MHD ray tracer developed in Chaper B, and a 3D ideal
MHD solver developed byl Hanasogel (2007) which is used to sirtate MDI-like verti-
cal velocity data cubes which can then be analysed using lot&elioseismic methods.
Our main aim here is to formulate a comparative study betweenthe two forward
models and also to test MHD ray theory for possible applicaton to future inverse
methods. To accomplish this goal, we once again formulate armrti cial sunspot
model, this time comprising of a MHS sunspot model embeddedni a background
atmosphere consisting of a truncated polytrope with solarlike pressure and density
proles. The arti cial wave travel-time shifts are derived using a variety of timedis-
tance measurement technigues. We also investigate the depdence of these time
shifts on frequency and phase-speed ltering. To compare teory with observations,
we calculate the travel-time shifts using MHD ray theory and also isolate and analyse
the direct contribution from purely thermal perturbations to the observed time shifts.

The results presented in Chaptei2t are centred on are seisnlogy and aimed at
addressing the nal three questions: (4), (5) and (6). Utilising data from numerous
ground- and space-based solar observatories, we presenttaiged ndings of three
recently discovered sunquakes which have provided us with eemarkably consistent
and compelling perspective on some of the basic physical pcesses which underlie
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seismic emission from ares. The rst are analysed, an X1.2class solar are occur-
ring in AR 10720 on 15 January 2005, produced the most powerfusunquake that
has been detected to date. The discovery was made using hedigismic holography to
image the source of seismic waves emitted into the solar inter from the site of the
are. Further analysis showed that the are of 15 January 2005 exhibited the same
close spatial alignment between the sources of the seismignéssion and impulsive
visible continuum emission as previous ares, reinforcinghe hypothesis that heating
of the low photosphere may drive the acoustic emission. Hower, it was a major
exception in that there was no signature to indicate the inclusion of protons in the
particle beams thought to supply the energy radiated by the are. The continued
strong coincidence between the sources of seismic emissiamd impulsive visible con-
tinuum emission in the case of a proton-de cient white-light are lends substantial
support to the \back { warming" hypothesis, that the low phot osphere is signi cantly
heated by intense Balmer and Paschen continuum-edge radian from the overlying
chromosphere in white-light ares.

The M7.4-class are of 14 August 2004 is the next are to be andysed. Observed
in AR 10656, this are produced a detectable sunquake, con ming earlier inferences
that relatively low-energy ares may be able to generate sumuakes. We carry out an
electromagnetic acoustic analysis of the are from radio tohard X-rays and introduce
the hypothesis that the seismicity of the active region is cbsely related to the heights
of coronal magnetic loops that conduct high-energy particks from the are. In the
case of relatively short magnetic loops, it appears that chomospheric evaporation
populates the loop interior with ionized gas relatively rapidly, expediting the scatter-
ing of remaining trapped high-energy electrons into the magetic loss cone and their
rapid precipitation into the chromosphere. This is seen to ncrease both the intensity
and suddenness of the chromospheric heating, satisfying éhbasic conditions for an
acoustic emission that penetrates into the solar interior. This mechanism appears to
be a prospective source of the energy required to drive a powfel acoustic transient
into the solar interior.

The analysis of the seismic emissions detected from the M6.dlass solar are of
10 March 2001 rounds out the results presented in Chaptefl4. EBanating from AR
9368, and in close proximity to the solar limb, this unusually impulsive solar are
embodied certain emission characteristics which appearetb closely correspond with
previous instances of seismic emission from acousticallyctive ares. Using standard
local helioseismic methods, we identi ed the seismic sigrtares produced by the are
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that, to date, is the least energetic (in SXR) of the ares known to have generated
a detectable acoustic transient. Holographic analysis oflie are shows a compact
acoustic source strongly correlated with the impulsive HXR visible continuum, and

radio emission. Time-distance diagrams of the seismic wageemanating from the are

region also show faint signatures, mainly in the eastern séor of the active region.

The strong spatial coincidence between the seismic sourcend the impulsive visible
continuum emission reinforces the theory that a substantid component of the seismic
emission seen is a result of sudden heating of the low photokpre associated with the
observed visible continuum emission. Furthermore, potengl- eld extrapolations of

the are of 10 March 2001 continues to indicate the presence foa signi cant inverse

correlation between the seismicity of a are and the height d the magnetic loops that
conduct the particle beams from the corona.

Finally, 1 summarize this thesis and present future prospets in Chapter B |
also acknowledge that this thesis is based on ve publishedgurnal articles and one
unpublished paper, which were collaborations between my#eand co-authors. In each
of them, signi cant components of the work (initiation and k ey ideas, data analyses,
numerical modelling, discussions and write up) were perfaned by myself.
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Chapter 2

Modelling Magneto-Acoustic
Ray Propagation In A Toy
Sunspot

This chapter described the application of MHD ray theory to numerical forward mod-
elling for time-distance helioseismology. Using the eikoal approximation in conjunc-
tion with the complete from of the magneto-acoustic disper#on relation, the magnetic
rays are propagated through a semi-realistic sunspot atmgshere based on observed
surface pro les derived from IVM magnetograms. Constructing a dense grid of ray
paths based on travel time measurement geometries similarot those used in time-
distance helioseismology, arti cial ray travel-time perturbation pro les are derived
and compared with actual observations. Evidence is shown tat indicates positive
travel-time perturbations obtained for short skip distances derived from time-distance
observations of sunspots and active regions are likely to bepurious artifacts of the
data reduction or analysis method used, rather than due to sme physical shallow
sub-surface thermal anomaly. This work shows that it is now &asible to use ray theory
in model sunspots to produce travel-time shifts than can meaingfully be compared
with observations.
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2.1. INTRODUCTION

2.1 Introduction

Time-distance helioseismology is a powerful diagnostic tol used in local helioseismol-
ogy to probe the subsurface structure and dynamics of the sal interior, in particular
in and around solar active regions. To date however, resultebtained by time-distance
helioseismology have not directly accounted for the e ectsof the magnetic eld on
the wave-speed in travel-time perturbation maps, forward nodelling or inversions, but
have indirectly included magnetic e ects only through their in uence on the acous-
tic properties of the medium (e.g., the sound speed). Standal forward-modelling is
based on a number of assumptions including, but not limited b, Fermat's Principle
and the ray approximation (e.g., |Kosovichev_ et al.,| 2000; Zlao et al.,|2001L; Hughes
et al., 2005), the Fresnel-Zone approximation (e.0./ Jengeet all, 2001; Couvidat
et al., 2004) and the Born approximation (e.g.,lCouvidat et d), 2006). These models
do not include any provision for surface e ects. In fact, no sandard local-helioseismic
method includes provisions for contributions from near-suface magnetic elds.

Recent work in sunspot seismology has pointed to the signi ant in uence of near-
surface magnetic elds and possible contamination due to tleir e ects in helioseismic
inversions for sound speed beneath sunspots (Couvidat and d&agurd, 12007). Prior
to this, a number of other very important results have highlighted the complications
of interpreting helioseismic observations (in particular, the interaction of p modes)
in the near-surface regions of sunspots (see e.q., Fan et|,@1995;/Cally et all,2003;
Lindsey and Braun, |12005;| Schunker_et al.| 2005:;_Schunker_an@allv, 2006; Braun
and Birch, 2006).

The key issues are (i) how to successfully model the e ects ofvave-speed inho-
mogeneities thought to be produced by the magnetic eld in sdar active regions, (i)
how to isolate such e ects from those thought to be associaté with temperature,
ow perturbations, and other observational constraints and e ects, and nally (iii)
how will inferences made about subsurface structure changas a result of incorpo-
rating these e ects into the modelling process? E orts to address these issues both
observationally and computationally have been largely unsccessful, mainly because
of a general lack of understanding of the process involved. B there is some light at
the end of the tunnel, as there are currently under developmet a number of robust
magnetohydrodynamical (MHD) simulations modelling helioseismic data and wave
propagation that may aid our understanding considerably inthe near future (e.g., see
Cameron et al.,|2008; Hanasoge and Duvall, 2007 and Chaptép.31In this work, we
shall attempt to address some of these outstanding issues hysing MHD ray theory
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to forward model helioseismic rays in a simulated sunspot ahosphere with the aim
of modelling the magneto-acoustic ray propagation and analsing the resulting arti -
cial ray travel-time perturbations that will directly acco unt for wave-speed variations
produced by the magnetic eld. We will also address the probém of trying to isolate
and analyse the thermal contributions to the observed travé-time perturbations using
our simulations.

2.2 The MHS Sunspot Model

The axisymmetric sunspot model chosen for this analysis caists of a non-potential,
untwisted, magnetohydrostatic sunspot model constrainedto t observed surface
magnetic eld proles. The surface eld is therefore quite realistic, which is im-
portant because there is evidencel(Schunker and Cally, 2008hat magnetic e ects
on helioseismology are dominated by the top few hundred kilmetres.

The sunspot also needs to be surrounded by an unperturbed, &iti ed atmo-
sphere. The background model employed consists of a Global 9illation Network
Group (GONG) Model S atmosphere [Christensen-Dalsgaard, .J et all, [1996). The
preferred surface eld con guration of the ux tube was deri ved from constrained
polynomial ts to the observed scatter plots of the radial (B,) and vertical (B;) sur-
face magnetic eld pro les (see Figure[Z1) of AR 9026 on 5 Jue 2000 { a fairly
symmetrical sunspot near disk-centre, ideal for helioseigic analysis { obtained from
IVM (Imaging Vector Magnetograph) vector magnetograms (sesMickey et all (1996)
for more details regarding the observations). InB, we extrapolate to a peak eld
of 3 kG for our model atr = 0. The ts of B, and B, are then used to derive an
analytical form for the potential function,

Ror
ro(z)

where g is the derived surface eld at the surface ¢ = Zg), the radius of the sunspot
at the surface = Rg) is xed at Rp =16 Mm. Instead of a current sheet along the

(rnz)= o (2.1)

boundary, we prescribe an analytical form for the outermost eld line,

Ro Rm
(1 oe (z 2= +¢

ro(z) = + Rm; (2.2)

where the eld strength drops to zero and Ry, and c are free parameters. We ensure
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Figure 2.1: Plots of the radial (B, left), vertical components of the observed magnetic
eld ( B, right) and magnetic eld inclination from the vertical ( ) as derived from
IVM surface magnetic eld pro les of Active Region (AR) 9026 on 5 June 2000, shown
as a function of sunspot radius ¢, Mm). Solid lines indicate constrained polynomial
ts. Values of B are shown in Gauss (G).

that all calculations (e.g., change in pressure, density, &.) made across the boundary
layer/transition region between the sunspot atmosphere an the external environment
are both consistent and continuous along p.

The next step involves solving the standard equations of magetohydrostatics
(MHS), using the Model S atmosphere and its variables as theujet-Sun environment.
The magnetic pressure and tension resulting from the Lorert force,

fL=J B; (2.3)

are con ned within the simulated sunspot atmosphere, wherel = (r  B)= repre-
sents the current density and the magnetic permeability. The gas pressurey(r; z)
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Figure 2.2: Internal pressure ), density ( ), sound (cs), and Alfven ( a) speed pro les
of the MHS sunspot model with an external GONG Model S atmosplere. Left-hand
column pro les are calculated along the surface of the sunsmt (z = 0), while right-

hand column pro les are calculated along the axis of the sungot (r = 0). Solid lines
in all plots indicate internal pro les. The thick solid line in the bottom two panels
indicate Alfen speeds. The dashed lines represent GONG Mdel S values in all plots.

is calculated using horizontal force balance,

pi(rz) = pe(2) +  p(r;2); (2.4)
where pi(r; z) and pe(z) denote internal and external (i.e., Model S) pressure resec-
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tively and the change in pressure is therefore
Z r
p(r;z) = fL, dr (2.5)
b
which drops to zero as we approactr,. Once the pressure inside the sunspot and
along the boundary are known, the density (r;z), can similarly be calculated using
vertical force balance,

i(nz)= @+ (rz) (2.6)

where the change in density is given by

@ p(r;z)

—@z (2.7)

1
(rnz)= g fi,

This is essentially all that is required to then compute the modi ed sound speed
or thermal pro le of the sunspot atmosphere,

pi(rz) pe(z) .
i(nz)  e(2)

G (nz)= &@+ 12 (2.8)
while for the sake of simplicity, assuming the ratio of spect heat ( 1) that appears
in the sound speed is the same function of height as it is in thexternal atmosphere.
Finally, all that is left is to calculate the Alfen speed,

a(r;z) = [B? + BZI: (2.9)

1

i(r;2)

Some of the important internal properties of the resulting sunspot model (e.g.,
pressure, density, sound and Alf\en speeds) are shown in Bure[Z2. The external
(Model S) pro les for each variable are also shown for refenece. The near-surface
thermal structure of the sunspot is also shown for referencén Figure EZZ4. We can
clearly see the sound-speed decrease (reaching approxirebt 65% at z = 0) as
a result of the magnetic eld. It is interesting to note that i n our (simple) model
the region of decreased sound-speed does not appear to exteas deep as 3D time-
distance inversions of the real Sun have suggested. Estimed for the lateral extent of
the decreased sound-speed region using tomographic imagiwof the sub-surface layers
of sunspots have ranged from depths of approximatelg = 2:4toz= 3.5 Mm using
the Born and ray approximations respectively|Couvidat et all (2006). Nevertheless,
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Figure 2.3: The magnetic eld con guration of the MHS sunspot model. The eld
lines plotted indicate equidistant magnetic- ux values. Internal and external (Model
S) variables are indicated for referencery represents the radius of the outermost eld
line, which varies with depth (z) along the sunspot radius.

the sunspot model exhibits the broad features expected of asal sunspot, and presents
a useful, if not totally realistic, test case.

2.3 MHD Ray-Path Calculations

The ray paths are calculated in Cartesian geometry using a forth-order Runge-
Kutta numerical scheme, in the realm of frequency dependentay paths described by
Barnes and Cally (2001). We also utilize the complete form othe three-dimensional
dispersion relation (Cally and Goosens, in preparation):

D=1212a0ki+ (1% a2k} [1* (a%+ cd)!2%k?
+a’cGk?kZ + EN2kE (12 aZkd)!?]=0; (2.10)
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Figure 2.4: A contour plot of the thermal/sounds-speed perurbation pro le of the
MHS sunspot atmosphere, shown as a fraction of sound speedusred (c2=¢). The
sound-speed decrease observed at the surface= 0) is approximately 65%.

wherek; and k. are the horizontal and parallel components of the wave-vear k and
N2= 2L = (2.11)

is the squared Brunt-Vaisal frequency, with g being the gravitational acceleration,

H (z) the density scale height, andH°=dH =dz and! ? is the square of the acoustic-
cuto frequency. For completeness, we calculate the ray pabs using two forms of! .

The most commonly used form (Deubner and Goughl_1984):

CT gH2

(1 2HY; (2.12)
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Figure 2.5: Plots of the various forms of the acoustic cuto (! ¢) and Brunt-Vaisala
(N) frequencies. A solid blue line inside the sunspot atmosplre indicates the latter,
while the dashed blue line indicates Model S values. The sdliblack line indicates
the acoustic cuto frequency ! . for the sunspot atmosphere, while the dashed black
line indicates Model S values. The isothermal form,! , is indicated by the solid red
line for the sunspot atmosphere, dashed red line indicates bdel S values.

exhibits an extended sharp spike aroundz = 100 km (see FigureZb). This form
of ! ¢ is often used by helioseismologists. However, as Célly (2@D points out, this

sharp spike in the cuto frequency is inconsistent with the WKB assumption of slowly
varying coe cients on which D is based. A much smoother isothermal form,

| G = C5=2H ; (213)

is consistent with the derivation of D, and does not su er from the spike (see Fig-
ure [Z3). Unless otherwise stated, all results shown here ed EI Naturally, the
magnetic eld slightly modies both ! and !, the results of which can be seen in
Figure [Z38.

The construction of k is completed by specifying the governing equations of the

!Simulations using the form of ! . in Equation (12) were also conducted, the results being some
what similar to those reported in XZ4, but with slightly di erent timings.
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ray paths as derived from the zeroth order eikonal approximéion by Weinberg (1962):

@ ”»
“_ @ 219
“. @ 019
3—!2 % (2.17)

where parameterizes the progress of a disturbance along the ray pla. For a time-
independent medium, for which @=@t= 0 and ! is constant, the phase function
S(x) evolves according to

ds dx
— =k = I 2.1
dt dt (2.18)
Hence, 7
S(x)= kdx (2.19)

where the rst term (integral) represents the contribution to the phase due to motion
along the ray path, and the second term represents the Eulean part. Since we are
only going to be concerned about the change in phase due to mionh along the ray
path, we can ignore the Eulerian part for the rest of our analysisi.

2.4 The 2D Ray-Path Simulations

2.4.1 The Computational Method

We iteratively nd the initial wave-vector ( Kinit ) by using an initial guess which comes

from solving D = 0 for the wavenumber, assuming the wavevector is in the diretions
, {where and are angles from the vertical and thex{z plane respectively of

the initial shot. To facilitate comparisons with actual observations, our choice ofkinit

2The assumption here (and in all time-distance measurements) is that the phase is always con-
tinuous along a ray path connecting two surface points. However, this assumption may not be fully
justied as the recent theoretical results of Cally (2009b.!lg) provide strong evidence for signi cant
phase jumps (or discontinuities) associated with fast magn eto-acoustic rays that penetrate the a= ¢
level in sunspots.
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ensures that the ray is initiated, and remains, on the fast-vave branch at all times.
Recent numerical and analytical results have demonstratedhat the observed time-
distance helioseismology signals in sunspot regions cosgond to fast MHD waves
Khomenko et all (2008b). Initially, we propagated the rays ffom an upper turning
point, adjusting the initial shooting angle ( ) to obtain the desired range of ray skip
distances. However, given the very sensitive nature of the @ar-surface region of the
sunspot atmosphere, we used a much ner computational gridn the top 1.5 Mm. As
a result, we encountered many instances of rays initiated iside evanescent regions
(which should obviously be avoided) and also obtaining veryshallow rays with little
or no helioseismic value (for our current analysis at least) So in order to reduce
computation time and also introduce greater exibility in ¢ hoosing the desired range
of ray skip distances, we initialized the rays from the minima of their trajectories (i.e.,
the lower turning point of the ray, z,q). Hence, the value of was xedat =90 ,
allowing us to adjust the initial shooting depth z,,; to obtain the desired range of
skip distances. Obviously this means that the ray timings waild then be associated
with the common midpoint.

A number of other important points regarding the simulations should also be
noted. Firstly, in this analysis we only examine the 2D case ( = 0) where rays
are con ned to the x{z plane. Furthermore, by ensuring that the rays remain on
the fast-wave branch at all times, we ignore the direct e ecs of mode-conversion
e ects as rays pass through thea = cg layer (where fast/slow conversion occurs, see
Figure [Z4). Of course, as numerous works exploring MHD modeonversion in local
helioseismology have shown (e.g., Spruit and Bogdan, 1992ally and Bogdan),|1993;
Cally et all, 1994; |Bogdan and Cally,11997; Cally and Bogdean|1997;|Cally, 12000,
2006;|Crouch _and Cally,| 2003| 2005;_Schunker and Cally, 20p6émode transmission
and conversion between fast and slow magneto-acoustic wavéndeed occurs as rays
of helioseismic interest pass through thea = c5 equipartition level and have distinct
e ects on helioseismic waves that should not be ignored. Buin our current analysis
(and as with actual time-distance inversions) we do not diretly account for these
e ects. As a result, the complexities of the ray-path calcultions are greatly reduced.
Finally, it should also be noted that we ignore any nite-wav elength e ects and direct
Itering of observations in our simulations.

The computational ray propagation grid extends across the 6 Mm radius of the
sunspot model in regular 1 Mm spatial increments in the horiontal x-direction and
down to a depth of 25 Mm in the vertical z-direction, employing a much ner grid
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spacing in the top 1.5 Mm, followed by 1 Mm increments down to adepth of 25 Mm.

The upper boundary for the ray propagation grid was xed at z = 0:1 Mm. This

computational grid, though not exhaustive, allows us to obtain the desired range of
skip distances required to replicate the \centre-to-annuls" skip distance geometry
(i.e., averaging rays from a central point/pixel to a surrounding annulus of di erent

sizes to probe varying depths beneath the solar surface) afh employed in time-
distance helioseismology for the derivation of mean travetime perturbation maps (see
Gizon _and Birch (200%) for a more comprehensive descriptiorof this process). The
11 standard skip distance bin/ travel distances () usually used for these calculations
are detailed in Table [Z1.

Table 2.1: The skip-distance geometries used to bin the rayravel-time measurements.

Pupil Size (Mm)

3.7-8.7
6.2-11.2
8.7-145
145-19.4
19.4 - 29.3
26.0 - 35.1
31.8-41.7
38.4-475
442 -54.1
50.8 - 59.9
56.6 - 66.7

© 00 N O O WDN P

el
N )

2.4.2 Travel-Time and Skip-Distance Perturbations

The ray propagation grids were computed for three frequends,! = 3:5, 4, and 5 mHz.
Both the phase (,, associated with thephasevelocity) and group (tg, associated with
the envelope peak of a wave packet as it travels at thgroup velocity) ray travel times

were calculated along each ray path for every radial grid pagon (rspot, Which is the
radial position associated with the lower turning point of the ray) along the sunspot
model. In time-distance helioseismology, centre-to-anniuis travel times are extracted
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from Gaussian wavelet ts { usually represented by a function of the form
W (t)= Ae " W’ cos ot tp)]; (2.20)

(where all parameters are free) { to both the positive and negtive time parts of
the observed cross-correlations| (Gizon and Birch, 2005). elvever, t, is more often
used in time-distance literature, primarily as a result of di culties (mainly observa-
tional noise) associated with tting to the envelope peak. Furthermore, becauset,
is much more independent of the shape of the wave packet thaty (as the shape of
the wavepacket depends on (unmodelled) mode conversion),eashall also limit our
analysis to t, calculations in this analysis. We identify the phase traveltime as:

tp = ﬁ; (2.21)
which is consistent with the form of t, described by the Gaussian wavelet. These
travel times are then subtracted from similar ray travel tim es calculated using the
quiet-Sun atmosphere to producetravel-time perturbation () pro les. In general,
travel-time di erences are sensitive to sub-surface ows, whilemean travel times are
sensitive to wave-speed perturbations. However, as our mad does not contain ows,
we do not need to distinguish directions along ray paths.

In Figure 0 we see some sample  pro les for rgpet = 4;8;12, and 16 Mm are
shown as a function of ray skip distance X) for ! = 3:5 (green), 4.0 (red), and 5.0
mHz (blue). By and large, there are signi cant perturbations as we approach the
centre of the sunspot (i.e., regions associated with strorgy surface magnetic eld
strength). The sign of the perturbations appears to remain &clusively negative,
regardless of position on the sunspot. This means that all rgs propagated within
the simulated sunspot atmosphere are signi cantly sped up men compared to their
Model S counterparts.

Furthermore, in Figure £ we can see that there are also sigrcant skip-distance
perturbations ( Xx) associated with rays that are propagated through the sunspt
atmosphere. These calculations are for similar positions rad frequencies as in Fig-
ure [Z8. The exclusively positive values of x that we can see along the sunspot
radius indicates that at the same time that these rays are baig sped up, they are
also undertaking a longer journey than their Model S counteparts in the process,
and as with j, the magnitude of the calculated x appears to be closely related
to surface magnetic eld strength. For both |, and x we also observe a particular
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Figure 2.6: Travel-time perturbations () as a function of skip distance &) for
Ispot = 4,8;,12, and 16 Mm on the sunspot (wherergpot is the radial position of the
lower turning point of the ray), as calculated for three frequencies:! = 3:5 (green),
I =4:0 (red) and ! =5:0 mHz (blue).

pattern of perturbation associated with each position alorg the sunspot. Whereas
the perturbations appear to mainly decrease when we are clesto spot centre (e.g.,
I'spot = 4;8 Mm), they appear to increase when further away (e.9.fspot = 12; 16 Mm)
from spot centre. This is clearly a bi-product of both varying eld strength and in-
clination angle of eld lines (see Figure[Z1) as we move acss the sunspot. Field
strength tends to decrease, while eld lines become more sijcantly inclined as we
move away from centre of the sunspot.

Also clearly obvious from both Figures[Z® andZl7 is the premnce of a signi cant
frequency dependence of both , and x measurements in the sunspot, with the
magnitudes of the perturbations increasing as the frequencis increased from 35
to 5:0 mHz. This is particularly evident for rays with short skip distances (i.e.,
surface skimmers with very shallow lower turning points). Fequency dependence of
travel-time perturbations in active regions has also been bserved by both helioseismic
holography (Braun and Birch, 2006) and time-distance heliseismology (Couvidat and
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Figure 2.7: Skip distance perturbations ( x) as a function of phase travel time () for
rspot = 418,12, and 16 Mm on the sunspot, calculated for three frequencg = 3:5
(green), ! +4:0 (red), and ! =5:0 mHz (blue).

Rajaguru, 2007). We shall discuss the importance of these aervations in greater
detail in the upcoming sections.| Cally (2007) also observed similar behaviour when
modelling rays in inclined elds and described several releed but distinct e ects that
strong magnetic elds appear to have on seismic waves, with @ important \dual
e ect" that the magnetic eld has on individual ray paths (th at is, increasing their
skip distances while at the same time, speeding them up corgérably) being one of
these e ects.

A comparison between rays propagated inside the sunspot mad with rays propa-
gated in the quiet-Sun clearly reveals these e ects to the nked eye. All rays shown in
Figure 28 are initialized at a depth of z,ot = 2 Mm, with the rays inside the sunspot
model (solid rays, colours identify frequencies) also bei initialized at varying posi-
tions along the sunspot (spot = 0;4;8;12, and 16 Mm). While the rays propagated
inside the Model S atmosphere (dashed rays) are symmetricabout their turning
points (as expected), strong asymmetries (at both turning mints) are associated
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Figure 2.8: Plots of individual rays propagated through the simulated sunspot (solid
rays) and Model S (dashed rays) atmospheres, calculated fahree frequencies:! =
3:5 (green),! =4:0 (red), and! =5:0 mHz (blue). The top of each frame indicates
the initial depth ( zyot, Mm) and radial grid position of the lower turning point of th e
ray (rspot, Mm).
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with the same rays when initiated inside the sunspot. We can learly see that the

rays inside the sunspot (at all three frequencies) appear tdvave undergone a longer
skip distance, in a slightly shorter amount of time (dots along ray paths indicate

one-minute tq intervals), con rming the perturbation pro les of Figures [Zd and[ZT.

Of course Figure[ZB shows a very small sample of rays initigled at a given depth,

but even so, they are quite clearly indicative of the large-sale e ects of the magnetic
eld on ray propagation { e ects which are more pronounced aswe approach the spot
centre and in regions of signi cantly inclined magnetic elds.

2.4.3 Binned Travel-Time Perturbation Pro les

The mean ray travel-time perturbations () for each frequency and grid position
were calculated and binned into 11 skip distances (1 11) of various sizes (outlined
in Table ). The 7" pro les of the bins are shown in Figure[Z9. Once again, we
can see the clear frequency dependence of travel-time pertations evident in all
bins, with perturbations increasing with increasing frequency as before. Also, all [
bins contain negative perturbations as we saw before in Figte Z8. We also observe
that the magnitude of ' decreases as we move away from the centre of the sunspot
(i.e., decreasing eld strength) for the smaller bins (e.g, 1 3).

These smaller bins are representative of shallow rays thatpend a considerable
proportion of their journey inside the magnetic eld, consistent with the larger mag-
nitude of the perturbations seen in these bins. Larger bins€.9., 4 11) sample
rays with much deeper lower turning points, hence a consideble amount of the jour-
ney undertaken by these rays would be spent in the quiet-Sun Mdel S atmosphere.
Therefore the magnitude of the perturbations tends to be sméer than that for the
smaller bins. However, they are found to increase in magnitde as we move away from
the centre of the sunspot as rays sample larger areas of the maetic eld throughout
their journey across the sunspot radius.

It should be noted that for the smaller bins (particularly for 1 3), it becomes
quite dicult to obtain a su cient sampling of rays to averag e near the centre of
the ux tube, even with a very ne grid spacing of z = 0:.025 Mm in the very
sensitive top 15 Mm of the computational grid. Consequently, we end up with
somewhat coarse ' bins. No such restriction is encountered when using the Mode
S/quiet Sun atmosphere, which tends to suggest that strong ear-surface magnetic
elds are severely restricting the propagation of heliosesmic rays with very shallow
lower turning points.
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I =3:5 (green),! =4:0 (red), and ! =5:0 mHz (blue). Annuli number and sizes

are indicated on the top of the frame of each bin.

2.4.4 Comparison With Observations

Although our sunspot model has many of the qualitative featwes we might expect
in a real spot, it is nonetheless ratherad hog and consequently our time-distance
results do not warrant detailed comparison with solar obsevations. Nevertheless, it
is of interest to qualitatively compare the
to those reported for AR 8243 (18 June 1998) by Couvidat et al(2006). S. Couvidat

p
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kindly provided us with the actual set of travel time maps used in their analysis.

To compare the " pro les as closely as possible, we rst compute the azimuth&
average of the four " maps presented in Figure 3 of Couvidat et al. (2006) (corre-
spondingto 1, 3, gand g, noting that the travel-times were obtained without
a frequency bandpass lter), to obtain " pro les of AR 8243, akin to our arti cial,
common midpoint ;" pro les contained in Figure 9. We observe peak (positive)
travel-time perturbations of  0:29 and 0:16 minutes respectively for 1 and 3
in the sunspot umbra, while the sign of ' in the sunspot changes for the larger
bins, s and o, with [ ranging from 0:38 to 0:31 minutes respectively.
The perturbations for all four bins also appear to decreasen the penumbra relative
to the umbra. In comparison, if we assume a central frequencyf 3.5 mHz, the ar-
ti cial o' pro les for the bins produced by our simulations (Figure 29, 3.5 mHz
pro les indicated by solid green lines) show opposite-in-gn and larger-in-magnitude

o' for both 4 ( 0:7 minutes) and 3 ( 0:82 minutes), while similar-in-sign
yet smaller-in-magnitude " pro les were observed for ¢ ( 0:22 minutes) and

9 ( 0:05 minutes). When we consider higher frequencies, the magnide of the
arti cial o' increases with frequency for all four bins, with all perturbations be-
ing negative in sign. However, the general pattern of the artcial " proles for
all frequencies appears to be similar to the observations c€ouvidat et all (2006),
with perturbations decreasing with increasing radius fromthe centre of the sunspot.
The o -axis behaviour of the larger 7" bins is partly due to the common midpoint
travel-time measurement geometry we have employed as wellsahe 2D nature of the

simulations.

While the di erences in the magnitudes of ' between our simulations and those
oflCouvidat et al. (2006) (at a given xed central frequency) can be explained, to some
extent, by magnetic and thermal di erences between our modéand their sunspot,
the frequency dependence of ' and the sign change of the smaller bins in particular
(i.e., positive " resulting from actual time-distance observations, negatve ;" from
the simulations) can not be dismissed as easily. Traditionly, positive ' obtained
for short skip distances in sunspots have been interpreted sarepresenting a region
of slower wave-speed propagation in the shallow sub-surfaclayers of the sunspot.
However, as we brie y noted in the previous section| Braun am Birchl (2006) (using
helioseismic holography) found that, at a given xed phase peed, travel-time pertur-
bations within active regions exhibit a strong frequency dgpendence. Couvidat and

Rajaguru (2007) con rmed these results using time-distane helioseismology, apply-
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ing additional frequency bandpass Iters (centred at 3.0, 40 and 4.5 mHz) to the
standard phase-speed lters used in_Couvidat et al. [(2006)n order to determine the
cause of the dark rings of negative ' they detected in the travel-time maps (mainly
associated with the , and 3 skip-distance bins) of a majority of the sunspots they
studied. These rings, which are sensitive to the frequency Itering applied, are found
to produce signi cant ring-like structures in the inversio n results, mimicking regions
of increased sound speed. The authors conclude that the rirggare most likely to be
artifacts caused by surface e ects, probably of magnetic agin.

In addition to these results, the very recent work undertaken by Braun and Birch
(2008) (using ridge lters, in addition to the standard phase-speed lters) provide
strong evidence that the positive perturbations observed @se from the p; ridge or
beneath it. These positive travel-time shifts were not seenin the higher order p-
mode data. These results, when considered in conjunction Wi our arti cial o
pro les (and the results contained in in the next section), provide further evidence
that positive travel-time perturbations obtained for short skip distances are likely to
be artifacts or bi-products of the data reduction or analysis method used, rather than
some actual physical sub-surface thermal anomaly below theunspot.

2.4.5 lsolating the Thermal Component of Travel Time Pertur ba-
tions

One of the keys to understanding the role played by near-sugfice magnetic elds in
local helioseismology is to be able to isolate it from e ectghought to be produced by
thermal or ow perturbations. The simplest way to isolate such e ects is to \switch
0 " the magnetic eld when calculating the ray paths in the si mulations { that is, set
a =0 in the simulated sunspot atmosphere, but maintain the mod ed sound-speed
pro le obtained (seen in Figure[Z4). Of course, this techntally means that the model
is no longer in MHS equilibrium, but this does not a ect linear wave calculations.
The external atmosphere, ray-path simulations and computdional grid remain
identical to those described previously. The only di erence is the resulting thermal
travel-time perturbations ( IQ“) which would then be purely a result of what can be
referred to as \thermal variations" along the ray path. One can then compare the
resulting perturbation pro les to those obtained when the magnetic eld is included
in the simulations (i.e., Figure Z9) to better understand the role of the thermal
contributions to the observed ' proles. Figure EZI0 shows the resulting bins of

the thermal component of .
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Figure 2.10: Binned thermal travel-time perturbation ( F’,“t, minutes) pro les as a
function of position (rspet, Mm) on the sunspot, calculated for three frequencies:
I = 3:5 (green),! =4:0 (red), and! = 5:0 mHz (blue). Annuli number and sizes
are indicated on the top of the frame of each bin.

In general, the resulting F')“t pro les are relatively smooth and all bins clearly
show exclusively positive travel-time perturbations (compared to exclusively negative
travel-time perturbations observed in Figure[Z9). This implies that rays are travelling
considerably slower than in the Model S atmosphere { a clear antrast with simula-
tions where the magnetic eld is present. The magnitude of F')“t is also decreasing
with increasing radius for the smaller bins ( 1 4) and vice versafor the larger bins
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( s 11), & similar behaviour to what is observed in Figure[Z®. Howeer, when
considering the magnitude of the perturbations between FigresZ9 andZ1D, it is
clear that thermal perturbations appear to be much smaller or a majority of the bins

{in fact up to 400% smaller for some frequencies when comparg the perturbations

in the near-surface regions 1 3. The magnitude of the perturbations become
much more comparable when looking at the larger bins ( 7 onwards), and from g

onwards F’)m becomes ever slightly larger than the ones we see in FiguEe®for the

same bins. Frequency dependence of g‘t is also evident, but only clearly discernible
for the rst six bins (1 g) and most likely due to the e ects of the change in
acoustic cuto frequency as a result of the modi ed thermal structure.

2.5 Summary and Discussion

Whether it be through direct observations, forward modelling, or inversions, in order
to be able to con dently interpret helioseismic observations and inferences made in
regions of strong magnetic eld, the actual physical e ects of near-surface magnetic
elds on ray propagation must be better understood and takeninto account when
analyzing or modelling active region sub-photospheres. Quapproach here is akin
to forward modelling of rays, but in a simulated sunspot atmasphere based on IVM
surface magnetic- eld pro les with a peak eld strength of 3 kG and an external eld-
free Model S atmosphere used as the background or unperturdemedium. The main
aim of these simulations was to isolate and understand the escts of the wave-speed
inhomogeneities produced by the magnetic eld from those tlought to be produced
from thermal or sound-speed perturbations.

The magneto-acoustic rays were propagated across the sunsfradius for a range
of depths to produce a skip distance geometry similar to ceme-to-annulus cross-
covariances used in time-distance helioseismology. The parbations from the Model
S atmosphere were calculated for each radial grid positionrad range of frequencies
(3:5 5:0 mHz), then binned into 11 di erent skip-distance geometries of increasing
size. A separate, yet similar, set of simulations was then prduced to isolate the role
played by thermal variations inside the sunspot atmosphereon the ray skip distance
and travel-time perturbation pro les. This was achieved by switching o the magnetic
eld in the model { i.e., integrating the rays in the absence of the ux tube while
maintaining the modi ed sub-surface sound speed structure

Thesearti cial skip-distance and travel-time perturbation pro les, whic h directly
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account for the e ects near-surface magnetic elds and themal variations separately,

have provided us with a number of very distinct and interesting observations:

1.

The sunspot magnetic eld has a clear and distinct \dual e ect" on helioseismic
rays { increasing their skip distances, while at the same tine, shortening their
travel time (compared to similar rays in a Model S atmospher¢. Higher fre-
qguency rays propagated within the magnetic eld also tend to undergo a more
substantial speed up than their non-magnetic counterparts

. There is a clear and signi cant frequency dependence of il ray skip-distance

and travel-time perturbations across the simulated sunspbatmosphere. This
frequency dependence of perturbations was prevalent for bskip-distance bins,
but particularly so for shallow rays, which sample the nearsurface layers of the
sunspot.

. The general pattern and magnitude of the observed time sffis (i.e., tending to

increase with increasing magnetic- eld strength and inclhation) points to more
evidence of the signi cant role played by the sunspot magnet eld. Rays with

shorter skip distances were seen to experience greater parbations as a result
of spending a considerable proportion of their journey within the con nes of the
magnetic eld.

The consistent (negative) sign of the time shifts also caectly re ects the one-
layered sound- and wave-speed pro le (i.e., consistent saul-speed decrease and
wave-speed enhancement) of the model atmosphere.

With the magnetic eld switched o, the simulated travel- time perturbation
pro les changed sign for all bins (i.e., only positive perturbations were observed
across the sunspot radius, meaning that rays in the thermal mdel are actually
slower than their Model S counterparts), and the magnitude d these pertur-
bations appeared to be signi cantly smaller in magnitude (300{400% at times)
than when the magnetic eld is included in the model. This was particularly
evident for the bins that sample rays in the near-surface lagrs, whereas bins
of larger skip distances produce slightly larger perturbatons than the magnetic
model. Frequency dependence of travel-time perturbationsvere also observed,
but only for half of the bins. A majority of bins sampling larg er skip distances
did not exhibit this behaviour.
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These observation as a whole tend to suggest that active-régn magnetic elds
play a direct and signi cant role in sunspot seismology, andit is the interaction of
the near-surface magnetic eld with solar oscillations, raher than purely thermal (or
sound-speed) perturbations, that is the major cause of obseed travel-time pertur-
bations in sunspots.

The frequency dependence of these perturbations is one of ¢hstrongest indi-
cations that the magnetic eld is a signi cant contributor t o the travel-time shifts.
When isolating the thermal component of |, we did observe some frequency de-
pendence in a limited number of bins/skip distance geometis, certainly not to the
extent that we saw when the magnetic eld was included. Of couse in the absence of
any perturbations, rays propagated at di erent frequencies will naturally have slightly
di erent upper turning points, this could certainly explai n a part of a frequency de-
pendence, but this e ect combined with the (negative) sign aad magnitude of the
simulated |, pro les, along with the relatively small (positive) therma | component
extracted from the perturbations, makes it very di cult for one to argue that what
we are seeing in these travel-time perturbation pro les is aresult of a sub-surface ow
or sound-speed perturbation, as has been traditionally inerpreted in time-distance
literature.

Instead, these observations indicate that strong near-sufiace magnetic elds may
be seriously altering the magnitude and lateral extent of sand-speed inversions made
by time-distance helioseismology. This is because standditime-distance observations
(e.g.,Couvidat et all (2006), see Section 4.2) show ;' maps derived from the aver-
aged cross-correlations shifting from positive values fothe rst couple of bins (usually

1 3), to negative ones for the remainder of the bins. Traditiondly, positive per-
turbations result in regions of decreased sound speed in ievsions, while negative
perturbations result in regions of enhanced sound speed. Buve have clearly seen
from our forward modelling that the inclusion of the magnetic eld in the near surface
layers consistently results in negative values for all binof 7. This implies that any
inversion of time-distance data that does not account for suface magnetic eld e ects
will be signi cantly contaminated in the shallower layers of the sunspot (i.e., down
to a depth of a few Mm below the surface), in strong agreement ith the conclusions
of ICouvidat and Rajaguru (2007). Hence it is almost certain fom these simulations
that the two-structure sunspot sound speed prole, i.e., ragion of decreased sound
speed immediately below the sunspot (corresponding to posie ), is most likely
an artifact due to a combination of surface e ects and the useof phase-speed ltered
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data, instead of some kind of a \thermal anomaly". As expecta, deeper sound speed
pro les do not appear to be a ected as much, as evidenced by th sign and magnitude
of the simulated " for the larger bins, which appear to be consistent with actua
time-distance observations. Given the ux tube becomes gapressure dominated at
such depths, we can expect thermal e ects to dominate.

Of course, we must bear in mind that some of our assumptions dlined earlier
(e.g., 2D treatment of rays, the fact that we are not directly accounting for mode
conversion and phase discontinuities, and even the form oftie surface magnetic eld
and background model in general etc.) can certainly alter ou results quantitatively
in one manner or another. Indeed it would certainly be interesting and worthwhile
to conduct a full 3D simulation (i.e., vary the shooting angle around the sunspot)
and also test the ray propagation code with other sunspot andquiet-Sun models in
the future. But in any case, it would be surprising, given the self-consistency of our
current results, if our qualitative conclusions were changd as a result.
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Chapter 3

The Role of Strong Magnetic
Fields on Helioseismic Wave
Propagation

In this chapter we investigate the direct contribution of strong, sunspot-like mag-
netic elds to helioseismic wave travel-time shifts by condicting a comparative study
between two recently developed numerical forward models: e MHD ray tracer de-
tailed in the previous chapter, and the 3D ideal MHD solver ofHanasoge ((2007) which
simulates linear wave propagation in a solar-like strati ed medium. Two contrasting
time-distance travel time measurement schemes are used tonalyse the simulated
vertical velocity data cubes produced by the MHD simulations. The rst scheme em-
ploys a centre-to-annulus measurement geometry to deriveusface-focus travel times,
while the second scheme employs a common midpoint method, ioonjunction with
realization noise subtraction, to extract deep-focus trael times. The latter is chosen
so as to avoid oscillation signals in the sunspot region. Welso isolate and analyse
the direct contribution from purely thermal perturbations to the observed travel-time
shifts, con rming some existing ideas and bringing forth newv ones.
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3.1 Surface-Focus Measurements

3.1.1 Introduction

Local helioseismic diagnostic methods such as time-dista@ helioseismology (Duvall
et al., 11993), helioseismic holographyl|(Lindsey and Braun{1997) and ring-diagram
analysis (Hill, 1988), have over the years provided us with nprecedented views of the
structures and ows under sunspots and active regions. Howeer, a growing body of
evidence appears to suggest that interpretations of the mesured statistical changes in
the properties of the wave- eld may be rendered inaccurate g complexities associated
with the observations and wave propagation physics. As disgssed in Chapters 1 and
2, incorporating the full MHD physics and understanding the contributions of phase
and frequency lters, and di erences in the line formation height, are thought to be
central to future models of sunspots.

One of the earliest studies that highlighted the interaction of waves with sunspots
was the Fourier-Hankel analysis ofi Braun et al. (1987), who dund that sunspots
can absorb up to half of the incident acoustic-wave power andshift the phases of
interacting waves quite signi cantly (see alsolBraun|1995) These results were echoed
over the years by a steady steam of theoretical results (e.cBoadan et al.,{1995; Cally
and Bogdan, |199/7; Cally et al., 2003] Crouch et al.| 2005; Chy, 2007) that have
consistently emphasized the need for more sophisticated nueling and interpretation
of wave propagation in strongly magnetized regions.

Important advances in our observational understanding of sinspots were also
achieved by|Duvall et all (1996) andlZhao et al. (2001), who iferred the presence
of ows underneath sunspots, and_Kosovichev et al. |(2000) wh estimated the sub-
surface wave-speed topology. However, while the inversioprocedures applied to
derive these results fail to directly account for the tensoral nature of magnetic eld
e ects, the action of the eld is mimicked via changes in the acoustic properties of
the medium (the so-called wave speed). Recently however, muerical forward models
of helioseismic wave (e.q.l_Cameron et all,_2008: HanasodeD(B) and ray (Moradi
and Cally, 2008) propagation in magnetized atmospheres ha been developed and
are beginning to make inroads into this problem. In particular, the results of Moradi
and Cally (2008) and Cameron (2008; private communication)strongly suggest that
active-region magnetic elds play a substantial role in in uencing the wave eld, and
that the complex interaction of magnetic elds with solar oscillations, as opposed
to changes in the wave speed, are the major causes of observiedvel-time inhomo-
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geneities in sunspots.

In this section, we aim to study the impact of strong magnetic elds on helioseis-
mic wave propagation and the consequences for time-distarechelioseismology using
two numerical forward models, a 3D ideal MHD solver and MHD ray theory. The
simulated data cubes are analysed using the traditional suiace-focused centre-to-
annulus method frequently applied in the time-distance andyses of sunspots (e.g.,
Couvidat et al), 2006). Furthermore, we apply the same metha outlined in X243 to
also isolate and analyse the thermal contribution to the obgrved travel-time shifts.

3.1.2 The MHS Sunspot Model

The background strati cation for the model atmosphere chosn for this analysis is
described by a adiabatically stable, hydrostatic truncated polytrope (Bogdan et all,
1996), smoothly connected to an isothermal atmosphere. Théruncated polytrope
is described by: indexm = 2:15, reference pressurgp = 1:21 10 gcm 1 s ?
and reference density g =2:78 10 ’ g cm 3, such that the pressure and density
variations are given by,

7 m+1
pR)=p  — (3.1)
0
and m
@)= o Zi : (3.2)
0

The photospheric level of the background model is az = 0, while the upper boundary
is placed at a height ofzy = 345 km.

The magneto-hydrostatic (MHS) sunspot model that we embed i the background
is similar in construction to that of Cameron et al.l (200€) and Hanasogke [(2008), where
the ux tube is modelled by an axisymmetric magnetic eld geometry based on the
Schister and Temes\aryl (1958) self-similar solution. This approximation requires the
following choices for the radial B;) and vertical (B;) components of the magnetic
eld:

B,=M (2e" @: (3.3)
B, = M% 0 1 (@), (3.4)
with 0= d =dz. The above equations [3B) and[[3H¥) are in cylindrical georatry; r,
z refer to the horizontal radial and vertical coordinates with r = 0 coinciding with the
centre of the ux tube, M a term that controls the magnitude of the magnetic eld
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and hence the ux (= M ), and (z), the horizontal extent of the ux tube and the
rate at which it spreads with altitude. Following Hanasoge (2008), the zeroth-order
MHS equations (in cylindrical coordinates) can then be redweed to:

0= @p+ %[@Br @B,]; (3.5)

along the horizontal (r) direction and in the vertical ( z) direction,

0= @ ,'[@ @8] o 36)

Equation (B3) is integrated fromr =0 to 1 to obtain the following equation:

2 @ 2
p@) = P @+ G 2 % 37)
where pc(z) is the pressure along the axis (centreline) of the ux tube and p;1 (2) is
the hydrostatic pressure far away from the magnetic region.The horizontal pressure
distribution at a given z can now be computed by integrating equation [3.5) from the
centre outward:

Z .o

r

p(r®z) = pe(2) + T, drB,[@B, @B,]; (3.8)

thus the entire pressure eld can be recovered through this pocedure. Simplifying
equation (28), we can obtain the density eld from the presaire distribution:

()= 5 @+ ;'[@8 @i : 39)

Therefore, upon specifying parametresM and (z) in Equations (BE3) and (34), one
can obtain a self-consistent MHS solution that satis es thecriteria of r B =0 and
MHS balance. Upon solving the MHS equations of pressure anddrentz support
(described in detail in and Chapter[2 and also inLCameron et a| [2008;|Hanasoge,
2008), we obtain the altered thermodynamic strati cation of the underlying magne-
tized plasma (Figure[3 c).
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Figure 3.1: Various properties of the model sunspot atmospére: a) shows the eld
con guration of the sunspot model, depicted as lines of cortsnt magnetic ux, b)

is the power spectrum of the simulated Doppler velocity datacube with the location
of the p- and f -mode ridges, c) depicts the near-surface thermal/sound sged pro le

and d) contains a power map normalized to the quiet Sun.

3.1.3 MHD Wave-Field Simulations

We employ the forward model of the solar wave eld developed i Hanasogk (2007).
We begin by linearizing and modifying the ideal MHD equations:

@ = r (ov) ; (3.10)

= Srp —g+ D By B+(r B) Bol+s vi (311
0 0 4

= vV rpy ofr v p (3.12)

@B=r (v By B (3.13)

r B=0 (3.14)



CHAPTER 3. THE ROLE OF STRONG MAGNETIC FIELDS ON
HELIOSEISMIC WAVE PROPAGATION

where is the plasma density, p pressure,B = (By;By;B;) the magnetic eld,
v = (Vx; Vy;Vz) is the vector velocity, g = g(z) is gravity with direction vector &,
c = c(x;y;z) is the sound speed, = ( x;y;z) > 0 is a damping sponge that
enhances wave absorption at all horizontal and vertical boadaries, (z) a Lorentz
force \controller", and S is the source term. The subscript \0" indicates a time-
stationary background quantity while un-subscripted terms uctuate. The controller
term is such that it is constant (=1) over most of the interior but d ecays rapidly with
height above the photosphere. It essentially attempts to ahieve a two-fold purpose:
() a reduction in the Lorentz force with increasing altitud e above the photosphere
and (ii) prevent the onset of negative pressure e ects. A dediled discussion on the
reasoning behind this term is included inlHanasogel (2008).

A Cartesian coordinate system §;y;z) is employed, with &, denoting the unit
vector along the vertical or z axis and t, time. Because we have a spatially vary-
ing magnetic structure, the background pressure, densityand sound speed adopt a
full three-dimensional spatial dependence. Equations[{30) through (BI2) enforce
mass, momentum, and energy conservation respectively, Wil equation (3I3) is the
induction equation. Equation (BI4) con rms the absence ofmagnetic monopoles. In
interior regions of the computational box (away from the boundaries), solutions to
the above equations are adiabatic since the damping terms @ay to zero here.

In our computations, waves are excited by a vertically dipolr source function,
S = S(x;y;z;t) &,, the structure of which has been discussed in some detail in
Hanasoge 1(2007). Essentially, it is a phenomenological medi for the multiple source
wave excitation picture that is understood to occur in the Sun. The source function
is highly localized along thez axis, described by a Gaussian with full width at half
maximum (FWHM) of 200 km. To simulate the suppression of grarulation related
wave sources in a sunspot (e.g., see Hanasoge el al., 2008)e tforcing term is also
multiplied by a spatial function that mutes source activity in a circular region of 10
Mm radius.

We start our analysis in the frequency-horizontal wavenumter Fourier space and
attempt to mimic the solar acoustic power spectral distribution as closely as possi-
ble. To ensure this, each coe cient in Fourier space is assiged a value from the
output of a Gaussian distributed random number generator, wich creates uniform
power across wavenumbers. The computational domain is a 3D dx that straddles
the solar surface, extending from approximately 30 Mm belowthe photosphere to 2
Mm into the atmosphere. The vertical grid spacing is such tha acoustic travel time
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between adjacent grid points is constant, while the horizotal grid points are equally
spaced. Spatial derivatives are calculated using sixth-ater compact nite di erences
(Lele, 11992) and time evolution is achieved through the repated application of an
optimized second-order ve-stage Runge-Kutta scheme. Wemplement periodic hor-
izontal boundaries and place damping sponges adjacent to thvertical boundaries to
enhance the absorption and transmission of outgoing waves.

To avoid aliasing, we apply the two-thirds rule (Orszag, 1197), requiring that
maximum captured wave-number be at most two-thirds the number of grid points.
In order to avoid vertical (radial) aliasing and the subseguent spectral blocking, we
apply the de-aliasing procedure described in_Hanasoge anduvall (2007), once every
minute in solar time. Variables in the horizontal direction are de-aliased by applying a
smooth Iter that diminishes the upper third of the spectrum and leaves the important
lower two-thirds untouched (also at the rate of once per minde). The numerical
algorithm used was parallelized according to the Message Raing Interface (MPI)
Standard. The computational box is distributed along the y-axis; all points on the
x- and z-axes for a given point on they-axis are located in-processor. The data are
transposed and redistributed between processors when thekition has to be Itered
and when derivatives along they-axis need to be computed.

The nal products from the simulations are vertical (Dopple r) velocity data cubes,
extracted at an observational height of 200 km above the phabsphere. The arti cial
Doppler velocity data cubes have dimensions of 200 200 Mm? 512 minutes, with
a spatial resolution of 781 Mm and cadence of 1 minute.

3.1.4 MHD Ray-Path Simulations

The previous Chapter outlined the detailed steps involved n using MHD ray theory
to model helioseismic ray propagation in magnetized atmosiperes. Here, we provide
a brief description of the magneto-acoustic ray tracing pra@edure for this analysis.

The ray paths are computed in Cartesian geometry in the vertcal x-z plane
assumed to contain both magnetic eld lines and ray paths. Inthis case, we only
require the 2D dispersion relation with the Alf\en wave factored out:

D=1% (a?+ &) ?K?+ a®PK?ki+ N%kZ (12 a2K?)!Z2=0 (3.15)

where K = jkj, c represents the sound speeda the Alfven speed,N? is the squared
Brunt-Vaisala frequency and ! 2 is the square of the isothermal acoustic cut-o fre-

75



CHAPTER 3. THE ROLE OF STRONG MAGNETIC FIELDS ON
HELIOSEISMIC WAVE PROPAGATION

quency. The remaining term, k, = Bo:k (Where By is the prescribed magnetic eld),
represents the component of the wavevectok parallel to the magnetic eld. The con-
struction of k is completed by specifying the governing equations of the sapaths (see
AZ3), derived using the zeroth order eikonal approximation(MWeinberg, [1962). The
equations are then integrated using a fourth-order Runge-Kitta numerical scheme.
The magneto-acoustic rays stay on the fast-wave dispersiobranch at all times. It
should be noted that neither forward model (i.e., X371T.3,[37T#) accounts for the pres-
ence of ows.

3.1.5 Modelling Surface-Focus Travel-Time Inhomogeneiti es

For the time-distance calculations, we compute cross covéinces of oscillation sig-
nals at pairs of points on the photosphere (source ati, receiver atr,) based on
a single-skip centre-to-annulus geometry (see e.g. _Couvad et all, 2006). We cross
correlate the signal at a central point with signals average over an annulus of radius
= jrp rq1j around that centre. Firstly, we Iter out the f-mode ridge. Sub-
sequently, standard Gaussian phase-speed in conjunctionith Gaussian frequency
lters centred at 3.5, 4.0 and 5.0 mHz with 0.5 mHz band-widths are applied in order
to study frequency dependencies of travel times (e.d. Braumnd Birch, 2006; Couvi-
dat and Rajaguru, 12007). The annular sizes and phase-speedter parametres used
in estimating the times shown in Figures[322 and:3} (includihg the central phase
speed {) and full width at half-maximum (FWHM) used) are outlined in Table B.
The point-to-annulus cross-covariances, averaged over & distances, are tted by two
Gabor wavelets [(Kosovichev and Duvall,1 1997) to extract therequired travel times.
The wavelet has ve parameters: the central frequency, the vidth and amplitude
of the envelope, and the group and phase travel times. We dete by ., and
the measured phase travel times for the positive- and negate-time branches of the
cross-covariance respectively. The reference travel tinsefor the quiet Sun are simi-
larly de ned using a reference cross-covariance. Thphasetravel time perturbations,
+ and , are de ned as the di erence between the measured and refenee travel
times. As we are interested in wave-speed perturbations oyl we consider mean
travel-time perturbations, mean =( + + )=2.

In order to compare theory with simulation, we also estimate centre-to-annulus
mean time shifts, mean, Using the MHD ray tracing technique of X312 for the same
sunspot model §3.T.2). The single-skip magneto-acoustic rays do not requé lter-
ing. Instead, they are propagated from the upper turning pont of their trajectories,
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in both the positive and negative x directions, at a prescribed frequency with hori-
zontal increments of 1 Mm across the sunspot. The required nage of horizontal skip
distances is obtained by altering the shooting angle at whib the rays are initiated.
The skip distances are then binned according to their travelpath lengths, , while the
travel times are averaged across both the positive and negafe horizontal directions.
Again, we only concern ourselves with the mean phase time sit$.

Table 3.1: Annulus radii and phase-speed parameters usedrfthe surface-focus mea-
surements

(Mm) v (kms 1) FWHM (kms 1)

3.7{8.7 17.71 11.94
6.2{11.2 21.11 11.94
8.7{14.5 24.36 11.94

3.1.6 The Travel Time Proles
MHD Wave-Field Simulations

Figure 2 shows maps of ean as well as the frequency ltered azimuthal averages
of mean Obtained using time-distance centre-to-annulus measurelnts for the mea-
surement geometries indicated in Tabld=3ll. The mean Mmap for =6 2 11:2 Mm
clearly displays positive travel-time shifts, reaching a maximum of around 25 seconds
at spot centre. A similar travel-time shift is observed from the azimuthal average of

mean When a frequency lter centred at 3.5 mHz is applied to the daa. We also
observe the magnitude of the positive mean Steadily decrease as we increase the
frequency lter to 4.0 mHz, with negative  ean Starting to appear in the prole,
and by 5.0 mHz the travel times observed inside the sunspot & completely negative.
For the larger annuli, negative time shifts of increasing manitude are consistently
observed as we increase the central frequency of the Iter.n fact, all  mean Maps
for largerthan 8 :7 14:5 Mm that we measured displayed similar nean behaviour
to the 6:2 11:2 and 87 145 Mm bins (albeit with smaller time shifts).

It is important to take note of both the signs of the travel-ti me perturbations and

their apparent frequency dependence. Positive mean have traditionally been inter-
preted as indicative of a region of slower wave propagationni the shallow subsurface
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Figure 3.2: Center-to-annulus time-distance nean Maps (no frequency Itering)

and azimuthal averages for = 3.7-8.7 (a,d), 6.2-11.2 (b,e) and 8.7-14.5 Mm (c,f)
extracted from the MHD wave- eld simulations of X37I.3. Light solid lines represent
Gaussian frequency ltering centred 3.5 mHz, dashed lines apresent 4.0 mHz and
bold solid lines represent 5.0 mHz.

layers beneath the spot, while negative times are of a wavepged enhancement. So
in essence, the mean pro les that we have derived from the simulation would ap-
pear to indicate a traditional \two-layered" wave-speed structure (e.q., Kosovichev
et al., 2000;  Couvidat et al., [2005) beneath the sunspot. Hoewver as can be seen
in Figure B, the thermal pro le of our model atmosphere is a\one-layer" sunspot
model (¢c?=¢ < 0) and of the order of ~ 40%. Similarly, changes in the sub-surface
wave speed, € + a%)=¢ 1 (where ¢ is the unperturbed sound speed), lie only in
the positives  0{200% (Figure [33), with the greatest enhancements seen e the
surface. The large decrease in the sound speed we observe ir sodel also raises
the possibility that current methods of linear inversion may lie beyond their domains
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of applicability.

We also observed that travel times associated with the smadist measurement
geometry are most sensitive to the phase-speed Iter used,&., when the phase-speed
parameters were adjusted to Iter all background power belav the p; ridge, negative

mean Were obtained. This behaviour was noted byl Braun and Birch (208), who
determined the causative factor to be the background power btween the p; and f
ridges. It is unsettling that the sign of the time shift may be reversed at will, through
small changes in the Iter width and centre.

0 o]
-2.0 -15 -1.0 -05 0.0

Z HimL

Figure 3.3: Wave-speed enhancement pro le of the model atmgphere [37T2) at spot
centre, shown here as a function of depthZ). A fast wave increase of approximately
200% is observed at the surfacez(= 0).

MHD Ray-Path Simulations

Figure B4 (frames a-c) show the resultant mean proles derived from the MHD
ray tracer for identical measurement geometries as used fothe time-distance cal-
culations. The similarities between the ray mean proles and their time-distance
counterparts in Figure B4 are striking. Firstly, the ray tr avel-time perturbation pro-
les contain predominantly negative travel-time shifts for all frequencies, albeit with
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slightly smaller magnitudes. Secondly, a similar frequeng dependence of nean IS
also observed. Generally, high frequency rays propagated ithin the con nes of a
magnetic eld are expected to i) travel faster and ii) propagate longer distances than
low frequency rays [Cally, 2007; Moradi and Cally,|2008). Havever, one signi cant
di erence we can observe in these pro les is the absence of grpositive travel-time
shifts for the =3 :7 8.7 Mm bin. This is signi cant because the exclusively
negative mean We observe across all geometries not only re ects the oneytared
wave- and sound-speed pro les below the surface, but also gilights the e ects that
phase-speed Itering can have on time-distance measuremen(recall that ray calcu-
lations require no such ltering). Nonetheless, the overal self-consistency between

these results and those i3I8 are very encouraging, despite the 2D nature of the
ray calculations.
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Figure 3.4: Center-to-annulus ray mean and ‘.., proles for = 3.7-8.7 (a,d),
6.2-11.2 (b,e), and 8.7-14.5 Mm (c,f) computed using the MHDray calculation recipe
of X3 T.4. Light solid lines represent 3.5 mHz, dashed lines repsent 4.0 mHz and

bold solid lines represent 5.0 mHz.
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The Thermal Contribution of Travel-Time Shifts

Given the fact that ray theory appears to succeed in capturirg the essence of the
travel-time variations as derived from the MHD simulations, we can isolate the ther-
mal component of the measured mean USiNg the same approach as Moradi and Cally
(2008) to ascertain the contribution to the travel-time shifts from the underlying ther-
mal structure. To do this, we re-calculate the ray paths in the absence of the ux tube
while maintaining the modi ed sound-speed pro le obtained in X3 T.2. The resulting
thermal travel-time perturbations, ..., would then be purely a result of thermal
(sound-speed) variations along the ray path. Of course, thanodel is no longer in
MHS equilibrium, but this does not a ect linear wave calculations.

The resulting .., proles, presented in Figure [32 (frames d-f), surprisingy
show that, even without the magnetic eld, ray theory produc es negative travel times
{ the exception being for rays propagated at 5.0 mHz. This indcates that the con-
tribution from the underlying thermal structure is signi ¢ ant enough to modify the
upper turning point of the ray paths, thus shortening the ray travel times. The ap-
pearance of negative travel times for a model with a decreasim sound speed would
appear to be somewhat counterintuitive, since from standad ray theory, one would
expect negative time shifts with increases in sound speed. e most likely expla-
nation for this phenomenon, is that since both the sound speg and plasma density
di er from the quiet Sun, consequent changes in the acousticut-o frequency (c=2H,
whereH is the density scale height) in the near-surface regions ofus model modi es
the ray path for waves with frequencies less than 5.0 mHz qué signi cantly, thereby
causing negative travel-time shifts. However, we cannot rle out that a more realistic
background atmosphere and/or a full account of the Wilson dgression in the model
may also nullify this e ect entirely.

Larger thermal contributions to the travel-time shifts at | ower frequencies is also
re ective of the fact that the upper turning point of the fast mode rays (waves) at
higher frequencies is much higher in the atmosphere (in theagiona > c¢), and as
such, these rays are a ected much more signi cantly by the ragidly increasing Alfien
speed. Hence, one would expect MHD e ects to be more dominarthan pure thermal
variations { as evidenced by the .., proles at 5.0 mHz. On the other hand, the
acoustic cut-o frequency ensures that the upper turning pants of lower frequency
rays (waves) are slightly deeper, i.e. in the regiort > a, resulting in a sizable thermal
contribution to the travel-time perturbations.

However, when comparing with the time perturbations derived from calculations
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that include the magnetic eld (i.e. Figure 84lframes a-c), MHD e ects appear to
be dominant contributors to the observed time shifts. This is perhaps most evident
for =3 :7 87 Mm (Figure B4 d), where the thermal contribution at spot centre
appears to make up approximately 11% of mean (i.€. Figure[34 a) at 5.0 mHz, 18%
at 4.0 mHz and 28% at 3.5 mHz. For the largest bin, we see a singit contribution
at 4.0 and 5.0 mHz, but a much greater contribution at 3.5 mHz @5% of mean).

3.1.7 Summary and Discussion

Incorporating the full MHD physics into the various forward models used in local
helioseismology is essential for testing inferences made regions of strong magnetic
elds. By comparing numerical simulations of MHD wave- eld and ray propagation
in a model sunspot, we nd that: i) the observed travel-time shifts in the vicinity of
sunspots are strongly determined by MHD physics, although sb-surface thermal vari-
ations also appear to a ect ray timings by modifying the acoustic cut-o frequency,
ii) the time-distance travel-time shifts are strongly dependent on frequency, phase
speed lter parameters and the background power below thep; ridge, and nally iii)
MHD ray theory succeeds in capturing the essence of centrestannulus travel-time
variations as derived from the MHD simulations.

The most unsettling aspect about this analysis is that despie using a background
strati cation that di ers substantially from Model S (Chri stensen-Dalsgaard et al.
1996) and a ux tube that clearly lacks a penumbra, the time shifts still look re-
markably similar (at least qualitatively) to observationa | time-distance analyses of
sunspots. Preliminary tests conducted with di erent sunspot models (e.g., dier-
ent eld con gurations, peak eld strengths etc.) have also provided similar results.
Given the self-consistency of these results, as derived fmo both forward models, it
could imply that we are pushing current techniques of local kelioseismology to their
very limits. It would appear that accurate inferences of the internal constitution of
sunspots await a clever combination of forward modelling, bservations, and a further
development of techniques of statistical wave- eld analyss.
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3.2 Deep-Focus Measurements

3.2.1 Introduction

In the preceding section we utilized two recently developechumerical MHD forward
models, in conjunction with surface-focused (i.e., centrdo-annulus) time-distance
measurements, to model the observed travel-time inhomogagities in a simulated
sunspot atmosphere. However, there are numerous caveatssagiated with surface-
focused time-distance measurements that use oscillationignals within the sunspot
region, as the use of such oscillation signals is now known tiee the primary source of
most surface e ects in sunspot seismology. These surface ects can be categorized
into two groups. The rst revolves around the degree to which observations made
within the sunspot region are contaminated by magnetic e eds (e.qg., [Braun, [1997;
Lindsey and Braun, 12005:| Schunker_et al.| 2005: Braun_and Batl, |2006; Couvidat
and Rajaguru, 12007;| Moradi et al.,|2009), while the second ewerns the degree to
which atmospheric temperature strati cation in and around regions may a ect the
absorption line used to make measurements of the Doppler vetity (e.q., Rajaguru
et al., 2006,12007).

There have been attempts in the past to circumvent such probéms by adopting a
time-distance measurement geometry known as \deep-focusy which avoids the use
of data from the central area of the sunspot by only cross-caelating the oscillation
signal of waves that have a rst-skip distance larger than the diameter of the sunspot
(e.g., IDuvall, 11995;|Braun, 19977; Zhao and Kosovichév, 200@Rajagurd, 2008). In
this analysis, we follow up on the comparative study presertd in X3 by using our
two established forward models, in conjunction with a deepfocusing scheme known
as the \common midpoint" (CMP) method to probe the sub-surface dynamics of our
arti cial sunspot.

3.2.2 Common Midpoint Deep-Focusing

Often utilized in geophysics applications such as multichanel seismic acquisition
(Shearer,19909), the CMP method measures the travel time athie point on the surface
halfway between the source and receiver (see Figute_B.5). Gss-correlating numerous
source-receiver pairs in this manner means that this methods mostly sensitive to
a small region localized in the deep interior. A re-working @ this method has been
applied to helioseismic observations by Duvall [(2003), anchas the obvious advantage
of allowing one to study the wave-speed structure directly keneath sunspots without
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Figure 3.5: An illustration of the CMP deep-focus geometry ndicating the range of
rays used for this study. The CMP method measures the travel ime at the point on
the surface located at the half-way point between a sourcerg) and receiver (»). For
the above rays, the CMP is located on the central axis of the spt (r =0 Mm).

using the oscillation signals inside the perturbed region.

Our method for measuring time-distance deep-focus travel itnes is somewhat
similar to the approach undertaken by |Braun (1997) and|Duval (2003). First, the
annulus-to-annulus cross-covariances (e.g., between diation signals located between
two points on the solar surface, a source at, and a receiver atr,, as illustrated in
Figure [33) are derived by dividing each annulus ( = jro ryj), into two semi-annuli
(each being one pixel wide) and cross-correlating the avegge signals in these two semi-
annuli. Then, to further increase the signal-to-noise ratb (SNR), we average the
cross-covariances over three distances, respectively giitly smaller than, and larger
than, . Inthe end, the ve (mean) distances chosen ( = 42.95, 49.15, 55.35, 61.65
and 68 Mm respectively) are large enough to ensure that we oplsample waves with a
rst-skip distance greater than the diameter of the sunspotat the surface ( 40 Mm).

Due to the oscillation signal at any location being a superpaition of a large
number of waves of di erent travel distances, the cross-caariances are very noisy and
need to be phase-speed lItered rst in the Fourier domain, usng a Gaussian lter
for each travel distance. The application of appropriate plase-speed lters isolates
waves that travel desired skip distances, meaning that everthough we average over
semi-annuli, the primary contribution to the cross-covariances is from these waves.
Table B2 details the range of annulus radii and phase-speetter parameters used for
this study. In addition to the phase-speed lters, we also amply an f -mode Iter that
removes thef -mode ridge completely (as it is of no interest to us in this aralysis),
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Table 3.2: Annuli radii and phase-speed parameters used fdhe deep-focus measure-
ments

(Mm) v (kms 1) FWHM (kms 1)

20.20{24.75 46.74 4.94
22.10{27.05 49.95 8.38
25.40{29.95 53.03 7.24
28.30{33.35 55.97 7.63
31.30{36.70 58.77 7.66

and we also apply Gaussian frequency lters centred at = 3.5, 4.0 and 5.0 mHz with

I = 0.5 mHz band-widths, to study frequency dependencies of tavel times (e.g.,
Braun and Birchl, 2008; |Moradi et all, [2009). To extract the required travel times,
the cross-covariances are tted by two Gabor wavelets|(Koswichev and Duvall, 11997):
one for the positive times, one for the negative times.

Even after signi cant Itering and averaging, the extracte d CMP travel times are
still inundated with noise. This is certainly an ever-present complication in local
helioseismology as there is a common expectation (with alldcal helioseismic meth-
ods and inversions) of worsening noise and resolution with €pth. Realization noise
associated with stochastic excitation of acoustic waves gasigni cantly impair our
ability to analyse the true nature of travel-time shifts on t he surface (and by exten-
sion, also aect our interpretation of sub-surface structure). But, as we have full
control over the wave excitation mechanism and source fundbn, we have the luxury
of being able to apply realization noise subtraction to impmove the SNR and obtain
statistically signi cant travel-time shifts from the deep -focus measurements. This is
accomplished in the same manner as in_Hanasoge etlal. (2007%)e., by performing
two separate simulations, one with the perturbation (i.e., the sunspot simulation),
and another without (i.e., the quiet simulation). We then subtract the travel times
of the quiet data from its perturbed counterpart (see e.g., Rgure[38), allowing us to
achieve an excellent SNR.

Finally, in order to compare theory with simulations, we once again estimate
deep-focusing time shifts using the MHD ray tracer of Chapte Pl The single-skip
magneto-acoustic rays are propagated from the inner (lowgrturning point of their
trajectories at a prescribed frequency (see e.g., Figule®). These rays do not undergo
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any additional ltering as the required range of horizontal skip distances is simply
obtained by altering the depth at which the rays are initiated. The resulting mean
(phase) travel-time shifts (  mean) derived from both forward models are presented
in Figures [3.8 and[3Y.
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Figure 3.6: Examples of (phase-speed Itered) CMP mean trael-time perturbation
(' mean) maps for = 42:95 (top), = 49:15 (middle) and = 61:65 Mm
(bottom). Left panels: before realization noise subtracton. Right panels: after
subtraction. A frequency lter centred at 5.0 mHz has been applied to the data.

3.2.3 Results and Discussion

A number of travel time maps derived from the time-distance analysis, both before
and after noise subtraction, are presented in Figurd—316. Tk impact of realization
noise subtraction is self-evident in these gures as it is oly after removing the back-
ground noise that we are able to detect statistically signi cant travel-time shifts. The
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umbral averages of these time shifts are shown in FigureZ3.7The  ean range from
a couple of seconds at 3.5 and 4.0 mHz, to around ve seconds &0 mHz. However,
even though the sizes of the measured time shifts are signiant, there is no clear
frequency dependence associated with the them. As we are gnlising waves outside
of the perturbed region, and sampling depths of 13 23 Mm below the surface,
surface e ects can be e ectively ruled out as the cause of thdime shifts.

It is worth noting that linear inversions of surface-focusel travel time maps of
actual observations have suggested a two-layered wave-spe structure below sunspots
- a wave-speed decrease of 10 15% down to a depth of 3 4 Mm, followed by a
wave-speed enhancement, reportedly detected down to depstof 17 25 Mm below
the surface [Kosovichev et al.| 2000; Couvidat et al., 2006)However as we saw earlier,
our forward model prescribes relatively shallow sub-surfee perturbations, achieving
a consistent sound-speed decrease (FigureB.1), with a peaduction of 45% at the
surface ¢ = 0) and less than 1% atz = 2 Mm, while the one-layered wave-speed
enhancement (Figure[33B) is also con ned to the near-surfag layers, approaching

200% at the surface and around less than:6% atz = 2 Mm. Hence, it is hard to
fathom that the time-distance mean We are observing can be associated with some
kind of anomalous deep sub-surface perturbation. In fact, bth the sound-speed
decrease and wave-speed enhancement at the depths we are gding registers at less
than one-tenth of one percent, with the average plasma 10 { in all likelihood not
signi cant enough to produce a 3-5 second travel-time pertubation. In order to try
and identify the root cause of these apparent travel-time siifts, it is useful to compare
the time-distance CMP measurements with those derived fromMHD ray theory in
Figure B.

The ray theory CMP  ean Clearly appear to be signi cantly smaller at all fre-
guencies, with all observed time shifts registering at lesghan half a second. Cer-
tainly, these time shifts are more in line with our expectations given the absence of
any signi cant deep sound/wave-speed perturbation. But, we must bear in mind the
di erences between the two forward models before drawing ouconclusions. With
regards to helioseismic travel times| Bogdan|(1997) has enfyasized that they are not
only sensitive to the local velocity eld along the ray path, but also to conditions
in the surrounding medium, hence travel times are sensitiveto the wave speed in
a broad region surrounding the geometrical ray path { a clearconsequence of wave
e ects. As such, wave-like behaviour needs to be considereahen interpreting travel
times, something which ray theory does not clearly accountdr, resulting in possible
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underestimation of deep-focus travel times.
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Figure 3.7: Simulated CMP travel-time shifts as a function o wave/ray travel distance
(). Left panel: umbral averages of the CMP time shifts deriv ed from time-distance
analysis of the simulated data. Right panel: ray theory CMP travel-time shifts derived
from rays propagated at various depths and with a CMP atr = 0 Mm. Light sold
lines are indicative of a frequency ltering centred at 3.5 mHz, dashed lines indicate
4.0 mHz and bold solid lines indicate 5.0 mHz.

On the other hand, we must also consider the e ects of phasepeed ltering (which
is absent in the ray theory calculations) on the time-distance measurements. If we
look closely at the time-distance mean Maps in Figure[3®, we notice that they are
somewhat smeared in appearance, with the central sunspot gégon becoming increas-
ingly sprawled-out across the map as we increase . This behwiour is most likely
a consequence of both the phase-speed ltering (i.e, the szof the central frequency
lter, the Iter width, etc., see Couvidat and Birch, R006)| and the averaging scheme
applied to the cross-correlations { both of which are a necesty in order to improve
the SNR in time-distance calculations. These e ects, comhbied with the delocalized
nature of the CMP measurements, may also introduce spuriougravel-time shifts.
However, further testing and control simulations are requred to con rm this.

3.2.4 Conclusion

At the present time, it is su cient to say that we do not have a d e nitive diagnosis
with regards to the above-discussed di erences in the sizefahe deep-focus time shifts
produced by the two forward models. It may well be that we are gplying ray theory
to regimes where it may be seriously limited. On the other hanl, the very same
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could be said about local time-distance analysis! Whatevethe case may be, these
preliminary results have certainly provided us with the motivation to conduct further
time-distance studies using the CMP method.

The direct (and indirect) e ects of phase-speed ltering on deep-focus measure-
ments, derived from both simulations and real data, also warants a more detailed
examination, as any artefact produced by the ltering process is likely to be even
more pronounced for phase-speed ltered MDI data, where we d not yet have the
luxury of realization noise subtraction. These issues are@nething that we hope to
address in the very near future with some ongoing comparatig studies.
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Chapter 4

Flare Seismology

This chapter presents an in-depth correlative study of three recently discovered seis-
mically active ares. A general introduction is provided r st, followed by an overview
of computational seismic holography, which is used extensely in this chapter to
image the source of seismic emission from the surface ripgldhat emanate from a
seismically active are. We then present our ndings for the X1.2-class are of 15
January 2005, with a detailed account of the acoustic emisshs produced by the are
and supporting observations which con rm previous instanees of strong spatial and
temporal correlation between acoustic signatures in seisioally active ares, and im-
pulsive HXR and continuum emission. These observations syport the notion that
acoustic emission is likely produced by back-warming of thdow photosphere due to
radiation from a heated overlying chromosphere. We then cotinue our analysis by
closely examining the seismic emissions produced by the &nergetic M-class ares
of 14 August 2004 and 10 March 2001. Both ares embodied certa emission char-
acteristics which appeared to closely correspond with preious instances of seismic
emission from acoustically active ares. Further analysis from the acoustic to elec-
tromagnetic spectrum, is conducted with results con rming that sudden heating of
the low photosphere during a white-light are is a major contributor to the pres-
sure transient required to drive a sunquake. Extending our aalysis to the magnetic
eld topology of the host active regions, we also nd evidene that suggests that the
coronal magnetic eld con guration plays an intricate role in determining the seismic
properties of an acoustically active are.
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4.1 Introduction

Although most large solar ares appear to be acoustically iractive, certain energetic
ares radiate intense seismic transients into the solar inerior during the impulsive
phase. These wave packets radiate thousands of kilometresofn the aring region
into the solar interior, but most of this energy is refracted back to the solar surface
within approximately 50 Mm of the source and within an hour of the beginning of the
are. The surface manifestation is a wave-packet of ripplesaccelerating outward from
the general source region that is sometimes obvious in raw fieseismic observations.
Kosovichev and Zharkova (1998) discovered the rst known irstance of seismic emis-
sion, from the X2-class are of 1996 July 9 in AR7978, identifing the phenomenon
by the name \sunquake."

Donea et al. (1999) later applied computational seismic halgraphy to helioseismic
observations of the are to image the seismic source of the siguake. The source was
clearly visible in the 2.5-4.5 mHz spectrum and even more pnoounced in the 5.0-
7.0 mHz spectrum. However, follow-up e orts to detect seisnic emission from several
other ares, some even considerably larger than the X2.6-ess are of 9 July 1996,
showed no indications of signi cant acoustic emission [(Doea and Lindsey, 2004).
These were the rst indications that led the sunquake hunters to believe that some
ares were far more e cient emitters of seismic energy into the solar interior than
others.

Soon after the spectacular \Halloween Flares" of October 203, Donea and Lind-
sey (2005) used helioseismic holography to analyse both th¥17-class are of 28
October and the X10-class are of 29 October and observed caiderable acoustic
emissions. Even though the acoustic signatures from the Oober 2003 ares were
somewhat less energetic than that of the X2.6 are of 9 July 196, they were, nonethe-
less, quite conspicuous._Donea and Lindsey (2005) also cadered the possibility that
relatively weak ares might be able to produce detectable sm quakes and that acousti-
cally active ares might indeed be much more common than prevously thought. This
turned out to be the case, as a comprehensive survey of helieismic observations of
ares using data from SoHO-MDI covering a signi cant fracti on of Solar Cycle 23
by Daonea et all (20068) and Besliu-lonescu et all (2006) hasewn. This survey led
to the discovery of numerous acoustically active ares, intuding considerable seismic
transients emitted from the relatively small M9.5-class are of 9 September 2001.

Donea et al. (20060b) extensively analysed the seismic tramnt of the M9.5 are
which occurred in AR 9608. The helioseismic signatures of tls are drew our at-
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tention to several important points: the acoustic signature of the are was quite

compact and was spatially and temporally consistent with the white-light signature,

reinforcing the suggestion that sudden heating of the photephere may contribute
signi cantly to the seismic emission detected. They also fand that the acoustic

signature was spatially and temporally coincident with suddenly changing magnetic
signatures, suggesting that suddenly changing magnetic feaes might have contributed

to the seismic emission. The fraction of energy emitted intothe sub-photosphere as
seismic waves remained a small fraction of the total energyealeased in the are. The
persistence of a sudden, co-spatial white-light signaturén ares where no energetic
protons were evident was consistent with acoustic emissiodriven by back-warming

of the low photosphere by radiation from a heated overlying bromosphere.

In this chapter, we report on three follow-up discoveries tothe M9.5 are, begin-
ning with the most conspicuous seismic transient discoverkto date which emanated
from the relatively moderate X1.2-class are of 15 January 205 (¥.2). This result
was followed closely by the discovery of a number of strong aeistic emissions from
less energetic M-class ares, namely the M7.4-class are ol4 August 2004 (4.3)
and the M6.7-class are of 10 March 2001 f&4) which to date is the smallest are
known to have produced a detectable acoustic transient. Wih excellent support-
ing observations from ground-based facilities (e.g., GONGBIig Bear Solar Observa-
tory (BBSO), Imaging Vector Magnetograph (IVM) and Nobeyam a Radio Heliograph
(NoRH)) and other modern space-borne observatories (e.gSoHO, Reuven Ramaty
High-Energy Solar Spectroscopic Imager (RHESSI), Geostédnary Operational Envi-
ronmental Satellite (GOES) and Transition Region and Coronal Explorer (TRACE)),
these discoveries have lead to a remarkably consistent andmpelling perspective on
some of the basic physical processes which underlie seisneimission from ares.

4.1.1 Computational Seismic Holography

Before we proceed with our analyses, | shall brie y review tke adaptation of compu-
tational seismic holography for applications in are seisnology.

In subjacent vantage holography (seeXI.Z2 and Figure[Lb), when the surface
(z = 0) acoustic eld at any point r%in the pupil is expressed as a complex amplitude
" for any given frequency! , the acoustic egression can be expressed as
Z
Re(r; 1) = -| Ga(r; r® 1) “r® 1)d*r® (4.1)
pupi
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In this formalism, é. (r; ré 1 ) is a Green's function that expresses the disturbance
at the focus, r, due to a measured point source at surface point® from which the
acoustic wave is supposed to propagate backwards in time tohe focus.

The relation between the complex amplitude, "(r; ! ), of frequency appearing in
equation @) and the real acoustic eld, (r; t), representing the surface acous-
tic eld in the MDI observations as a function of time is expressed by the Fourier

transform: L Z,
(r; t) = 19? e ;1) d: (4.2)
1
The same applies to the acoustic egression:
1 41
He(r; t) = P et By (r; 1) d: (4.3)
1

In this formalism, the egression power { which is used exterigely in holography of
acoustic sources and absorbers { can then be simply writtens

P(r; t) = jH.(r; t)j* (4.9)

Equation (E4) is used to produce \egression power maps", wich show compact
positive signatures in the spatial and temporal neighbourtobods of localized seismic
transient emitters. The signature of a localized absorber lluminated by ambient
acoustic noise is a similarly sharp de cit in egression powe appearing as a silhouette
against a generally positive background when rendered grdpcally.

In computational seismic holography, P(r;t) is separately derived from computa-
tions of K4 (r;!) over 2{4 mHz and 5{7 mHz ranges of the spectrum. In practice,
there are major diagnostic advantages to the 5 {7 mHz spectrm, as it avoids the much
greater quiet Sun ambient noise at lower frequencies, whicltompetes unfavourably
with acoustic emission into the pupil from the are. Due to a shorter wavelength, the
high frequency band also provides us with waves that have a er diraction limit.
These advantages come at some expense in temporal discriraition, as the egression
power signatures that result are temporally smeared to a mitmum e ective duration
of order

t = . 3 rr11Hz = 500 s: (4.5)
This smearing operates in both directions in time, meaning hat the acoustic signature
of the are P(r;t), once the computation is complete, will invariably commerce sev-
eral minutes before the actual onset of the are and last for gveral minutes afterward
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even if the actual acoustic disturbance was instantaneous.

4.2 The Solar Flare of 15 January 2005

4.2.1 Active Region Morphology

AR 10720 was a complex active region that appeared on the salalisk on 11 January
2005 and soon became one of the largest and most active sunspegions of Cycle 23.
In the period January 15 { 20, AR 10720 produced 5 X-class sofa ares, including
an X7.1 on January 20, which produced an intense solar protorstorm. However,
helioseismic observations su cient to show seismic emissin were acquired only for the
X1.2 are of January 15. This are was observed by numerous spce and ground-based
solar observatories, including SoHO-MDI, RHESSI, GOES, TRACE, and GONG. AR
10720 itself was observed by the Imaging Vector Magnetograp (IVM) at the Mees
Solar Observatory in the general time frame of the 15 Januaryare.

AR 10720 was dominated by a single -con guration sunspot. The top row of
Figure B shows continuum intensity (left) and line-of-sight magnetic eld (right)
of the active region shortly before the are. The 15 January D05 solar are in AR
10720 was classi ed as X1.2, localized at N14EO8 on the solaurface. The GOES
satellite measured a 12 10 1Jm 2 X-ray uxinthe 1-8 A range integrated over the
duration of the are. Excess X-ray emission began at 00:22 UT reaching a maximum
at 00:43 UT, and ending at 01:.02 UT. There was signi cant white-light emission
with a sudden onset, as indicated by the intensity di erence signatures shown in the
second row of Figure[ 4L, and this coincided closely with HXRsignatures indicating
high-energy particles accelerated into the chromosphere-dowever, unlike the ares of
2003 October 28{29 (Donea and Lindsey, 2005), there were nagmatures to indicate
the inclusion of high-energy protons in these particle in uxes.

4.2.2 The Helioseismic Data

The MDI data consist of full-disk Doppler images in the photospheric line Ni | 6768A,
obtained at a cadence of 1 minute, in addition to approximatdy hourly continuum
intensity images and line-of-sight magnetograms. The MDI dta sets are described in
more detail by |[Scherrer et al. (1995). For the are of 15 Januay 2005, we analysed
a dataset with a period of 4 hours around the time of the are. For the purpose of
our analysis, the MDI images obtained (Dopplergrams, magnegrams and intensity
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Figure 4.1: Egression power snapshots of AR 10720 on 15 Janmya2005. The top
frames show an MDI visible continuum image of AR 10720 (left)at 00:00 UT and a
magnetogram (right) at 00:28 UT. The second row shows GONG cetinuum intensity
di erences 30 seconds before and after the time that appearabove the respective
frames. The bottom three rows show egression power maps beé&(row 3), during
(row 4), and after (bottom row) the are at 3.0 mHz (left colum n) and 6.0 mHz (right
column). The annular pupil for the egression computations § drawn in the top left
panel. To improve statistics, the original egression powetsnapshots are smeared by
convolution with a Gaussian with a 1=e-half-width of 3 Mm. Times are indicated
above respective panels, with arrows inserted to indicatehe location of the acoustic
source. Colour scales at right and left of row 3 apply to resp&ive columns in rows
3{5. Egression power images and the continuum images are noralized to unity at
respective mean quiet-Sun values. At 3.0 mHz this is 2 kW m 2. At 6.0 mHz it is
70Wm 2,
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continuum) were remapped onto a Postel-projection i(Deforet, 2004) that tracks solar
rotation, with the region of interest xed at the centre of th e projection. The nominal
pixel separation of the projection was 0.002 solar radii (4 Mm) with a 256 256
pixels eld of view, thus encompassing a region of approximtely 360 360 Mm? on
the solar surface.

4.2.3 The Acoustic Signatures

To assess seismic emission from the are, we computed the eggsion,H., as pre-
scribed by equation [Z3) over the neighbourhood of the actie region at one-minute
intervals in t, mapping the egression powerpP, as prescribed by equation [£H1), for
each value oft. We call a map of P evaluated at any singlet an egression power
\snapshot.” From this point will refer to the 5{7 mHz bandpas s simply as 6.0 mHz
and to the 2{4 mHz bandpass as 3.0 mHz. Egression power snapstis before, during
and after the are are shown in the bottom three rows of Figure &1 at 3.0 mHz
(left column) and 6.0 mHz (right column). In these computations the pupil was an
annulus of radial range 15{45 Mm centred on the focus (FigurdédTa).

All egression power snapshots mapped in Figufe4.1 show cdderably suppressed
acoustic emission from the magnetic region, attributed to $rong acoustic absorption
by magnetic regions, discovered by Braun et &l.{(1988) (seelso|Braur, 11995; Braun
and Lindsey,|1999). Furthermore, all 6.0 mHz egression powenapshots in Figure[4.2
also show acoustic emission \halos," i.e. signi cantly enlanced acoustic emission from
the outskirts of complex active regions (Braun and Lindsey[1999;|Donea et al.| 1999).

A conspicuous seismic source is seen in the 6.0 mHz egressjpower snapshot
at 00:42 UT, whose location is indicated by an arrow in all of he frames. A close
examination of the source shows that it has two components. B far the most con-
spicuous component is an intense, compact kernel 10 Mm in length and located on
the penumbral neutral line of the -con guration sunspot. Somewhat more di use
but clearly signi cant is a secondary, somewhat lenticular signature distributed along
the neutral line outto 15 Mm east and 30 Mm west of the kernel. These signa-
tures correspond closely with other compact manifestatios of the are. The kernel
accounts for approximately 45 per cent of the egression powedntegrated over the

4Braun and Lindsey! (1999) and Donea et all (1999) found conspicuous high-frequency acoustic
emission halos surrounding all large, magnetically complex active regions. In fact, the outskirts of
isolated, monopolar sunspots showed measurably enhanced eoustic emission (Lindsey and Braun,
1999) but this was rather subtle.
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Figure 4.2: Acoustic power snapshots of AR 10720 on 15 Januar2005. Details are
the same as for Figurd4lL, but local acoustic power maps appein the bottom three
rows in place of egression power maps.
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Table 4.1: Energy estimates of the seismic signatures of sgunakes (detected prior to
the 15 January 2005 event)

Date Class 3.0 mHz 6.0 mHz 1{8A X-Rays Visible
(ergs) (ergs) (ergs) (ergs)

1996 Jul 09 X26 75 1077 24 10 28 10° 11K

2001 Sep 09 M9.5 4 10?7 2:0 10%6 6:2 10°8 1:2 10

2003 Oct 28  X17.2 4 107" 94 10 50 10%° K

2003 Oct29 X100 &4 10*% 35 10% 1.5 10% 38 10%°
2005 Jan 15 X1.2 24 1077 1.0 10¢ 34 10%° 2.0 10%

region encompassing the are signature, with the lenticula component outside of the
kernel accounting for the rest.

The 3.0 mHz egression power snapshots shown in the left columof Figure 47
actually show a considerably stronger seismic emission sigture than the 6.0 mHz
signature (right column). But, because of the much greater anbient acoustic emission
at this frequency, the 3.0 mHz signature is not nearly as con@cuous or signi cant
as the 6.0 mHz signature. It appears to have only a di use lenicular component and
no conspicuous kernel to match the 6.0 mHz kernel.

It is important to distinguish between the egression power,jH+ (r; t)j2, and the
local acoustic power,P(r; t), which is the square modulus,j (r; t)j?, of the local
wave amplitude at the focus,r. Each pixel in a local acoustic power map represents
local surface motion as viewed directly from above the photsphere. Each pixel in
the egression power map computed by subjacent vantage hologphy of the surface is
a coherent representation of acoustic waves that have emated downward from the
focus, deep beneath the solar surface, and re-emerged intopapil (see diagram of
annulus in Figure[ZJa) 15{45 Mm from the focus.

Figure B2 shows local acoustic power snapshots of AR 1072@ 3.0 mHz (left
column) and 6.0 mHz (right column) before, during, and after the are. As in the
case of egression power (Figufe—4.1) all of the local acoustpower maps show a broad
acoustic de cit marking the magnetic region. An enhanced I&al acoustic power halo
surrounding the active region is clearly apparent in the 6.0mHz snhapshots. The
acoustic signature of the are is also clearly visible at 6.0mHz. This appears to
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consist of a pair of kernels, a relatively stronger one neaylcoinciding in location with,
but slightly east of, the 6.0 mHz egression power kernel and weaker one 10 Mm to
west and slight north, lying on the neutral line along which the lenticular component
of the 6.0 mHz egression power is distributed. As in the corrgponding egression
power snapshot, the 3.0 mHz local acoustic power snapshoth@w a stronger but
still less conspicuous signature than that at 6.0 mHz due to asimilarly much greater
background acoustic power at 3 Mm.

Figure &3 shows plots of the egression and acoustic powemtie series in the 3.0
and 6.0 mHz bands and continuum emission in the neighbourhad of the seismic sig-
nature, discriminating continuum emission in the region of the kernel component in
the 6.0 mHz egression power signature from the total. The ae irradiance pro les
were extrapolated by applying the assumption that the irradiance is directly propor-
tional to the GONG continuum signature in the neighbourhood of Ni | 6768 A(Donea
and Lindsey,|2005).

The are of 15 January 2005 produced the most conspicuous acistic signature
of any are with a detectable seismic emission. This appeargo be because such a
large fraction of the energy was released into the high-freaqency (5{7 mHz) spec-
trum, where the competing ambient acoustic power is so far sppressed. Table[ZIl
shows the energy estimates of the seismic transients radiatl into the active region
sub-photosphere by ve ares that have produced conspicuog seismic signatur
compared with energy emitted in X-rays in the rst 20 minutes of the are. It should
be noted that the 3.0 mHz energy for the ares preceding the 15January 2005 are
are actually calculated at 3.5 mHz. Extrapolating through the missing 4{5 mHz
acoustic spectrum for the are of January 15, we project a total acoustic emission of

4 10003 ( 4 107 erg).

4.2.4 \Visible Continuum Emission

Various aspects of visible continuum emission during the 205 January 15 are are
shown in Figures[Z 1 [ZP and413. The visible-continuum imges in Figured<Z41l an@Z]2
were obtained by MDI at 00:00 UT, 37 min before the onset of the are. We obtained

2The energy estimates in Table EZIl were obtained by integrating the egression power over the
neighbourhood of the seismic sources (e.g., those shown in Fgures 1g,h for the 15 January 2005
are). This computation is blind to waves that miss the 15{45 Mm in the rst skip. Comparative
seismic holography applied to simulated acoustic transients, and to MDI observations of ares with
di erent sized pupils, indicate that the energies quoted in Table B account for 80 {95 per cent of
the total, depending on the source distribution.
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visible continuum maps of AR 10720 during the are from the GONG observatory at
Mauna Loa. Technically, the GONG \continuum intensity maps " represent a measure
of radiation in a 1 A bandpass centred on the Ni | 6768A line, whose equivalent
width is only a fraction of an A . Frames c¢) and d) in Figures[Z1 and[ZPR show
the di erence in continuum intensity between the GONG images 30 seconds before
and after at the time indicated above the frame. Continuum ermission is elongated
along the magnetic neutral line, corresponding closely to lhe lenticular component
of seismic emission seen at 00:42 UT in FigurEZ4.1h. The brigdst emission seen
in the intensity dierence shown in Figure EZId comes from a ery compact kernel
whose location coincides very closely with that of the consjguous kernel of 6.0 mHz
emission (Figure[Z1h).

If we assume that the continuum emission emanates isotropally from an opaque
surfac@ the resulting estimate of the total energy emitted in the visible continuum is
20 102 J(2:0 10®* erg). Thisis 500 times the total seismic energy we estimate
the are to have emitted into the holographic pupil. Continu um radiation into the
neighbourhood of the 6.0 mHz kernel signature was:0 10?2 J (6:0 10?° erg).
This accounted for 30 per cent of the total, as compared to 45 per cent of the
6.0 mHz seismic signature. Continuum emission from in the nghbourhood of the
6.0 mHz kernel was signi cantly more sudden than that of the remainder of the
acoustic signature.

The 15 January 2005 are contributes to recent ndings that r elatively small
ares can emit disproportionate amounts of acoustic energy(Donea and Lindsey,
2005). However, even in these cases the fraction of the engrthat is released by the
are into the solar interior acoustic spectrum remains relatively small.

425 The Seismic Waves

Holography allows us to image the acoustic source of the sumgke when the surface
manifestation of the seismic emission is dicult to detect. In the case of the ex-
ceptionally powerful seismic transient from the are of 15 January 2005, the surface
signature is quite evident in the raw MDI Doppler observations. To extract the seis-

3The assumption is that the speci ¢ intensity is independent of the vantage, which implies that
the total intensity decreases in proportion to the cosine of the angle of the vantage from normal
as a result of foreshortening. If the source was assumed to beoptically thin, the resulting energy
estimate would be greater by a factor of two. The former appears to be the more realistic estimate
for the fraction of visible continuum radiation coming dire ctly from the chromosphere, based on
the thesis that ionization of chromospheric hydrogen at the temperature minimum renders the low
chromosphere opaque.
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mic oscillations in the observations we subtracted consedive MDI Doppler images
separated by one minute in time. We applied this Doppler-di erence method to a
period of observation ( 1 hour) around the time of the are. Results are shown in
Figures[Z4 andZb.

The Doppler signature of the are is clearly evident at 00:40UT (Figure left
panel). At approximately 20 minutes after the appearance ofthe are signature in
the sunspot photosphere (at 01:00 UT), we are able to see theesmic response of the
photosphere to the energy deposited by the are in the form ofiripples” on the solar
surface. In the sequence of one-minute Doppler-di erencemages in Figure[ZH, we
can see the asymmetrical ring-shaped wave packet propagaty from the are site with
the rst wave-crest appearing approximately 12{15 Mm from the are in a North-
Easterly direction. The lower half of the wave-packet has a mch smaller amplitude
and is propagating in a South-Westerly direction. The arrows in Figure [£2 indicate
the location of the observed wave fronts. The Doppler-di erence images in FiguréZl5
show a close-up of the active region at the time of the are (at00:40:30 UT, left
panel) and the resulting ring-shaped wave packet (at 01:090 UT, right panel).

The wave-packet was seen to propagate to a maximum distancef approximately
21 Mm from the are signal, hence travelling a total distance of 6 {9 Mm and lasting
for about 8 minutes on the surface, after which the wave amptude dropped rapidly
and the disturbance became submerged in the ambient noise. He lower half of
the wave-packet (propagating towards the South { Western pat of the active region,
indicated by the lower of the two arrows superimposed on the Dppler-di erence
images in Figured<Z¥% andZ15) was much smaller in amplituderad obscured for much
of the 8 minutes.

4.2.6 Hard X-Ray Emission

The TRACE data for the 15 January 2005 are in the white-light channel have a
variable cadence for the period 00:00:00 {01:00:00 UT. Fige 48 shows theTRACE
white-light image taken at 00:17:54 UT, approximately 10 minutes before the onset
of the X1.2 are with the RHESSI 12-25 keV contours overlaid. TheRHESSI HXR
image is averaged over the period 00:41:33{00:42:34 UT. Thiame of peak intensity
in this energy band occurs at 00:42:04 UT, a close temporal crelation with the
maximum of the seismic emission detected at 6.0 mHz. The HXRmaission is thought
to represent bremsstrahlung emission from high-energy conal electrons impinging
into the chromosphere (Brown,[1971).
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Figure 4.4: One-minute MDI Doppler-di erence images showng the expanding ring-
shaped wave packet produced by the 15 January 2005 are. Thereows pointing in
the South{East direction (i.e. upper arrows) show the location of the upper-half of
the wave front while arrows pointing in the North{West direc tion (i.e. lower arrows)
indicate the lower half of the wave front. Grey-scale at top kft expresses Doppler
velocity di erences in units of ms * and applies to all frames in the gure.
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Figure 4.5: Magni ed MDI Doppler-di erence images showing ring-shaped seismic
waves accelerating outward from the site of the 15 January 206 are. The left panel
shows the local Doppler signature along the magnetic neutrdine during the impulsive
phase of the are at 00:40:30 UT. Arrows in the right panel indicate locations of the
ripples propagating outwards from the site of local disturbance 25 minutes later.

The 12 {25 keV emission at 00:42:00 UT extends along the neusd magnetic line.
We identify three compact HXR sources (see the numbers in Figre [£8). Source 2
is the strongest, while source 3 is the weakest. These coul@present the foot-points
of a complex magnetic loop. However, source 1 (which emits 50er cent of the total
ux) spatially coincides with the lenticular component of t he 6.0 mHz seismic source
(see Figure[Z1). This reinforces the role of non-thermal pdicles in supplying the
energy that drives the seismic emission. Similar comparists have been observed in

other ares (an.ea_and_LlndieJr,lZ)Qb).

Furthermore, Figure B4 reveals that the velocity impulse d the are in the sunspot
photosphere was almost as sharp as the HXR ux detected in the4 {25 keV (0.5{
4 A) energy range by the GOES satellite, but the maximum HXR emission (observed
at 00:43:00 UT) appears to have occurred 2 minutes after the maximum velocity
depression at the photosphere (00:41:00 UT). In fact, a sudeh drop of approximately
100 ms ! in the mean velocity of the Doppler signal (an up ow) is obsewed in the
3 minute period from 00:38:00-00:41:00 UT. TheRHESSI HXR peak in the higher
energy band of 25{50 keV plotted in Figure [T occurs at 00:41:00 UT, which
temporally coincides with both the maximum of the seismic sairce at 6.0 mHz and
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Figure 4.6: TRACE white-light image of AR 10720 on 15 January2005 (00:17:54 UT)
with the 12-25 keV RHESSI contours (10, 20, 30, 40, 50, 60 and 80 per cent of the
maximum ux). The (0,0) coordinates correspond to the location of the seismic
source.

the velocity depression at the photosphere. We also note thizthe peak emission in the
3{12 keV energy band detected by bothGOES (1{8 A) and RHESSI (occurring at

00:44:00 and 00:47:00 UT respectively, but not plotted), also have a clos temporal
correlation with the maximum of the seismic emission.

4.2.7 Summary and Discussion

The X1.2-class are of 15 January 2005 produced one of the mopowerful sunquakes
detected to date and by far the most conspicuous, on accountf@xceptionally powerful
emission above 5 mHz from a compact source. Certain qualitieeexhibited by the are

of January 15 are shared by all other known acoustically actie ares. The rstis the

coincidence between strong compact acoustic sources andarby signatures of HXR
emission. This suggests that high-energy particles supplyhe energy that drives the
acoustic emission, and it is evident from the electromagnét emission attributed to
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Figure 4.7: The HXR ux in the 4{25 (0.5{4 A) and 25{50 keV energy ranges as
observed by GOES (dot-dashed curve, multiplied by a factor & 10> Wm ?2) and
RHESSI (bold curve, multiplied by a factor of 10 28 counts) respectively. The solid
curve represents the 1-minute mean averages of the Dopplerelocity (ms 1) in the
guake region for the period 00:00:00 { 01:20:00 UT. The daslkvertical line represents
the observed maximum emission at 6.0 mHz.

these particles that they contain more than su cient energy for this purpose. The
appearance of sudden, conspicuous white-light emissiondm the are of 15 January
2005 closely co-spatial with the location and morphology ofhe holographic signatures
is similarly characteristic of all other known acoustically active ares so far.

Kosovichev and Zharkova (1998) proposed that seismic emigs into the solar
interior in sunquakes is the continuation of a chromosphert shock and condensation
resulting from explosive ablation of the chromosphere and pagating downward
through the photosphere into the underlying solar interior. Chromospheric shocks are
well known under such circumstances, based on red-shifted Hemission at the are
site at the onset of the are. The theory of their dynamics wasworked out at length by
Fisher et all (19854a,b,c) and others since. The hypothesishiat solar interior emission
is a direct continuation of such shocks was considered ky D@a and Lindsey (2005),
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who found the signature of a strong downward-propagating chomospheric transient in
Na Ds-line observations of the are of 2003 October 29. However, @ are now aware of
similar chromospheric transient signatures with no signi cant attendant holographic
signature to indicate seismic emission into the active regin sub-photospherg

In these instances, the signature of sudden white-light ensision is relatively weak.
Following Machado et all (1989), |Donea et al. [(2006b) proposd to attribute the
lack of seismic emission where there is a strong chromosphertransient but only a
weak or absent white-light signature to strong radiative damping that depletes the
chromospheric transient before its arrival into the low phatosphere.

In all acoustically active ares encountered to date, thereis a strong spatial corre-
lation between the sources of seismic emission and sudden itgilight emission. This
remains conspicuously the case for the are of 15 January 2@) as a comparison
between Figures 1d and 1h shows. In some instances, e.g., tlerge ares of 2003
October 29, the source of the white-light emission has been uth more extensive
than the source of the acoustic emission, the former many tiras the area of the lat-
ter and encompassing it. However, in these instances the teporal pro le of visible
continuum emission signi cantly away from any of the sites d seismic emission has
been comparatively sluggish and di use. What has particulaly and consistently dis-
tinguished the white-light signature in the neighbourhood of the acoustic emission
has been the suddenness of its appearance, on a time scale ofmaute or two, and
possibly considerably less than a minute given that the obswations of continuum
emission associated with ares to date have been limited to a&cadence of one minute.

It should be kept in mind that the energies released in known sismic transients
have invariably been a small fraction of the energy releasethto the visible continuum
spectrum. The actual fraction has varied considerably, fran a few millionths, in the
case of the are of 2003 October 29/(Donea and Lindséey, 2005 a few thousandths,
for the are of 15 January 2005. However, if only the sudden-aset continuum emis-
sion in the neighbourhood of the seismic sources is includedhen the ratio for the
are of 2003 October 29 is similar to that of the are of 15 January 2005. This is
what is listed in Table B of this study.

The close coincidence between the locations of sudden whitgght emission and

4An example is seen in the western foot-point of the magnetic loop that hosted 2003 October 29
are (see right frame in second row of Figure 8 labelled \Red [ 0 min]" in Donea and Lindsey!(2005)).
The corresponding signature of sudden white-light emission, seen in Figure 9 of the same, shows only
a weak signature at the same location. The seismic signature seen in the lower left corner of the
upper right frame of Figure 11 of the same, shows correspondingly weak seismic emission.
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seismic transient emission in all acoustically active ares to date suggests that a sub-
stantial component of the seismic emission seen is a resulf sudden heating of the
low photosphere associated with the visible continuum emision seen. A complete
analysis of wave emission as a result of transient heating iolves detailed consid-
erations of energy and momentum balance. An approximate acwunt of these was
undertaken by|Donea et al. (2006b). Basic considerations alnomentum balance are
described in Section 4.3 of Donea et al. (2006b), adapting # discussion by Metcalf
et al. (1990) of momentum balance in chromospheric transiets to transients similarly
excited by sudden heating in the low photosphere.

Donea et al. (2006b) devised a rough, preliminary physical radel to estimate the
energy of the seismic transient to be emitted as a result of slden, momentary heating
of the low photosphere to a degree consistent with the trangnt white-light signature
closely coincident with the seismic source in the M9.5-clas are of 2001 September
9. Their estimate expressed the energyE, of the seismic transient in terms of the
thermal energy, U, radiated or dissipated into the low photosphere, and the factional
increment, p=p, in pressure that would result from the heating:

p
— U; .6
o U (4.6)

©
Wl

where H is the e-folding height of the photospheric density. This relation appears to
be roughly consistent with the few-percent continuum intersity variations observed
for the are of 2001 September 9, if the relation betweenp and | , the variation in
continuum intensity, can be approximated by the Stefan-Bokzmann law,

p T 11

P AT @7
and the heating is accomplished within a duration not excessely longer than ¢ =
1=l 40 s, where! 4 is the acoustic cut-o frequency in the low photosphere (see
Section 4 oflDonea and Lindsey (2005)). A similar exercise agied to the are of
15 January 2005 leads to similar results. In fact, the ratio & the seismic energy to
the electromagnetic energy is roughly the same for both of tese ares, as are the
mean intensity increments if credible boundaries are choseover which to take the
mean. To the extent that we can resolve the ne details, acouic emission from
the are of 15 January 2005 could reasonably be the result of potospheric heating
similar to that of the 2001 September 9 are but over approximately twice the area.
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Di erences between the two ares could be attributed to di e ring photospheric or sub-
photospheric thermal conditions and di ering magnetic el ds, for which the foregoing
approximation contains no account.

A detailed examination of the physics of heated magnetic phtospheres is needed
to lend credibility to the hypothesis that seismic emission from acoustically active
ares is driven by sudden heating of the low photosphere by ag mechanism what-
ever. At this point we will only say that this hypothesis appears to be consistent with
our present limited understanding of the observations. However, there is some contro-
versy as to the implications of visible continuum emission diring ares with respect
to heating of the low photosphere. In the case of the ares of @03 October 28{29,
the signature of high-energy protons along with the partickes that gave rise to X-ray
emission lent considerable weight to the interpretation ofvisible continuum emission
in terms of a heated low photosphere, as protons are su cienly massive to penetrate
to the bottom of the photosphere and heat it directly by collisions. The are of
15 January 2005, on the other hand, confronts us with an instace of intense seismic
emission with no indication of high-energy protons among tte energetic particles that
supply the energy on which the acoustic emission depends. Engetic electrons con-
sistent with HXR signatures cannot penetrate into the low photosphere in anywhere
near su cient numbers to account for the heating required by the seismic signatures
(Metcalf et al., 1990). Chen and Ding (2006) also a rm that th e white-light are
signatures highlight the importance of radiative back-wamming in transporting the
energy to the low photosphere when direct heating by beam etdrons is impossible.

In such cases, it appears to be well established that the orig of white-light
emission would have to be entirely in the chromosphere, wher energetic electrons
dissipate their energy (Metcalf et al., 1990; Zharkova and Kobylinskii, 1991, 1993),
mainly by ionizing previously neutral chromospheric hydrogen approximately to the
depth of the temperature minimum. Nevertheless, even in thee instances, it ap-
pears that the low photosphere itself would be signi cantly heated as a secondary,
but more or less immediate, e ect of chromospheric ionizatbn. This is primarily
the result of Balmer and Paschen continuum edge recombinatin radiation from the
overlying ionized chromospheric medium, approximately h# of which we assume ra-
diates downward and into the underlying photosphere. When he intensity, |, of
this downward ux is commensurate with a temperature perturbation, T, consistent
with the Stefan-Boltzmann law (equation [4.7]), the result of such a ux is under-
stood to be heating of the low photosphere such as to bring ahd a temperature
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increment of roughly this order within a few seconds (Donea &al., 2006b; Machado
et al., 1989; Metcalf et al., 2003). Heating of the photosphe by the mechanism
described above is known as \back-warming" (Metcalf et al.,2003) and a substantial
fraction of the continuum emission seen in white-light ares is thought to represent
the downward ux from an ionized chromosphere thermally re-emitted by the now

heated photosphere. In this light, the strong correlation between sources of white-
light and seismic emission into the solar interior might be regarded as strong support
for the back-warming hypothesis when this relation persiss in ares devoid of protons

among the high-energy particles that drive the are. This is certainly the case for
the are of 15 January 2005.

Donea and Lindsey (2005) and Donea et al. (2006b) summarizeuo understanding
of the relationship between the e ciency of seismic emissio and the suddenness of
the heating that drives the seismic transient. Based on thes considerations, one
has to suspect that the perceptibly more sudden pro le of cotinuum emission in
the neighbourhood of the kernel component of the 6.0 mHz ems#son accounts to
a signi cant degree for the disproportionate power in the 60 mHz egression-power
signature. This is one of the many aspects of are acousticshat would bene t from
detailed modelling, including a careful account of magnett forces.

A clear understanding of the physics of seismic emission ctii also help us to
penetrate another major technical issues in active regionesmology { the e ects of
molecular contamination of seismic signatures in sunspotsin the non- aring sunspot
photosphere, contamination by molecular lines may be nedliible, simply because ap-
parent shifts in the wavelength of the line used for Doppler neasurements are constant
and therefore do not nd their way into the acoustic spectrum. However, visible and
UV radiation produced by white-light ares is probably capa ble of disassembling such
molecules, opening the likelihood of false Doppler transi@s under conditions that
would give rise to signi cant seismic emission.

4.3 The Solar Flare of 14 August 2004

4.3.1 Active Region Morphology

AR 10656 rst appeared on the solar surface on 7 August 2004 atoordinates S12E55
( 7589 253FYasan sunspot. Over the next seven days, the active region contined
to increase in magnetic complexity and evolved to a  type. During the period 8{
16 August it produced 2 X-class, 36 M-class and more than 150 -Class solar ares.

114



4.3. THE SOLAR FLARE OF 14 AUGUST 2004

On 14 August, the active region was situated at S13W36 (54% 298§ and was
characterised by a strong con guration in the centre of the sunspot, and an overall
con guration of . At 05:36 UT an M7.4-class solar are occurred, peaking at
05:44 UT and concluding at 05:52 UT (as given by GOES12) with a X-ray ux
of 338 10 2J m?. This are produced signi cant seismic emissions, but it should
be emphasised that the same active region produced two othesigni cant seismic
transients within a period of 48 hours: the rst was generated by an X1.0 are on 13
August 2004; the second was generated by the M9.4 solar arernl5 August 2004
(Besliu-lonescu et al., 2006; Donea et al., 2006b).

4.3.2 The Helioseismic Data

The MDI data we utilized consist of full-disk Doppler images in the photospheric line
Ni i 6768A, obtained at a cadence of 1 minute, in addition to approximaely hourly
continuum intensity images and line-of-sight magnetograns. The MDI data sets are
described in more detail by Scherrer et al. (1995). For the ae of 14 August 2004,
we analysed a dataset with a period of 4 hours around the time fothe are. We
also obtained visible continuum maps of AR 10656 during the are from the GONG
observatory at Mauna Loa. Technically, the GONG \continuum intensity maps"
represent a measure of radiation in a 0.7 A bandpass centred on the Nii 6768 A
line, whose equivalent width is 0.07A.

For the purpose of our analysis, all MDI and GONG images were emapped as
a Postel-projection (Deforest, 2004) that tracks solar roation, with the region of
interest xed at the centre of the projection. The nominal pixel separation of the
projection was 0.002 solar radii (1.4 Mm) with a 256 256 pixel eld of view. Other
(non-helioseismic) supporting data utilized in this study include: HXR observations
from RHESSI, SXR emission data from GOES, H emission from the BBSO, and
radio emission from NoRH. We will compare these observatios with the holographic
reconstructions.

4.3.3 The Acoustic Signatures

To assess seismic emission from the are, we computed the eggsion over the neigh-
bourhood of the active region at 1-minute intervals, mapping the egression power
for each minute of observation. The resulting egression pogr movies and snapshots
(acoustic/egression power sampled over the solar surfacet any de nite time) are
computed over 2.0 mHz bands, centred at 3.0 mHz and 6.0 mHz.
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Figure 4.8: Egression power snapshots of AR 10656 on 14 Augu®004 integrated
over a 2.0{4.0 mHz and 5.0{7.0 mHz frequency band. Top frameshow a MDI
visible continuum image of AR 10656 (left) at 06:24 UT and a manetogram (right)
at 05:44 UT. Second row shows GONG continuum intensity di erences 30 seconds
before and after the time that appears above the respectiverbimes. Bottom three
rows show egression power maps before (row 3), during (row 4and after (bottom
row) the are at 3.0 mHz (left column) and 6.0 mHz (right colum n). Times are
indicated above respective panels, with arrows inserted tandicate the location of the
acoustic source. Color scales at right and left of row 3 applyto respective columns
in rows 3{5
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Figure 4.9: A magni ed image of the 6.0 mHz egression power @pshot seen in
Figure 4.8(h) taken at 05:44 UT. The color map of the image wasinverted for a
better visualisation of the acoustic source morphology. Tk left panel shows the
acoustic kernels (labelled 1 and 2) and the right panel showshe same image but
with egression power contours overlaid. The acoustic souec 1 appears to be the
stronger of the two. The rectangle represents the mask usedtstudy the time series
in the region of the seismic emission.

Egression power snapshots before, during and after the arare shown in the last
three rows of Figure 4.8 at 3.0 mHz (left column) and 6.0 mHz (ight column). In
these computations the pupil was an annulus of radial range 3{45 Mm centred on the
focus. To improve the statistics, the original egression pwer snapshots are smeared
by convolution with a Gaussian with a 1=e-half-width of 3 Mm. The egression power
images and the continuum images are also normalised to unitat respective mean
quiet-Sun values. At 3.0 mHz thisis 2.0 kW m 2. At 6.0 mHz itis 70 Wm 2.

All egression power snapshots mapped in Figure 4.8 show cddsrably suppressed
acoustic emission from the magnetic region, attributed to rong acoustic absorp-
tion by magnetic photospheres, discovered by Braun et al. (288). Furthermore, all
6.0 mHz egression power snapshots in Figure 4.8 show acousémission \halos,"i.e.
signi cantly enhancedacoustic emission from the outskirts of complex active regins
(Braun and Lindsey, 1999; Donea et al., 1999). Looking at Figre 4.8, a signi cant
excess of acoustic emission is evident at 05:44 UT in the 6.0 Mz egression power
snapshot, indicated by an arrow in all of the frames, appearig to lie across the
penumbral magnetic neutral line and spanning 25 Mm in length.

Upon closer inspection, we can see from the magni ed egressi power snapshot
in Figure 4.9 that there are in fact two separate components ¢ the seismic source
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Figure 4.10: Acoustic power snapshots of AR 10656 on 14 Augti2004. Details are
the same as for Figure 4.8, but local acoustic power maps appein the bottom three
rows in place of egression power maps.
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(acoustic kernels) that appear to be separated by 7 Mm when they initially appear

(05:39 UT), and because of their close proximity and evolutbn with time, they seem
to appear as one extended source in Figure 4.8. These acoustkernels coincide
closely with HXR signatures (see Section 4.3.7 and Figure 21), indicating that high-

energy particles accelerated above the chromosphere coitiute to the excitation of

the seismic source. The egression power map in Figure 4.9 imeared by a factor of
0.004, in order to emphasise the source geometry and the acstic kernels. The map
also shows kernels that we associate with the uctuating acastic noise of the active
region.

The source geometry also closely corresponds with other cqract manifestations
of the are including signi cant white-light emission with a sudden onset, as indicated
by the intensity dierence signatures shown in the second rav of Figure 4.8, and
microwave emission at 17 and 34 GHz. The 3.0 mHz egression pewsnapshots
(Figure 4.8) also shows emission during the are. In fact, fom the egression and
acoustic power time series of Figure 4.11, it appears that wéiave a distinct and
considerably stronger seismic emission at 3.0 mHz than at 8.mHz. This is because
of a much greater ambient acoustic noise at 3.0 mHz which rergts the considerably
greater 3.0 mHz seismic emission signature no more conspius than 6.0 mHz.

Figure 4.10 shows the local acoustic power snapshots of AR &B6 at 3.0 mHz (left
column) and 6.0 mHz (right column) before, during and after the are. Each pixel
in a local acoustic power map represents the local surface rtion as viewed directly
from above the photosphere, which should not be confused witthe egression power
computed by subjacent vantage holography of the surface, wére each pixel is a
coherent representation of acoustic waves that have emanatl downward from the
focus, deep beneath the solar surface, and re-emerge into aigl 15{45 Mm from
the focus.

As in the case of the 6.0 mHz egression power, the local acoistpower maps
show a broad acoustic de cit marking the magnetic region andan enhanced local
acoustic power halo surrounding the active region which is Bo clearly apparent. The
acoustic source is di cult to distinguish in either the 3.0 or 6.0 mHz acoustic power
signatures.

4.3.4 Visible Continuum Emission

Figure 4.12 shows the time dependence of the visible contium irradiance normalised
to the quiet-Sun and integrated over the area of the seismicaurce. At 05:39 UT the
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Figure 4.11. The 3.0 and 6.0 mHz egression power and acoustpower time series,
integrated over the neighbourhood of the egression power gnatures, are plotted in
the top four rows. The vertical lines represent the beginnirg (05:36 UT), maximum
(05:44 UT) and ending (05:52 UT) times of the GOES X-ray are. The relatively

extended duration of the acoustic signatures is a result ofiinits to temporal resolution
imposed by truncation of the spectrum (see equation 4.5).
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Figure 4.12: Time dependence of the visible continuum irrathnce normalised to the
quiet Sun and integrated over the area of the seismic sourceThe vertical lines show
the are times as in Figure 4.11. The maximum emission in whie light continuum
temporally coincides with the 6.0 mHz seismic emission at & maximum.

irradiance began to increase for 4 minutes, then underwent a sudden jump at 05:42
UT for approximately 2 minutes and then slowly decreased to he background level.
The maximum irradiance was approximately 4% above the quietSun mean. The
white light are signature is spatially co-aligned with the emission of the seismic
sources as imaged in Figure 4.8.

4.3.5 The Magnetic Field Topology

Schunker et al. (2005) have shown that magnetic forces are gfarticular signi cance
for acoustic signatures in penumbral regions, where the matgtic eld is signi cantly
inclined from vertical. Therefore, understanding the 3-D magnetic con guration of
the coronal loops hosting ares would give us a powerful coml utility for seismic
diagnostics of active region sub-photospheres. This will & useful for addressing
guestions concerning the MHD of inclined magnetic elds, the role of fast and slow
magneto-acoustic mode coupling in magnetic photospheresub-photospheric thermal
structure, and how wave generation by turbulence in active egion sub-photospheres
di ers from that in the quiet sub-photosphere.

In Figure 4.13 we have shown the time series of the mean and theot mean
square (RMS) values of the line-of-sight (LOS) magnetic eH, integrated over area
of the seismic source (the integration area is plotted in Figire 4.9 - black rectangle
- and its area has a value of 247 Mm?). The vertical lines mark the time frame of
the are. The mean LOS magnetic eld shows a steady increaserbm 05:10 to 06:00
UT with a strong variation as a sudden decrease, at the maximm of the are (05:44
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Figure 4.13: Time series of the mean and the root-mean-squarof the LOS magnetic
eld integrated over the area of the seismic source.

UT). The RMS of the magnetic eld intensity shows a sudden deaease of about 9.6%
of the background level, and a sudden recovery to a 3.6% incased background, as
compared to the background level before the are (similar ctanges have been observed
by Kosovichev and Zharkova, 2001; Sudol and Harvey, 2005; Abastha et al., 1993;
Wang et al., 2005).

To obtain a general idea of the con guration of the coronal manetic eld lines
in AR 10656 we computed the potential eld extrapolation by applying the code de-
scribed in Sakurai (1982) to the MDI line-of-sight magnetogam. According to this
extrapolation (Figure 4.14, left frame), the eld lines whose footpoints were planted
in the general region of the acoustic emission were relatiyg low and compact, sug-
gesting that the magnetic loops, into which particle acceleation occured during the
reconnection, were relatively short. The right frame in Figure 4.14 shows the appear-
ance after the are maximum of more magnetic eld lines connesting the positive and
negative polarities. A small di erence in the line-of-sight magnetic eld con gura-
tion in the region of the acoustic emission described by thericlined rectangle is also
noticeable.

4.3.6 The Seismic Waves

We computed di erences between consecutive Doppler framesseparated by one
minute in time, around the time of the are to reconstruct tim e-distance pro les
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Figure 4.14: Potential magnetic eld extrapolation of SOHO-MDI magnetograms of
AR 10656. Left: Magnetic eld extrapolation at 05:44:00 UT. Right: Magnetic eld
extrapolation at 06:00:00 UT. The greyscale background imge shows the absolute
value of the line-of-sight magnetic eld. The dashed lines epresent the negative
magnetic polarity, while the solid lines represent the podive magnetic polarity. The
contour lines levels are 50, 100, 300, 500, 1000 G. In the imagNorth is up, the
dimension are 104 by 104 arcsec centred at (462303) arcsec.

of this seismic emission. In this sequence we see a surfacpplie propagating in the
North direction, over the range 50 to +20 from due north in a reference frame
centred on the seismic source. The surface ripple represenacoustic waves that prop-
agated tens of Mm into the solar interior from the acoustic sarce and were refracted
back to the surface 30 minutes after the impulsive phase of th are. Because of the
strong uctuating motions of the background, the ripple is di cult to see in individ-
ual Dopplergrams. They are easily recognised in a movie of dirences of consecutive
Doppler frames. Even so, we are able to see the ripple at appxonately 06:10 {
06:15 UT. The arrows in Figure 4.15 indicate their location. The ripples expand into
the north quiet Sun before becoming submerged into the ambig noise.

We do not see an expanding wave moving southward, either becae the signal
is too weak to be detected by eye or the emission to the north isimply stronger.
The seismic wave is highly anisotropic, its amplitude varies with angle. The strongest
amplitude is observed in the north direction. In section 4.37 we will see that this
direction is also approximately the direction of the motion of HXR footpoints. A
similar behaviour was reported by Donea and Lindsey (2005)ri the seismically active
ares of the October 2003. The fronts of the eastern, southan and western acoustic
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Figure 4.15: Observations of surface ripples at the speci@ times emanating from
AR 10656 following the impulsive phase of the are. Arrows slow the location of the
surface ripples. Only the north angular sector of the ripplecan be seen by eye.
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Figure 4.16: Time-distance propagation amplitude of the suface ripple averaged over
curves of constant radius, over azimuths from 50 to +20 is rendered in gray tone in
both frames. The curve superimposed in the right frame repreents the wave travel
time, t, for a standard model of the solar interior. The time 05:30 UT is represented
by t =0.

seismic wave propagate through the sunspot, and are exposed a locally strong
magnetized environment, thus causing signi cant damping @ the oscillations in that
region. As a result, the amplitude of the observable surfacevaves in these fronts are
somewhat distorted and decay much faster.

Figure 4.16a shows a time-distance amplitude pro le for theripple described
above. The Doppler di erence amplitude was averaged along urves of constant ra-
dius in the reference frame described above over the50 to +20 range of azimuths
over which the surface ripple was visible. This resulting gay-tone plot is shown in
Figure 4.16(b) with the theoretical group travel time plott ed for reference’

4.3.7 Radio and HXR Emission

The are of 14 August 2004 was observed with NoRH, at 17 GHz and34 GHz, and
RHESSI. Unfortunately, the totality of the impulsive and ma in phases of the are
was not observed by RHESSI, and as a result, images and time pide of the HXR
emission just prior to, and after the maximum of the are, are not available.

5This travel time, t( ), is de ned by the path integral

Z
ds
t = — 4.8
O= 3 (4.8)

where represents the path of least time through the quiet su b-photosphere connecting surface points
separated by an angular distance along the surface, and c represents the sound speed.
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Figure 4.17 shows the total ux time proles of the event in mi crowaves, soft
and hard X-rays. The GOES total uxes in the two channels 1{8 A and 0.5{4 A
are shown in the top graph of Figure 4.17. Figure 4.17b showshe HXR-RHESSI
time pro le in the two channels 15{25 keV (black line) and 25{ 50 keV (red line).
Figure 4.17c shows the microwave time pro les obtained usig the Nobeyama Radio
Polarimeter (NoRP) data at 17 GHz (red line) and 35 GHz (black line). In Fig-
ure 4.17d, we plotted the normalised total GOES ux at 1{8 A and the NoRP
ux at 35 GHz. The empirical relation observed between the SXR and HXR ux
or microwaves is the Neupert e ect (Neupert, 1968). It is clar from Figure 4.17d,
that this e ect is present and that the NoRP 35 GHz emission lags behind the GOES
SXR by 43 seconds. The microwave emission did not present aggii cant thermal
component, suggesting relatively ine cient trapping of th e accelerated electrons in
the coronal magnetic eld. This result is of signi cant impo rtance to the process
of transportation of energy from the reconnection site into the lower layers of the
chromosphere and further into the photosphere where the sumguake was produced.

It has already been established that a close relationship ésts between HXR and
radio uxes in the impulsive phase of a are (e.g. see Kundu etal., 2001; Bastian
et al.,, 1998). Based on this relationship, it is generally bieved that essentially
the same population of energetic electrons is responsiblerf both HXR and radio
emission. The radio emission is thought to be produced by a@lerated nonthermal
electrons orbiting magnetic eld lines and trapped in the coronal magnetic eld. The
HXR emission is produced by Coulomb collisions of these engetic electrons with the
dense chromospheric plasma.

The maximum brightness temperature of the radio source at 17GHz (Figure 4.18,
left panel) was measured to be 4.6710” K, with a spectral index, , of 3.67. These
results indicate that a non-thermal emission process for tB microwave radiation is
at work; the non-thermal emission region was also con rmed 8ing the variance tech-
nique © for solar radio image analysis (Grechnev, 2003). This techique allows us to
plot a radio map of the non-thermal emission from the active egion by also subtract-
ing any contribution from thermal sources in the corona. Fram the variance map

5We calculate a variance map of a set of radio images using the bllowing equation:
|
P2
, _ 1 X 1 X
ij = W Xijk m Xijk (49)
k=1 k=1
wherei =1;2;:::;L isthe image row number,j =1;2;:::;M the column numberand k =1;2;:::;N
is the image number in the data set.
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Figure 4.17: Integrated ux time pro les from GOES, RHESSI and NoRP. Frame a)
shows GOES soft X-ray 1{8A and 0.5{4 A channels; b) RHESSI time proles in
two channels 12 {25 keV (black line) and 25{50 keV (red line);c) NoRP microwave
time proles at 17 (red line) and 35 GHz (black line); d) Normalised total GOES
total ux (black line) and NoRP microwave ux at 35 GHz (red li ne). The vertical
lines show the beginning, maximum and end of the event.
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Figure 4.18: Temperature and variance maps of AR 10656 obtaed from NoRP. Panel
(a) shows the brightness temperature radio map at 17GHz and anel (b) shows the
variance map, which identi es a non-thermal radio source atthe location of the main
spot of the AR 10656.

(Figure 4.18, right panel) we infer that the non-thermal emission is compact and well
correlated with the HXR emission region. The ux of electrons with energies& 25 keV
is very small, 6% of the ux registered in the 12{25 keV energy band, and posibly
did not make a signi cant contribution to the seismic emission. A delay of 43 seconds
is observed between the microwave emission (05:43:17 UT) drthe maximum in the
seismic signature (05:44:00 UT). A similar delay is obserna between the NoRP 35
GHz emission and the GOES SXR.

Figure 4.19 shows a sequence of images of the 14 August 2004reataken by
the Transition Region and Coronal Explorer (TRACE) overplo tted with the contours
of the NoRH microwave emission at 17 GHz (large red contourspnd RHESSI 12{
25 keV HXR (small black contours). We applied the MEM-SATO algorithm (Sato
et al., 1999) available in the standard RHESSI software to reonstruct RHESSI im-
ages from grids 3, 4, 5, 6, and 8 using an integration time of 1a 4 seconds. As seen
in Figure 4.19, the impulsive phase of the are has a simple ampact morphology in
both HXR and microwaves until the minute prior to the are max imum, when the
HXR source evolves into an extended source composed of thresnaller kernels (as
seen in Figure 4.20). The radio source maintained its morphlogy after the are max-
imum. The close temporal and spatial correlation between tke microwave and X-ray
emissions in this are indicates a sudden energy depositiointo the chromosphere by
non-thermal electrons. This is in agreement with the predidion made by Kosovichev
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Figure 4.19: First column shows the MDI intensity continuum and magnetogram
images of AR 10656 with the microwave emission at 17 GHz (redafge contours)
and RHESSI 12{25 keV (black small contours) overplotted. Ewlution of the are
at 171A as observed by TRACE is shown in the last three columns for tle speci ed
times. RHESSI 12{25 keV HXR emission (black contours) with @ntour levels of
50%, 80% and 95% of the maximum source intensity, and NORH miowave emission
at 17 GHz (red contours) at 20%, 50%, 80% and 95% of the maximunmntensity of
the radio source are also shown. The eld of view is 258 256°%with north is upward.

and Zharkova (1998). Figure 4.19 also shows a spatial corraion between the are
region observed by TRACE at 171A and the microwave and HXR sources.

The temporal evolution of the HXR feature, with respect to the photospheric
magnetic neutral line, can be seen over a sequence of MDI magiograms taken
around the time of are-maximum (Figure 4.20). The HXR footp oint appears to be
moving in the north{ north{east direction, a motion which is not parallel to the
photospheric neutral line. Furthermore, we can clearly seg¢hat the source maintains
its compact HXR structure until the last minute of observati on (05:42 UT), reinforcing
the observations shown in Figure 4.19. In this last minute, he source appears to
evolve into an elongated shape that covers both magnetic patities lying around the
neutral line. This new elongated source is composed of threkernels, two of which
are located in the positive magnetic region and the third oneis located near the nal
position of the compact source observed at 05:42 UT. We remérthat the motion
and evolution of the RHESSI source is seen as projected ovehé egression power
maps. The frames in Figure 4.20 show rst a loop-top emission(compact kernel)
which gradually moves towards the footpoints along a singlemagnetic loop, the one
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Figure 4.20: Evolution of the MDI magnetogram (background) and RHESSI-HXR
source 12 {25 keV (black contours, with levels 50%, 80% and 95 of the maximum
source intensity) from 05:32:00 UT to 05:42:00. The red lings the magnetic neutral
line of the MDI magnetogram. North is up and East to the left.
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Figure 4.21: Egression power snapshots of AR 10656 with RHES HXR contours
overlaid. Left: Egression power map at 6.0 mHz, with contourlevels of 50%, 65%,
80% and 95% of the maximum source intensity. Right: Egressio power map and
RHESSI contour plots, with levels of 30%, 50%, 70% and 90% ofhe maximum
source intensity. The colour map of the egression power map as inverted for a
better visualisation of the acoustic source.

that hosted the seismically active are. The break-up of the HXR emission kernels
began at 05:42 UT. After this time, no RHESSI data where avaiable, but following
a similar study done by Donea and Lindsey (2005), we can predt that the RHESSI
footpoints and the seismic source will match in the followirg two minutes. Figure 4.21
shows that the egression power snapshot at 6.0 mHz and the HXRources have a
similar morphology, with two of the four HXR sources (fpl and fp2 in Figure 4.21)
having a strong spatial correlation with the acoustic kernd sources in the egression
power snapshot.

4.3.8 Summary and Discussion

The detection of seismic transients from the M-class ares pens a new era of studying
seismically active solar regions. Acoustically active alres are the most compact, most
impulsive, and highest-frequency solar acoustic sourcedstovered to date. Moreover,
they are the only known sources of acoustic waves that operatin the outer, vis-
ible, solar atmosphere. This makes the transients they relase into active region
sub-photospheres understandable in a way that wave generiain by sub-photospheric
convection is not.

We carried out a study of the M-class are of 14 August 2004 fron AR 10656,
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including HXR emission, seismic emission into the solar irgrior in the 2.5{7.0 mHz
spectrum and radio emission up to 34 GHz. We applied hologrdpic and other stan-
dard time-distance diagnostics to helioseismic observatins of the seismic transient
emitted by the are. These clearly show the signature of an epanding wave packet
centred on a source of HXR emission. The holographic imagefiew a seismic source
morphology composed of two kernels approximately perpendular to the magnetic
neutral line of the active region in the penumbra of one of thesunspots. The kernels
are spatially aligned close to similar HXR kernels in the 12 {25 keV energy range. Vis-
ible continuum emission, similarly aligned with the holographic kernels, reinforces the
hypothesis, based on similar instances in other seismicgllactive ares, that heating
of the photosphere contributes to the observed seismic ensfon, possibly as a result
of back-warming by the chromospheric source of the continum emission.

The loss of HXR observations before HXR maximum encumbers auability to
conduct a realistic comparative analysis based on timing. Mvertheless, a simultane-
ous rise in the HXR ux with the 17 GHz and 34 GHz radio ux suggests that the
same particles, relativistic electrons, produce both the adio and HXR emission. The
radio signature, attributed to gyro-synchrotron emission from relativistic electrons,
is highly impulsive, both at the onset and the ensuing declire phases.

Gyro-synchrotron emission from ares is often characterizd by an impulsive rise
followed by a rapid but sometimes only partial decline in brightness temperature.
Then follows a slow decline of the remaining signature over mny minutes. The
latter behaviour is broadly attributed to electrons that ar e trapped in a magnetic
ux tube because they were injected into the tube in a direction that lies outside
of the magnetic loss cone (Kundu et al., 2001). These electnrs may be scattered
into the loss cone by ambient thermal electrons in the ux tube and leak into the
chromosphere over a duration that depends on the scatteringate, which in turn
depends on the density of ambient thermal electrons in the w tube. Whether
these temporarily trapped electrons can contribute to seimic emission depends on
the foregoing duration, since a signi cant contribution to the seismic transient is
thought to depend critically on thick target heating that is relatively sudden, within
about a minute or so. A rapid increase in the thermal free eleton and ion density
due to ablation of the upper chromosphere might facilitate the rapid injection of
initially trapped relativistic electrons into the loss cone signi cantly increasing both
the magnitude and suddenness of chromospheric and photosphic heating thought
to contribute to seismic emission. Chromospheric ablationinto the magnetic ux
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tube by relativistic electrons initially injected into the loss cone can greatly enhance
scattering by ambient electrons and ions in the magnetic ux tube, if the ux tube
is lled with this material su ciently rapidly. How rapidly  this occurs must depend
critically on the length of the ux tube, for example. Coronal ux tubes no more
than a few Mm in length can be highly populated with dense themal plasma within
30 seconds or so, whereas longer ux tubes would require seeb minutes to do so.

In the case of the are of 14 August 2004 the decay of the 17 GHzrad 34 GHz
emission following the initial rise is quite rapid. This suggests that relativistic elec-
trons are either injected predominantly into the loss cone 6 the magnetic ux tube
at the outset or that trapped electrons not initially inject ed into the loss cone are
scattered into it rapidly, which could enhance the seismic aiission. The magnetic
extrapolation of the region suggests that the eld lines comecting the photospheres
in the neighbourhood of the seismic source to their conjuga footpoints are indeed
short, only a few Mm in length. This may explain both the rapid and complete
decrease in synchrotron emission following the impulsive mset and the occurrence
of a relatively strong sudden white-light signature, and mg help to explain a com-
mensurate, relatively strong seismic transient emitted fom a are that otherwise is
relatively weak.

4.4 The Solar Flare of 10 March 2001

4.4.1 Active Region Morphology

During the peak of Solar Cycle 23, a highly compact and impulsve are was ob-
served in AR 9368 on 10 March 2001 by a number of solar obsen@ies, including
SoHO, Yohkoh, RHESSI, GOES and the Nobeyama and Mitaka SolaObservatories
in Japan. Located at N27 W42 in heliocentric coordinates, tre are began at 04:00
UT and ended at 04:07 UT, peaking at 04:05 UT. GOES SXR obsenions marked
it as a M6.7 class, while enhanced emission at continuum neahe Ca Il 8542 A line,
which lasted about 30 seconds, showed a good time correlatiowvith the peak of mi-
crowave radio ux at 7.58 GHz, leading to it being classi ed as type | white-light
are (Liu et al., 2001; Ding et al., 2003). SoHO also observedh coronal mass ejection
and a coronal dimming associated with the are.

The active region itself emerged on 2 March 2001 at N27 E48 lation as a small
spot of type magnetic class. It then slowly developed into  type con guration,
with an emerging magnetic ux of opposite polarity also devdoping near main leading
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and following spots on 6 March. Uddin et al. (2004) reported fgni cant changes
in active region which occurred between 8 and 10 March 2001. ®8th March the
following spot began to fragment and continued on 9th and 10 March. This activity
was further accompanied by ux emergence of positive polaty. On the other hand,
the leading spots did not show any considerable changes. Hawer, on 9 March 2001
a M1.5-class impulsive are occurred near the leading spotsby which time the active
region had developed into a  con guration, which continued through to 10 March
2001.

4.4.2 The Helioseismic Data

The SoHO-MDI data consists of full-disk Dopplergrams, magmetograms, and contin-
uum images in the photospheric line Ni 6768 A, obtained at a cadence of 1 minute.
A data set with a period of 4 hours encompassing the are was chosen for the anal-
ysis. The MDI images were remapped onto a perspective that tcks solar rotation,
with the region of interest xed at the centre of the frame. Th e Dopplergrams were
also corrected for small e ects due to reduced oscillatory mplitudes in magnetic re-
gions, following the method outlined in Rajaguru et al. (2006). The MDI images were
then Postel-projected on to the frame with a nominal separaion of 0.002 solar radii

( 1.4 Mm). The eld-of-view of the MDI images analysed was 256 256 pixels, thus
incorporating a region of 360 360 Mm on the solar surface.

4.4.3 The Helioseismic Signatures

We utilize two di erent, but complementary, helioseismic t echniques to analyse the
seismicity of the acoustic emission produced by the are. Tke rst method employed
was the time{distance technique described by Kosovichev ath Zharkova (1998). We
generate the time{distance plot over a selected range of agiuths from the primary
HXR and magnetic{transient sources, in this case +138 to +225°, in order to gauge
the expanding signal from this region and compare this signlawith a curve that
represents the theoretical group travel time. The resulting signature, manifested as a
\ridge" in the time-distance diagram, was signi cant, but a s was expected, appeared
to be quite weak (see Figure 4.22). This is more than likely a ansequence of the
relatively small energy released by the are (class M6.7 in Xrays) that produced the
sunquake. The theoretical curve appears to match the obserd ridge with a delay of
approximately 5 minutes from the time of the are maximum. A t emporal delay of
such nature was contemplated by Zharkova and Zharkov (2007fwith our case being

134



4.4. THE SOLAR FLARE OF 10 MARCH 2001

40 ! 40F ]

[
o
T
I
o
=]
T

1

N
S
T
I
[N}
o
T

1

Time (minutes)
(minut

[0 S | I | I | I . (0] S Lo in i | I | I .
0 10 20 30 40 0 10 20 30 40
Distance (Mm) Distance (Mm)

Figure 4.22: Time-distance diagram indicating the amplitude of the ridge associated
with the seismic disturbance observed in AR 9368 averaged ev curves of constant
radius in the azimuth range +135° to +225° are rendered in gray in both frames.
The white curve superimposed in the right frame represents e wave time travel for
a standard model of the solar interior. The time representedas 0 along the vertical
axis of the plot is 04:07 UT.

of slightly longer duration). According to Zharkova and Zharkov (2007), this delay
is due to the time required for the electrons to move along themagnetic eld lines
and hit the upper photosphere or chromosphere. The velocityand acceleration of
the expanding wave packet was also computed. The velocity othe wave-front was
calculated to be close to 13 km s! between 5 and 9 Mm, and then about 667 kms 1
between 29 and 33 Mm. The mean acceleration of the wave-fronvas also estimated
to be approximately 3:35 kms 2.

The second method employed in our analysis was computatioaseismic holog-
raphy, to image the acoustic source of the sunquake. This mébd has been used
extensively in the analysis of acoustically active ares, vith great success in identify-
ing numerous seismic sources from solar ares (Donea et all999; Donea and Lindsey,
2005; Donea et al., 2006b; Moradi et al., 2007; Martnez-Gleros et al., 2007).

To assess the seismic emission from the are, we computed biothe acoustic and
egression power over the neighbourhood of the active regioat one-minute intervals,
mapping them for each minute of observation. In a similar mamer to the two previous
ares analysed, the acoustic and egression power movies arshapshots are computed
over 2.0 mHz bands, centred at 3.0 and 6.0 mHz. The higher fragency band has
a number of advantages because it avoids the much greater ar@nt noise of the
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Figure 4.23: Egression and acoustic power snapshots of AR 638 on 10 March 2001
integrated over 2.0{4.0 mHz and 5.0{7.0 mHz frequency bandsand taken at the

maximum of the correspondence frequency. Top frames show MDmagnetogram of
the active region (right) at 04:05 UT and a visible continuum image at 04:08 UT (left).

Second row shows egression power at 3.0 mHz (left) and 6.0 mH# the respective
maxima. The bottom row show acoustic power. Times are indicted above respective
panels, with arrows inserted to indicate the location of theseismic source.
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quiet Sun that dominates the 2.0{4.0 mHz frequency band, anddue to a shorter
wavelength it also provides us with the images that have a ne diraction limit.
This is particularly important when considering that this  are is the weakest are (in
SXR) that we have analysed to date.

Acoustic and egression power snapshots at the maximum of theare are shown
in Figure 4.23. In these computations, the pupil was an annuls of radial range 15 {
45 Mm centred on the focus. To improve the statistics, the orginal egression power
shapshots are smeared by convolution with a Gaussian with a/é-half-width of 3 Mm.
The egression power images and the continuum image are alsmmnalized to unity
at respective mean quiet-Sun values. The acoustic signater of the are { consisting
of a bright compact source { is clearly visible at 6.0 mHz in the both acoustic and
egression power snapshots at 04:05 UT (indicated by the arws in Figure 4.23). At
3.0 mHz the egression and local acoustic power snapshots sh@ less conspicuous
signature than at 6.0 mHz due to a much greater background aaastic power at 3.0
mHz.

The temporal pro les of the seismic source, seen in the acotis/egression time-
series in Figure 4.24 correspond closely with other compacghanifestations of the are
including signi cant white-light emission with a sudden, i mpulsive onset as discussed
by Li et al. (2005) and Uddin et al. (2004). The spatial and temporal features of the
seismic source observed also coincides closely with the HX&gnature reported by Li
et al. (2005), indicating that high-energy particles accekrated above the chromosphere
contribute to the generation of the seismic source. We will dscuss their observations
in more detail in the next section.

The Multi-Wavelength Signatures

The multi-wavelength properties of the extremely impulsive white-light are of 10
March 2001, have previously been studied in detail by a numbeof authors (Liu
et al.,, 2001; Ding et al., 2003; Uddin et al., 2004; Li et al., B05); all emphasizing
the impulsiveness of the are and the strong spatial and tempral coincidence of the
hard HXR emission with the enhanced continuum emission.

The observations of Uddin et al. (2004) showed that the are enbodied a very hard
spectrum in HXR, a type Il radio burst, and a coronal mass ejetion. GOES SXR
observations classi ed it as a M6.7 class, beginning at 04@UT, reaching its maximum
at 04:05 UT, and ending at 04:07 UT. A very important characteristic of the are
of 10 March 2001 is its duration, which was approximately segn minutes, indicating
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Figure 4.24: The 3.0 and 6.0 mHz egression and acoustic pow&me series, integrated
over the neighbourhood of the egression power signatures.hE vertical lines represent
the beginning (04:00 UT), maximum (04:05 UT), and end (04:07UT) times of the

GOES X-ray are.
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that the physical processes associated with the are also hdia very short duration.
Uddin et al. (2004) made a detailed study of this are at di er ent wavelengths and
determined that all three main phases of the are could be obsrved clearly in di erent
temporal pro les in HXR at di erent energy bands (Figure 4.2 5). The precursor phase
was observed to occur at 04:03 UT with a duration of 15 secondshe impulsive phase
between 05:03:15 and 04:03:40 UT, and the gradual phase aft®4:03:40 UT. Also,
they calculated the column emission measure, the spectrahdex of the are signal and
the temporal variation of the temperature. They found that t he emission has a non
thermal component before 04:04 UT and thermal component agr 04:05 UT. From
the observed pro les, they concluded that a very fast acceletion of the electrons
occurs during the impulsive phase.

Uddin et al. (2004) also emphasized the spatial and temporatorrelation of the
HXR source and the continuum emission. They also commentedrothe uncommon
change of magnetic ux they detected, concluding that it indicates that the white-light
are was triggered by a new emerging ux that induces a ux cancellation. As a result,
they conclude that magnetic reconnection occurred in the uper atmosphere of the
sunspot region; thereby high-energy electrons precipita along magnetic eld lines
and deposit energy at the sunspot region, which produce the MR and continuum
enhancement.

The importance of this particular type of spatial and temporal correlation between
the dierent types of multi-wavelength signatures described above, in the presence
of a seismic source, was rst identi ed and discussed in degt by Martnez-Oliveros
et al. (2007). They identi ed a signi cant temporal correla tion between the uxes at
di erent frequencies and energy bands (for the M7.4 class ae of 14 August 2004)
which were seen to be directly related to two electron popultons - one trapped
in the magnetic eld, and another precipitating into the chr omosphere. The highly
impulsive character of this are indicates that the trapped population of electrons in
the magnetic eld was injected into the chromosphere very fat. The electrons had
no time to thermalise in the coronal loop, but were evacuatedby rapid precipitation,
therefore they did not produce a signi cant emission in microwave. Indeed, this type
of emission is absent in the microwave pro le reported by (Udlin et al., 2004). The
radio emission does not show a long exponential decay, impglyg that high-energy
electrons that are generally trapped for a signi cant amourt of time in long coronal
loops that extend to great heights, are evacuated by rapid pecipitation in short,
low-lying loops.
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Figure 4.25: HXR and microwave time pro les of AR 9368 on 10 Mach 2001. The
HXR uxes were taken by Yohkoh at the L(14{23 keV), M1(23{33 k eV), M2(33{
53 keV), and H(53{93 keV) channels. The NoRP ux plotted correspond to the

17 GHz channel.
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Li et al. (2005) also observed the white-light properties ofthe 10 March 2001 are,
detecting an infrared continuum enhancement of 4 {6% compaed to pre- are values.
The study of the continuum images shows that the white-light source is located over
the magnetic neutral line and that the source is most likely @mposed of the two foot-
points of the magnetic loop, which are too close together to b resolved by the RHESSI
HXR observations. They also detected a HXR source near the sxspot. The authors
also concluded from their observations that the temporal am spatial coincidence of
the HXR emission with the continuum emission indicates that electron precipitation
may have been the main energy source of the chromospheric héay, producing the
excess continuum emission. Furthermore, they suggest thathe electron-beam bom-
bardment, coupled with radiative back-warming e ects, plays the main role in the
heating of the sunspot atmosphere. This is signi cant becase all instances of seismic
emissions to date have exhibited very similar white-light are characteristics - char-
acterized in particular by the sudden appearance of the whig-light signature during
the impulsive phase of the acoustically active are.

The images in Figure 4.26 show a number of the multi-wavelenty signatures
emitted by the 10 March 2001 solar are. Frames 4.26a and 4.26 show the position
of the magnetic transients, represented by the yellow and geen circles, over the
MDI-intensity continuum and magnetogram respectively. The magnetic neutral line
is over-plotted (red line) in all frames for reference. Figue 4.26¢ shows the magnetic
di erence maps at the time of the maximum of the are (04:04:01.61 UT). We can
clearly see one transient coincides well with the region of MR emission (denoted
by the contours), lying across the magnetic neutral lines. h Figure 4.26d we have
plotted the Doppler di erences for the same time. Here we cansee two photospheric
signatures (spatially coinciding with the magnetic transients) that can be associated
with surface perturbations of the solar photosphere. We als note that observations
by Li et al. (2005) show that the white-light signature is composed of two sources,
both of them being well correlated (spatially) with the magnetic transients. One
strong and extended source lies in the region of the HXR and $&mic source; the
second one appears to correlate well with the second magnettransient.

Uddin et al. (2004) extensively analysed the temporal and sptial behaviour of
the solar are. The maximum time in both HXR and microwave emission reported by
them as well as by Li et al. (2005) (who undertook a very simila analysis), coincides
very well with the maximum of the seismic emission (followirg the already well known
delay of approximately three { four minutes (Moradi et al., 2007)). Uddin et al. (2004)
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Figure 4.26: HXR contours of the 10 March 2001 are at 04:03:8 UT overlaid over: a)
MDI intensity continuum, b) MDI magnetogram, ¢) MDI magneto gram di erence at
the are maximum, d) Doppler di erence at the maximum, e) H and f) SoHO-EIT
at 171 A. The background images all correspond to the same time (004:01.61 UT).
The HXR contour levels are 20, 40, 60, 80, and 90% of the maximm emission in the
M2 (22-53 keV) channel. The MDI magnetogram neutral line (red line) is overlaid
in the frames a), b), c) and d). The blue and yellow circles in #d frames represent
the relative position of the main magnetic transients. The sismic source coincides
spatially with the blue circle, where there is also the HXR enission.
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also discuss the spatial correlation between the di erent surces, showing that all
three forms of emissions (white-light, HXR and microwave) ae located in the region
of maximum magnetic shearing. Chandra et al. (2006), in a siritar work, reported
the locations of two H kernels in the aring region. One of these kernels is (spatibly)
well correlated with the HXR source (observed by Yohkoh) andthe observed seismic
source, suggesting the precipitation of electrons in the adomosphere. The second
H kernel is however not correlated with any HXR source, possily indicating proton
precipitation in this region (see Zharkova and Gordovskyy @004) for a discussion
about the partial separation of electrons and protons into the loop legs).

4.4.4 Coronal Magnetic Field Reconstruction

The magnetic eld topology of the active region has also beerstudied by other au-
thors (Uddin et al., 2004; Li et al., 2005) and was correlatedwith other emissions
produced by the are. Using vector magnetograms from the Mitaka Solar Observa-
tory (Figure 4.27), we can see that the shearing of the magnét eld lines is close to
8(° at the location of the seismic source (see the white arrow) { vaich would imply
that a vast amount of energy was stored in the magnetic eld prior to the are. The
area where the shearing is signi cant is very small. The seiwic source itself is proved
to be of a small size of 19 25 Mm. The magnetic energy released by the are is
used to accelerate particles, heat the chromosphere, andsa drive the coronal mass
ejection (see Uddin et al., 2004; Li et al., 2005), and produe the compact seismic
source.

In order to verify the magnetic- eld con guration of the act ive region (particularly
in the corona), we computed the non-linear force free eld (N.FFF) coronal magnetic
eld extrapolations of the active region using vector magndograms from the Mitaka
Solar Observatory. The resulting extrapolations (seen in kgure 4.28) clearly show
high-altitude magnetic eld lines connecting the two leading sunspots of the group,
while between the leading and the following sunspots, onlydw-lying loops are visible
(see arrow in Figure 4.28). A comparison between the extraplations with SoHO-
EIT images at 171A (Figure 4.26f) and Figure 4.28) shows that our derived coroal
magnetic- eld extrapolations are in agreement with the observed magnetic eld. Be-
cause of the close proximity of the sunspot to the solar limb ad other observational
constraints, it is not entirely possible to fully reconstruct the complete con guration
of the magnetic eld (in the aring region). But nonetheless, we can qualitatively
infer the overall structure of the coronal magnetic eld from our estimates.
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Figure 4.27: Vector magnetogram of AR 9368 taken by the Mitala Solar Observatory
(NAQOJ) at 00:10:16 UT. The arrow indicates the focus of the sésmically active region.

In a closely related work, Chandra et al. (2006) conducted a dtailed study of the
dynamics of 10 March 2001 are. As mentioned previously, thg identi ed two H
kernels, with only one kernel (K1) found to be spatially correlated with the HXR emis-
sion (see Figure 4.26e) and therefore with the seismic sowrc The second H kernel,
labelled K2, has an elongated structure. No HXR emission habeen correlated with
this source, we have also not detected any seismic source ifnathis region despite the
white-light signature present at 04:04 UT. These ndings, along with observations
of the aring region made by the SXR telescope onboard Yohkoh led the authors
to propose a possible con guration of the magnetic eld compsed of two magnetic
loops sharing one footpoint (\three-legged" con guration), and associated with the
single HXR source observed by Yohkoh. One of the loops appesito be connecting
the shared footpoint with an opposite-polarity region assaiated by Chandra et al.
(2006) with a secondary, stronger, yet distant microwave sarce. The second loop is a
low-lying loop connecting the shared footpoint with another located inside the region
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with a high degree of magnetic shearing. Furthermore, it is inportant to state that
the two kernels observed by Chandra et al. (2006) spatially cincide remarkably well
with the magnetic transients observed in Figure 4.26e), wih only one of them also
being well correlated with the HXR emission and the Doppler sgnature.

Figure 4.28: NLFFF magnetic eld extrapolations of AR 9368. The arrow shows the
low-lying magnetic eld region associated with the seismicemission.

The existence of a relationship between the height of the camal magnetic loops
and the seismicity of active regions, has previously been pposed in Martnez-
Oliveros et al. (2007). The idea behind this assertion was tht electrons in short,
low-altitude magnetic loops precipitate more e ectively t han long, high-altitude loops
because of enhanced scattering by thermal electrons abladefrom the chromosphere.
Electrons whose pitch angles are greater than the loss-cortareshold, are trapped in
the corona until they are scattered into the loss cone. Eventally, these electrons pre-
cipitate into the chromosphere and, depending on their enagy, into the photosphere,
transferring e ciently energy and momentum to the system. T his scattering rate is
greatly increased when the population of thermal electronsn the loop is large. This
generally depends on the ablation of chromospheric gas intthe corona by the frac-
tion of electrons that were initially injected into the loss cone. The volume of a short,
low-lying loop is much smaller than that of a long high-altitude loop. The electron
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density that results from a given mass of the chromosphere hang been ablated is
thus inversely proportional to this volume. Hence, given these understandings, we
propose that short, low-lying loops become e cient scattering environments promptly
greatly expediting precipitation on time scales conduciveto seismic emission.

Figure 4.29: Scenario of eld-line relaxation after an X-pdnt reconnection, repro-

duced from Aschwanden (2004). The apex height of the eld lire relaxes exponen-
tially into a force-free state from the initial cusp shape. In the process, the loss cone
angle of the trapped particles gradually opens up and releas more particles from

the trap.

As illustrated in Figure 4.29, the collapse or relaxation of a high-altitude loop
into a low-altitude one due to reconnection can greatly expad the loss cone, which
would then enhance the precipitation distribution if pitch angles were left unchanged
(Aschwanden, 2004). As we understand it, such a collapse fditates electrons, ini-
tially trapped in the coronal magnetic eld, to precipitate into the chromosphere and
photosphere. Observation in H (Uddin et al., 2004) of this are, show the evolution
of the laments in the aring region, changing from a potenti al con guration to a
sigmoidal structure due of the high shearing of the magneticeld, with a post- are
relaxation of the magnetic eld lines also observed in H. This suggests that the
above scenario of electron injection could very well take @ce, making the electron
precipitation process much more e cient.

4.4.5 Summary and Discussion

The standard are scenario divides the are process into a number of phases. In
this scenario, the are particles are accelerated to relatvistic or super-relativistic
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velocities in the corona and injected into magnetic eld loogps whose footpoints are in
active-region chromospheres. Inevitably, some particleare going to be trapped in the
coronal magnetic eld, while others, those in the magnetic bss cone, will precipitate
directly into the chromosphere. Eventually the majority of the trapped particles
are either scattered into the loss cone and precipitated, othermalized (or both) by

thermal plasma in the magnetic loop. In the case of the very sdden and impulsive
are of 10 March 2001, the hypothesis is that acceleration ad injection of particles

into the magnetic loop occurred in a short period of time (Uddn et al., 2004).

This kind of phenomenon can be described using the trappingrad injection model
proposed by Aschwanden (2004). In this model (Figure 4.29)he rate of precipitation
of charged particles into the chromosphere is controlled byhe relaxation time of the
system. The aperture angle of the loss cone changes with timeigni cantly opening
as the magnetic eld collapses to a more potential con gurafon. It is important to
note that in this model, the time of acceleration and injection of the particles into
the magnetic eld are almost the same and relatively short canpared with the pre-
cipitation and trapping time. It is fair to assume that if the relaxation time is short,
the aperture of the loss cone also will change rapidly, alloimg more particles to reach
the chromosphere in a short period of time. This depends on ecient scattering of
high-energy electrons into the expanded loss cone, which greatly enhanced by chro-
mospheric ablation of thermal plasma into short, low-lying loops. Rapid evacuation
of trapped electrons is suggested by observations of a rapidecay in non-thermal
microwave emission. As a general rule, thermalization of pdicles in a magnetic trap
is small compared to losses due to precipitation. Hence, higenergy electrons evac-
uated from the coronal loop in this way contribute to HXR brem sstrahlung emission
substantially as well as their counterparts that were initially injected into the loss
cone.

A much more complex model of particle precipitation, in which processes such as
non-thermal excitation and ionization of hydrogen atoms, aad non-thermal plasma
heating (coulomb and ohmic) is explored by Aboudarham and Heoux (1986), Zharkova
and Kobylinskii (1993), and Zharkova and Zharkov (2007). Interestingly, the latter
show the ohmic heating of the corona by the electron beams isose ective that the
corresponding particle-induced downward propagating shoks are almost depleted of
energy, leaving very little energy to reach the photosphereand induce any kind of
seismic activity. Perhaps this is the explanation for why we did not see any seis-
mic sources at the location of the H K2 kernel in Figure 4.24. However, we also
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want emphasize here the possibility that photospheric heanhg also contributes to are
acoustic emission.

As the whole aring process occurred relatively rapidly (and given the highly-
impulsive properties of the 10 March 2001 are, it is not unreasonable to assume so),
the solar chromosphere was heated quite suddenly. The muhivavelength emissions of
the are also clearly indicate this. Furthermore the strong spatial and temporal cor-
respondence between the di erent types of emissions pointa radiative back-warming
playing a signi cant role in the heating mechanism. This corclusion was in fact drawn
by both Li et al. (2005) and Ding et al. (2003) to explain the origin of the continuum
feature of the 10 March 2001 are in terms of an \electron-bean-heated are model",
with chromospheric radiative back-warming Machado et al. (1989), originating in the
temperature-minimum region, being the chief heating agent

The above conclusions, when viewed in conjunction with thos of Donea and
Lindsey (2005), Donea et al. (2006b), Moradi et al. (2007), ad Martnez-Oliveros
et al. (2007), provide direct evidence of are acoustic emision being driven, in part,
by heating of the low photosphere. The basic principle hered that the chromospheric
radiation further heats up the photosphere, with the result being of an optically-
thick H bound-free absorption, which then introduces a pressure @nsient directly
to the underlying medium. The photospheric heating hypothesis is well supported
by our observations and previous ones { which all indicate that instances of are
seismic emission have been characterized by a close spat@rrespondence between
the seismic emission and sudden white-light emission durip the impulsive phase of
the are. Radiative uxes characteristic of white-light em ission seen in all acoustically
active ares, if emitted downward from the chromosphere (aswell as upwards) are
probably su cient to heat the photosphere a few percent within a few seconds of the
onset of the incoming radiative ux.

According to rough models described by Donea et al. (2006b)rad Moradi et al.
(2007), such heating should cause a pressure transient in éhheated layer that drives a
seismic transient whose energy ux is of the order of those disnated for acoustically
active ares. The energy invested into the seismic transiehis in proportion to a
fraction of | ¢=l; (the sudden component of fractional variation in the continuum
intensity, |., over the emitting region) times the radiative energy suddaly emitted
by the are. We therefore expect acoustic emission due to phtmspheric heating to be
ine cient in ares whose white-light signatures are weak, di use, or not very sudden,
and this is consistent with all examples we have encounteretb date.
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At this point, our understanding of seismic emission from ares still remains
relatively super cial. However, evidence for the general involvement of photospheric
heating is now considerable. What is needed for further undestanding is detailed
modelling with a careful account of the physics, including mdiative transfer and
magnetic forces in realistic sunspot photospheres and suphotospheres. The latter is
particular important as most large solar ares are seismicdly inactive, which suggests
that the strong magnetic elds of the hosting active regionsmay substantially alter the
behaviour of helioseismic signals emerging from below. Wit such an understanding,
acoustic emission from ares could contribute major bene ts to seismic diagnostics
of active region sub-photospheres.
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Chapter 5

Summary and Perspective

In this nal chapter, a summary of the research outcomes condined in Chapters 2, 3
and 4 are presented. We begin by giving a brief overview of theumerical simulations
of ray and wave propagation in magnetized plasmas conducteth Chapter 2 and 3 of
this thesis. This is followed by a summary of the main resultsand major insights into
sunspot seismology that we have gained from them. We conclwedby discussing some
perspectives for future research in the eld. In the next setion, we highlight some of
the main insights gained from our studies conducted in are gismology in Chapter
4. We brie y review the observational attributes that now al low us to discriminate
between acoustically active and inactive ares, and give a un down of the physical
mechanisms that have now been proposed to explain the phencna of are-driven
seismic waves.
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5.1 Forward Modelling

Ever since the suggestion by Thomas et al. (1982) that wavesauld be used to inves-
tigate the structure and dynamics of sunspots, much e ort has gone into theoretical
studies and numerical simulations in order to better undersand wave propagation in
strongly magnetized uids { a necessary condition for the agplication of local helio-
seismology to solar active regions. In thesis Chapters 2 angl we attempted to address
some of the ambiguities and inconsistencies that exist in tk local helioseismology of
strong near-surface magnetic elds through numerical mod#ing of travel-time inho-
mogeneities in sunspots. We employed time-distance heliemology as our preferred
diagnostic tool and undertook a two-pronged approach to thenumerical simulations.

Our rst approach was largely motivated by the e ciency and a ccuracy of past
applications of both MHD ray theory in probing near-surface dispersive mechanisms
and mode conversion of magnetically coupled waves. If MHD matheory could sim-
ilarly be applied to numerical forward modelling, then this would provide us with
a powerful, yet computationally inexpensive, diagnostic bol for sunspot seismology,
including a possible application to future inverse methods In order to facilitate this,
we employed the eikonal approximation, in conjunction with the magneto-acoustic
dispersion relation to model helioseismic ray propagationin a realistic and applica-
ble sunspot model. Ray travel-time shifts were then modelld in a way to facilitate
comparisons with observations made by time-distance helgeismology.

Our second approach was driven by our need for genuine arti @l data sets that
mimic helioseismic wave propagation in the near photospheéc layers. This would
allow for statistical studies of wave interactions with numerous imposed perturbations,
as well as validating results obtained from the linear forwad problem and MHD ray
theory. To accomplish this, we used the existing 3D MHD code bHanasoge (2007).
This numerical forward model essentially follows the linea evolution of perturbations
in an inhomogeneous, magnetized atmosphere { described by ax tube embedded in
a convectively and hydrostatically stable polytrope. We adopted a box geometry, with
a spectral treatment in the horizontal directions, and a nite di erence scheme for
the vertical direction. The boundaries of the computationa box consisted of periodic
boundaries on the sides, while for the upper boundary we usethe condition that
the Lagrangian perturbation of the vertical component of the stress tensor vanishes.
Time-distance helioseismology was again utilized to measa and analyse the wave
travel-time inhomogeneities produced by induced perturbaion in the model.

The simulations conducted in Chapters 2 and 4 together proviled us with several
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related but distinct observations. First and foremost, we have demonstrated that
MHD ray theory can now be con dently used in model sunspots tomodel travel-time

inhomogeneities that can be e ectively compared with both dservations and MHD

simulations. This is an important breakthrough that has many potential applications

in the future, such as the development of magnetic sensitity kernels for the inversion

process. However, as the deep-focus measurements in Chapsehave shown, we must
also bear in mind that ray theory ultimately departs signi ¢ antly from wave theory

as the perturbation becomes sub-wavelength in size.

With respect to the modelled travel-time shifts, we can con rm that many aspects
of our results obtained through time-distance analysis { swh as sensitivity of travel
times to frequency and phase-speed ltering, and backgroud power below the p;-
ridge { re ected actual observations of travel-time inhomogeneities in the vicinity of
sunspots (Braun and Birch, 2006; Couvidat and Rajaguru, 20@; Braun and Birch,
2008). Owverall, the (qualitative) similarity of time shift s between simulations and
observations appears to suggest relative insensitivity oftime-distance statistics to
subtle aspects of ux tube structure. However, in order to quantify this, we would
require more simulations with di ering perturbations and h ave to delve into inversions
and associated issues.

On the other hand, ray theory travel-time shifts were similarly dependent on
frequency ltering, but the absence of phase-speed lIterirg in the process meant that
ray theory time shifts were more predictable than their time-distance counterparts
{ particularly at small travel distances. Furthermore, ray theory simulations also
allowed us to simultaneously examine the direct and indiret e ects of the sunspot
magnetic eld, thus enabling us to partition the observed travel-time shifts in terms of
their thermal and magnetic components. These simulations povided us with ample
evidence that purely thermal perturbations are unlikely to be the main e ect seen in
surface-focused travel times through sunspots, with time Bifts being overwhelmingly
governed by MHD physics.

To sum it all up, we can now state with relative con dence that strong near-
surface magnetic elds (in conjunction with phase-speed ltering) are directly and
signi cantly altering the magnitude and lateral extent of i nversions of sunspot struc-
ture made by time-distance helioseismology. The evidencegainst the \dual-layer"
sub-surface structure of sunspots, derived from linear ingrsions of phase-speed |-
tered time-distance travel-time maps (i.e., Figure 1.8), B now overwhelming. Fur-
thermore, the persistent large sound and wave speed pertudiions produced by our
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model sunspots, coupled with the apparent non-linear natue of the observed travel-
time shifts, indicates that we must now move beyond current Inear inversion schemes
which are derived under the assumption that sub-surface inbmogeneities are weak.
Unlike in the case of convective ows, the e ect of the magnetc eld on helioseismic

waves clearly cannot be considered to be small near the suda.

However, these results have also shown us that there is stilbt of work that is
needed to re ne our techniques of data analysis and interpriation. Indeed, addressing
some of the issues related to the use of phase-speed lteredid appears to be critical
in discerning many of the inconsistencies between obseniains and modelling. Ridge-
Itering (e.g., Braun and Birch, 2008; Jackiewicz et al., 2008; Thompson and Zharkov,
2008) provides us with a limited workaround, but does not addess the issue at heart.
Proper treatment of non-linear e ects such as radiative transfer (Rajaguru et al.,
2007) and mode conversion in magnetized plasma (Cally, 20D7are also an urgent
necessity.

In fact, the latter appears to be a particularly pertinent is sue given the recent re-
sults of Cally (2009b,a) which provides strong evidence fosigni cant phase jumps (or
discontinuities) associated with fast magneto-acoustic ays that penetrate thea = ¢
level in sunspots. This e ect appears to be more pronouncedni highly inclined eld
characteristic of penumbrae. Neglecting these e ects coul lead to signi cant misin-
terpretation of travel time-shifts observed by time-distance and helioseismic hologra-
phy, as both methods work on the assumption that the phase is lavays continuous
along a ray path joining two surface points. This could help eplain puzzling sur-
face observational phenomena, such as the \shower-glass"eet (Lindsey and Braun,
2005) and the \penumbral acoustic anomaly" (Schunker et al, 2005) { both pro-
duced by acute surface phase perturbations that obscure higlseismic observations,
particularly in penumbrae.

But overall, we are making progress and must keep in mind thatlocal helioseis-
mology, in particular sunspot seismology, is relatively yaing eld which is very much
under development today and promises many more tantalizingdiscoveries. Indeed,
some of the more ambitious goals for the not too distant futue include, but are not
limited to: the detection of longitudinal variations in the structure of the tachocline,
producing reliable and self-consistent maps of 3D vector @s in the near-surface lay-
ers, and to also directly image the magnetic eld in the solarinterior. If measurable,
this information would revolutionise our understanding of the structure and dynamics
of sunspots and shed light on the true nature of sunspot struttire below the solar
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surface: a monolithic, but inhomogeneous, magnetic ux tuke? or, a tight cluster of
smaller ux tubes separated by eld-free plasma?

In late 2009, the Solar Dynamics Observatory (SDO) will be lainched. Onboard
will be the Helioseismic Magnetic Imager (HMI) { the rst ins trument speci cally
designed for local helioseismology { providing the next bigechnological step for he-
lioseismology. With a high spatial resolution over the entre visible solar hemisphere,
HMI will study solar oscillations and also provide high-cadence vector magnetic eld
measurements to aid helioseismic probing of sunspots and e region. One of the
main scienti ¢ objectives of the instrument will be the study of the ne structure and
the temporal evolution of magnetic regions in the upper conection zone. Within the
next decade the Solar Orbiter satellite should also be laurfeed, giving us access for
the rst time to the sub-surface structure and dynamics of the Sun's polar regions.
Solar Orbiter's views of the far side of the Sun could also pantially be used in combi-
nation with other observations, allowing for stereoscopiclocal helioseismology which
will enable us to probe deeper into the convection zone withmproved resolution.

With these new observations, and recent advances in numera forward modelling
(Cameron et al., 2008; Moradi et al., 2009; Shelyag et al., ZIB), modelling of entire
sunspots by direct, realistic MHD simulations including radiative transfer (Heine-
mann et al., 2007; Rempel et al., 2009), coupled with ongoingrogress in numerical
simulations of magneto-convection (Stein et al., 2007) meas that we are inching ever
closer to identifying some of the underlying mechanisms thacontrol the interplay
between rotation, convection, and magnetism.

5.2 Flare Seismology

The detection of signi cant seismic emission from solar ares, or sunquakes, represents
one of the most exciting developments in the eld of local heloseismology, and solar
physics as a whole. Recent developments in the study of are @ustic emission
presented in Chapter 4 encourage the view that the seismic eission from ares
is a major discovery with a broad range of diagnostic and conbl applications for
helioseismologists and are analysts. Our understanding bthe acoustics of solar ares
has been greatly improved in recent years through a combinabn of observational and
computational techniques, with the research outcomes premnted in Chapter 4 now
enabling us to con dently identify a number of distinct observational characteristics
that distinguish acoustically active ares from others. We can brie y summarize some
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of these observations as follows :

Flare seismic emissions are consistently associated withtreng, downward-
propagating shocks which start at the onset of the are and ae directly observed
in Dopplergrams.

Most large X-class solar ares appear to be acoustically inetive. For the few X-

and M-class ares where signi cant acoustic emission was dected, only a very
small fraction (a few hundred thousandths) of the energy reéased during the
are is related to the seismic emission that radiates into the sub-photosphere,
or to the seismic waves propagating into the solar interior.

The sites of seismic emission generally coincide spatiallwith impulsive HXR
and microwave emissions, suggesting a relation to thick-taget heating of the
chromosphere by energetic particles.

The sites of seismic emission similarly coincide spatiallyvith impulsive contin-
uum emission, suggesting acoustic emission associated tiextra heating and
ionization of the low photosphere.

The location of these compact seismic sources is only occasally associated
with signatures of high-energy protons ( -ray emission) in the footpoints of
magnetic loops that mark precipitation of high-energy particles (e.g., the large
X10 and X17-class ares of October 2003).

There appears to be a signi cant inverse correlation betwer seismicity of active
regions and the heights of the coronal magnetic loops that arduct high-energy
particles. Shorter coronal loops are more likely to be condcive to a more
rapid injection of trapped, high-energy electrons into the chromosphere at their
footpoints. This enhances the magnitude and suddenness ohé chromospheric
heating that gives a rise to the intense visible continuum enssion seen in all
acoustically active ares.

Apparent magnetic transients in GONG and MDI magnetograms suggest the
possibility of seismic emission due to sudden shifts in magatic tension forces
in the photosphere as a result of reconnection.

At this point in time however, we cannot categorically claim that prospective con-
tributions to seismic emission from ares are exhausted. Foexample, Ambastha et al.
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(2003) and Ambastha et al. (2004) have used ring-diagram angsis to study the e ect
of ares on solar oscillation modes, reporting an increasen p-mode power associated
with the aring region. However, it is dicult to draw any sig ni cant connections
between these results and those obtained through holographas deeper analysis and
more detailed comparisons are required. But nonethelesshe above-listed character-
istics, coupled with abundant supporting observational sgnatures presented in this
thesis, have gone a long way in corroborating certain hypotkeses regarding the un-
derlying physical mechanism behind the are seismic emissin process, while at the
same time, repudiating others.

Kosovichev and Zharkova (1995, 1998) strongly favoured thenotion that sun-
guakes were produced by chromospheric shocks driven by sued, thick-target heat-
ing of the upper and middle chromosphere. This process statethat seismic emissions
into the solar interior are the continuation of a chromospheic shock and condensa-
tion resulting from explosive ablation of the chromosphereand propagating downward
through the photosphere into the underlying solar interior. Chromospheric shocks are
well known under such circumstances, based on red-shifted Hemission at the are
site at the onset of the are. The simulations were worked outat length by Fisher
et al. (1985a,b,c) and others since.

The hypothesis that the observed photospheric emission is direct continuation of
such shocks was also considered by Donea and Lindsey (2005)daKosovichev (2006).
However, looking at the statistics of acoustically active eents (Donea et al., 2006a;
Besliu-lonescu et al., 2006, 2008a,b), we must acknowleddgkat most solar ares do
not produce sunquakes. This leads us to believe that, for thenajority of ares, strong
radiative damping depletes the chromospheric transient béore its arrival at the low
photosphere, thus the amount of energy that penetrates throigh the photosphere is
insu cient to explain the helioseismic observations (Fisher et al., 1985a; Ding and
Fang, 1994; Allred et al., 2005).

Having observed signatures of high-energy protons in the lge X10 and X17- class
ares of October 2003, Donea and Lindsey (2005), and later Zarkova and Zharkov
(2007), suggested that seismic emissions could be inducedavdirect photospheric
heating caused by protons penetrating into the low photosplere. However, the obser-
vational signatures of high-energy protons in seismicallyactive ares are very rare.
As we have seen in the analyses of the X-class are of 15 Januar2005 and the
M-class ares 14 August 2004 and 10 March 2001, there are no dhcations of high-
energy protons that could directly supply the energy required to induce a seismic
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transient into the solar interior. Likewise, energetic electrons, consistent with HXR
signatures, appear to be physically unable to penetrate ind the low photosphere in
anywhere near su cient numbers required to account for the direct heating needed by
the seismic sources (Metcalf et al., 1990). However, the stng coincidence between
the locations of sudden white-light emission and seismic eission in all acoustically
active ares led Donea et al. (2006b) to propose that a substatial component of the
seismic emission seen is a result of sudden heating of the Igtotosphere associated
with the observed excess of visible continuum emission (radtive back-warming).

The origin of white-light emission would have to be entirely in the chromosphere,
where energetic electrons dissipate their energy (Metcalét al., 1990; Zharkova and
Kobylinskii, 1991, 1993), mainly by ionizing previously neutral chromospheric hydro-
gen approximately to the depth of the temperature minimum. It appears that the
low photosphere itself would be signi cantly heated as well{ primarily the result
of Balmer and Paschen continuum edge recombination radiatin from the overlying
ionized chromospheric medium. Once the transient penetrats substantially beneath
the photosphere, the highly opaque ionized hydrogen blockany signi cant radiative
losses and allows the transient to continue undamped on itsgurney, until its next
encounter with the solar surface. Fully consistent with the results presented in Chap-
ter 4 of this thesis, and indeed the observational signaturs of all reported are seismic
emissions to date (Lindsey and Donea, 2008), this mechanismertainly provides the
most compelling scenario to explain the phenomenon of sunakes.

Recently however, Hudson et al. (2008) have speculated thatorentz force tran-
sients, produced by a process known as the \McClymont magnét jerk", can account
for the seismic activity of some ares. The hypothesis behid the McClymont jerk
process is that the transients shifts in the magnetic signatires during the impulsive
phase of seismically active ares are the result of are-reited magnetic reconnection.
Indeed, transient shifts in magnetic signatures have beenetected in numerous ares,
some of which were acoustically active (e.g., Donea et al.,@®6b; Martnez-Oliveros
et al., 2007, 2008b,a) and others which were not (e.g., Zhadwva and Kosovichev,
2002). Hudson et al. (2008) estimate the mechanical work thawould be done on the
photosphere by a sudden shift in magnetic inclination constent with magnetic sig-
natures. Their energy estimates appeared to be similar to thse based on helioseismic
observations.

However, Martnez-Oliveros et al. (2008a) recently applied the magnetic jerk hy-
pothesis to the seismically active are of 15 January 2005, ad from their analysis,
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the authors concluded that this process can only partly accant for the helioseismic
observations of the seismic source. There are also concemmsto whether the magnetic
signatures are the result of real changes in the photospharimagnetic eld (Donea
et al., 2006b; Moradi et al., 2007). Kosovichev and Zharkova2001) also reported
similar magnetic signatures in ares and expressed concemabout possible e ects of
an inversion of the Nii 6768 A line as a result of heating of the solar atmosphere
by high-energy particles. Sudol and Harvey (2005) likewiséound transient magnetic
signatures in aring photospheres. Qiu and Gary (2003) attribute the sign reversal in
the MDI magnetic signature of an impulsive are to radiative -transfer e ect. Clearly,
these are concerns that need to be considered.

In conclusion, it must be stated that no one, single mechanis can fully explain
the mechanics of are acoustics and their observational sigatures { because to do so
would be a gross over-simpli cation of the problem. What these results have shown
us is that the study of are mechanics, as well as helioseismogy, would greatly ben-
et from the development of detailed models of the are-induced seismic transients.
Detailed models would need to take account for how these acatic transients are
generated, how they propagate from the corona down to the phtmsphere, and how
they are injected into the underlying solar interior. The latter would no doubt re-
quire realistic models of active region sub-photospheresncluding a full account of
sub-surface thermal anomalies and magnetic elds in partialar, as the existence of
highly inclined magnetic elds in regions from which white-light ares generally occur
are certain to be important in the are acoustics.

The good news is that such modelling e orts are well under way In fact, as
is self-evident in Chapter 3 of this thesis, humerical simuhtions of helioseismic wave
propagation through realistic sunspot sub-photospheresi@ now, not only feasible, but
successfully implemented and veri ed. Modelling of partide acceleration and chromo-
spheric heating in seismically active ares are also in thai early stages. Besliu-lonescu
et al. (in preparation) are currently working on reproducing the observational signa-
tures of chromospheric heating in seismically active aresusing the RADYNE code of
Carlsson and Stein (1994), while numerical simulations oftechastic particle accelera-
tion and energy loss in the solar corona (using the time-depedent Fokker-Planck code
of Hamilton et al., 1990) are also ongoing (Martinez-Oliveps et al., in preparation).
Preliminary results from the latter appear to strongly supp ort the notion that low-in-
altitude coronal magnetic loop con gurations signi cantl y expedite the scattering of
trapped high-energy electrons into magnetic loss cones, antheir rapid precipitation
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into the upper layers of the chromosphere. Initial estimates appear to show that this
will likely increase both the intensity and suddenness of tle chromospheric heating,
satisfying the basic conditions for an acoustic emission tht penetrates into the so-
lar interior. So it appears that we are on the threshold of behg able to accurately
reproduce some of the main observational characteristicsssociated with seismically
active ares. Couple this with the improved observational capabilities expected in the
very near future, courtesy of the soon-to-be-launched SDO atellite, and the future

certainly looks bright for are seismology.
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