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ABSTRACT

The surface of the Sun and solar-type stars is permeated ggetia fields with a va-
riety of spatial and temporal scales. The spatial scalegeréitom sub-arcsec tangled
fields that are yet to be observed (inaccessible to the dumstiuments) to tens and
hundreds of megameters large active regions. The timesskale equally broad spec-
trum ranging from less than a minute (for small-scale ati#ig) to months (large active
regions). These magnetic fields and their activity play a idamt role in the solar
atmosphere and govern the space weather. Furthermorestamting the solar mag-
netism, its generation, and its interactions act as templat such phenomena in the
large scales. It is generally thought that a solar dynamoga®at the base of the con-
vective zone is responsible for the generation of activeoregin the Sun. There exists
a magnetic cycle, with the global field of the Sun, oscillgtiretween a predominantly
poloidal to toroidal field with a period of 11 years.

Rooted in the convective zone below the photosphere, thaatiadield buoyantly
rises through the solar atmosphere. The granular motiomgne@lly jostle the mag-
netic field which lead to magnetic stress and magnetic wavbs interplay between
the convective motions and magnetic field holds the key teetstdnd the dynamical
solar atmosphere, and coronal heating. High spatio-teahpesolution observations of
the Sun reveal a facet of the solar magnetism that is higlérnmttent and dynamic.
This magnetic field extends well beyond the active regiorts@vers the entire sur-
face of the Sun. Mainly observed at the boundaries of sugeuar cells and in the
intergranular lanes, these magnetic fields are known togporssible for the myriad of
structures and phenomena that are observed in the solas@lter@. The typical length
scale of this magnetic field, at the photosphere, range fessithan a hundred kilome-
ters to a few megameters. With a magnetic fluxof — 102° Mx, these are seen as
thin bright flux tubes and dark pores in the intensity images.

In this dissertation | study the dynamics of magnetic fielttipularly, in the quiet
Sun, from photosphere to corona. This work can be broadligeivinto two parts.
(i) Studying the dynamics of magnetic field at the photosph&his aspect deals with
the interactions between convective motions and magnettt dgising high resolution
observations: (a) acoustic waves and magnetic field intieres; (b) horizontal motions
and dynamics of the solar magnetic bright points. (ii) Magneoupling and the heating

XVii



ABSTRACT

of solar atmosphere. Topics of flux emergence and magnetietcare explored in

this part: (a) hydrodynamic modeling of the coronal respottsephemeral regions
in terms of temperature fluctuations and differential eroissneasure are studied in
detail, (b) using the time sequence of high resolution bisight (LOS) magnetograms
as lower boundary conditions, three-dimensional (3D) netigmodeling is performed

to understand the role of the magnetic carpet in the heafisglar corona.
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Chapter 1

INTRODUCTION

1.1 SUN - AHISTORICAL OVERVIEW

Of all the billions of stars in our Galaxy (Milky Way) we owe oexistence to a
mere and an insignificant star orbiting the Galactic center2/000 lightyears—but
which possess all the necessary and favorable conditicsigajoort the life on a planet
called the Earth. For its power and strength, the Sun heldrgoitant role in the
ancient mythologies of many cultures across the world. Te,dae mankind intricately
depends on the Sun. This fiery gas ball in the sky has drawnttitaeton of man for
many centuries now.

The oldest recorded observation of solar eclipse dates tmatk23 BC. Nearly
after 2300 years, John of Worcester, an English monk, maeléirgt drawing of the
dark features on the Sun known as the sunspots in the year Hi&anslated notes
on the drawing reads

...fromnorning to eveni ng, appeared sonething

like two black circles within the disk of the Sun,
the one in the upper part being bigger, the other

in the |lower part smaller. As shown on the draw ng...

In the year 1543, Nicholas Copernicus, challenged Ptoletoyig-standing notions of
planetary astronomy by proposing a new heliocentric mofi¢he solar system. A
systematic study of the Sun and solar features, howevetedtafter the invention of
the telescope in the 17th century. Galileo Galilei was antbedirst to document and
record the solar features known as sunspots using a tekesaogh confirming their solar
origin.

*(255°.781,0°.317) are the Hourangle and Declination of3be as viewed from Earth (12° 58,
77° 34 E) at 12:00 on 21 March 2014.
2ht t p: / / ww. hao. ucar . edu/ educat i on/ Ti el i neA. php, and references therein


http://www.hao.ucar.edu/education/TimelineA.php

1.1. SUN —-A HISTORICAL OVERVIEW

The next big breakthrough in the solar observations — pdatity for sunspots —
was witnessed in the year 1843. Samuel Heinrich SchwabeGéman amateur as-
tronomer, discovered a periodic increase and decrease sutispot number (Schwabe,
1844). Henceforth the studies of tlsanspot cyclehave begun. Almost 16 years
later, Carrington (1859) recorded a spectacular event erStin, that was never ob-
served by him before. He explained in his paper

Wi | e engaged in the forenoon of Thursday, Sept, 1
[1859], in taking ny custonmary observation of the
fornms and positions of the solar spots, an
appearance was W tnessed which | believe to be
exceedingly rare... My first inpression was that by
sone chance a ray of |ight had penetrated a hole in
the screen attached to the object-glass, by which
the general image is thrown into shade, for the
brilliancy was fully equal to that of direct sun-
l'ight; but, by at once interrupting the current
observation, and causing the inage to nove by
turning the R A handle, | saw | was an unprepared
wi tness of a very different affair.

Reason and source for the already known sunspot cycle, arel/énts such as the
one recorded by Richard C. Carrington were to be understotitkitwentieth century.
George E. Hale invented spectroheliograph to take monawio observations of the
Sun. In his seminal work, Hale (1908) described

VWi | e our investigations have thus furnished a

pl ausi bl e expl anati on of sonme of the characteristic
phenonena of sun-spot spectra, the w dening of

lines and the presence of doublets are anong the
remai ni ng peculiarities that denmanded consi derati on.
As we have seen, however, these very peculiarities
are precisely what woul d be expected if a

magnetic field were present.

This was the first direct evidence for the existence of theaeterrestrial magnetic field.
Subsequently Hale et al. (1919) had discovered many gepeypérties of sunspots.
The latter part of the twentieth century saw many develogmenboth observational
and theoretical aspects of the Sun and its magnetic field.

A remarkable discovery awaited another twenty years wheoti&@r (1939), Edlén
(1942) identified strong emission lines of Fe superimposethe continuum spectrum

2



Chapter 1. INTRODUCTION

Table 1.1: Coronal emission lines identified by Edlen ()94&o see Billings, 1966;
Stix, 2004).y is the ionization potential of the preceding ion.

A[A]  lon Transition x [eV]
“Greenline” 5302.9 Feiv 3s*3p?P;—2Pp 355
“Yellow line” 5694.5 Caxv 252 2p? 3P, =3P, 820
‘Red line” 63745 Fex 3s23p° 2Py, —2Pyy 235

of solar corona. Table 1.1 (adapted from Stix, 2004) shoe<tnonal emission lines
identified by Edlén (1942). These observations estaldiies the corona is hotter than
the photosphere and its average temperature is at leastrtl@oscof magnitude more
than that of the photosphere.

To explain the existence of 1-2 million-degree kelvin c@pseveral mechanisms
were proposed. In his famous work, Alfvén (1947) put fordvdine idea of mag-
neto hydrodynamic (MHD) waves as sources for coronal hgatdiermann (1948)
and Schwarzschild (1948) suggested that the mechanicedyenarried outwards by
the acoustic waves (which are generated by convective nmsfio the photosphere)
can maintain the high temperature of the corona. In the dinitbon to his paper,
Schwarzschild (1948) wrote

Until recently the main problemof the chronosphere
and the corona was the question of their support...
Recently, however, it was found that the tenperature
of the chronosphere is of the order of 35,000 degree
[ kel vin] and that of the corona of the order of

1, 00,000 degree [kelvin]... Now, therefore, the nain
probl em of the chronosphere and the corona (here
considered as a unit and called ‘*corona’’) has
beconme the question of how the high tenperature of
the corona i s maintained.

Until then the observations of the Sun were obtained frongtioeind-based facil-
ities at moderate spatial and temporal resolution. Howesadar studies took a giant
leap forward with the advent of spaceborne observatori¢isarearly 1960s and 70s.
The early X-ray observations of the Sun produced bySkygabrevealed a highly struc-
tured corona. Bright regions, and extended and dark cotmiat were observed (Fig-
ure 1.1). Reidy et al. (1968) suggested a magnetic confineaighe X-ray emitting
plasma. Later, Vaiana et al. (1973) conducted a morphabgicalysis of the X-ray
photographs. They identified six distinct types of quiesaaronal structures (ac-
tive regions, active region interconnections, largeesqaiet coronal structures, coronal
holes, bright points, and the coronal structures enclddismgent cavities).

3



1.1. SUN —-A HISTORICAL OVERVIEW

127306/ 1973/06/28 1973107126

-~

1973/08/21 1973/09/17 1973/10/14

Figure 1.1: Solar images produced®kylabin X-ray wavelengths in the range 6—A9
Image courtesit t p: / / sol ar sci ence. nsf c. nasa. gov/ Skyl ab. shtm .

Understanding of the Sun, and its magnetic nature has iredrdrastically over the
last few decades. With the availability of high quality oh&gions from both ground-
based and spaceborne facilities, we can now probe the Swalassmaller than 100
km. In this Section, | presented a very quick historical @i@x of some of the im-
portant discoveries related to the Sun that are directigvesit to the research work
compiled in this thesis. This overview has covered topit¢sted to the solar obser-
vations that spanned over a few millennia, and | have skippady other great ad-
vances in the study of solar physics. As a concluding renathkis overview, and to
illustrate the need for studying the Sun, | highlight a nevtigle® that appeared in Sci-
encdaily on February 18, 2011, titletiSolar Flare: Space Weather Disrupts Commu-
nications, Threatens Other Technologie#i that article, Professor Daniel Baker said,
“Human dependence on technol ogy makes society nore suscep-
tible to the effects of space weat her” — a profound statement em-
phasizing the place of our planet Earth, its life, andtdahnologyin the realms of the
Sun. A century ago, humans would have considered the Sunwgsgparser of life on
the Earth. But with the increasing human dependence on ¢émtiical advancements
over the past few decades (many of those reaching beyond)Edme role of the Sun
—regulator of space weatheris much more thajust a supporter of life. In the next
Section, | briefly introduce the topic of solar magnetic fielith an emphasis on the
magnetic field at small-scales, which forms the basis foréiseof the thesis.

Shtt p: // www. sci encedai | y. cont rel eases/ 2011/ 02/ 110218142451, ht m
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SDO HMI_FRONT2 6173 31-Dec-2013 23:58:54.200 UT

1000
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Figure 1.2: lllustration of the solar magnetic field mapse Téft panel shows a full-disk magnetogram. The white andideieas are the regions
of positive and negative polarities, respectively. Th@gdascale magnetic structures such as the sunspots and segions can be seen in the
northern hemisphere. The andy-axis are in arcsed{ =~ 720 km on the Sun). A small square region (coveriagg0 Mm) near the disk center
Is shown at much higher resolution (only as a representatiemagnetograms shown in both the left and right panelstzteened from different
instruments, and from different days) in the right panele Tiscrete and fragmented nature of the network and inteanktmagnetic fields are

seen.



1.2. SOLAR MAGNETIC FIELD

1.2 SOLAR MAGNETIC FIELD

After a plausible but inconclusive interpretation of theespum of sunspots (Hale,
1908), researchers started probing the nature of the sagnetic field. Hale (1913)
attempted to detect the general magnetic field of the Sunafgisments were based on
the hypothesis that the magnetic field on the Sun is due txids @tation. He quoted
a value of 50 Gauss as the radial field strength at the poleslir@p(1945) and others
have suggested several mechanisms to explain the Sun’stafield.

Babcock (1953) developed a new magnetograph to detect weldk fx1 G or
more) on the Sun (the instrument was installed at the Halar$@alboratory). Babcock
& Babcock (1955a) and Babcock & Babcock (1955b) analyzedentioan 450 mag-
netograms recorded during the period 1952-1954. Theyifteehts general magnetic
field of 1 G, which is limited to heliographic latitudes +55°. They also observed
bipolar magnetic regions at lower latitudes. They notedptesence of Ca plages
when the magnetic field intensity is2 G. They observed extended magnetic areas of
dominant unipolarity. Some of these unipolar regions haatitans of several months.
They indicated that these structures were related to 27adaynent terrestrial magnetic
storms. Leighton (1959) (also see Bumba & Howard, 1965; IBlie#966) described
a new method to map the magnetic field on the Sun. He obsen@&€00 G extended
magnetic regions, which spatially coincide with theiCamission in the plages.

At the same time, advances towards understanding of theajereof large-scale
solar magnetic fields were underway. Parker (1955b) shomadthorizontal flux tube
(from the Sun’s toroidal field) buoyantly rises in the elexy conducting atmosphere,
forming sunspots at the photosphere. Parker (1955a) (els&ksasser, 1956) devel-
oped general hydromagnetic dynamo models and applied toa$e of the Sun. He
argued that a dipolar magnetic field can be regenerated ftonoigal field in a rotating
sphere of conducting fluid. This bipolar-fietetoroidal-field oscillation was necessary
to explain the already (observationally) establishedrsotele (Charbonneau, 2010, re-
viewed the topics of Sun’s large-scale magnetic field gdimgraand solar cycle). It was
observed that (Hale et al., 1919; Hale & Nicholson, 1925%thlar magnetic activity (a
measure of the number of sunspots on the visible disk of tné I3as a cyclic behavior.
At the start of a new cycle, sunspots first appear with80°of the equator. Due to the
solar rotation and other surface flows, in timescales of weéeknonths, sunspots pro-
gressively move towards the equator (Maunder, 1922). Asytbke advances, sunspots
emerge closer to the equator, eventudigappearingat the solar minimum. This evo-
lution of the solar cycle gives rise to the famadustterfly diagram(c.f. Figure 4 in
Maunder, 1922). It is now widely believed that strong toadichagnetic fields are
stored in a layer at the bottom of the convective zone calieddcline layer (see Fan,
2009, and references therein).
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Visually, sunspots are extended (covering areas of tendiandreds of megame-
ters) patches of organized magnetic field on the Sun. Theyeadentified in both
magnetic field maps, and intensity maps of the Sun. In thepbefel of Figure 1.2, a
line-of-sight (LOS) magnetic map of the Sun is shown (ab(ixel™!; 1” ~ 720 km
on the Sun). The white and black regions are the positive agdtive polarity fields,
respectively. Sunspots and other large-scale activemsgice clearly seen in the north-
ern hemisphere. In the intensity images (eigband) sunspot has a dark (relative to
the surrounding granular brightness) core called umbra. urhbral region is due to a
strong radial magnetic field (that inhibits convective rons and thus the energy trans-
fer to the surface). As we go from the center of the umbra tpatgphery, we see more
fibril like structures due to the inclined field. In Figure JaZepresentative sunspot
observed inG-band (43053\) is marked within a long-dashed circle (typically, suntpo
extend upto several tens of arcsec).

HINODE SOT/G Band 4305 A 2-May-2007 00:19:12.893

-90 §
-100 |

-110

y (arcsec)

-120 |

-130

-140

120

X (arcsec)

Figure 1.3: G-band (4305&) observations of the Sun showing a sunspot (marked in
long-dashed circle) and other photospheric features ¢fsrealler dashed circles), net-
works (solid circle), granules).

1.2.1 Solar magnetic field at small-scales

Going back to the magnetic field distribution on the Sun, ml#éft panel of Figure 1.2
the southern hemisphereless activewith a discrete spread of mixed polarity fields
(both positive and negative polarities). A small area nbardenter of the left panel
(~30 Mm?) is shown at a higher resolution”(@6 pixel!) in the right panel. Interest-
ingly, even at higher resolution (i.e. at smaller spatialss), the magnetic field prevails
on the Sun. Often referred to as small-scale magnetic fl@klstbarcsec to arcsec scale
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field is randomly distributed on the surface of the Sun nedraamay from large-scale
magnetic structures. Irrespective of the cyclic behavidaige-scale magnetic activity,
small-scale fields continue to exist over the entire cycleweler, whether their flux
density remains the same is yet to be answered. In Figurevb.3rmaller dashed cir-
cle mark features callggloreswhich are intense but compact magnetic structures. The
solid circle marks a region of granules (prominent convecsiignatures of theon-
activesolar photosphere). The intergranular lanes are filled litht plasmarapped
in discrete magnetic field (similar to that seen in the rigdmgd of Figure 1.2) forming
magnetic network. The availability of magnetic field obsdions at high sensitivity
and rapid cadence allowed researchers to segregate theeticafgatures in théess
activequiet Sun.

Sheeley (1967) observed small-scale magnetic fields watsdess than 500 km,
and field strengths several hundred Gauss devoid of any gotaity. Chapman &
Sheeley (1968) used bright photospheric network observdtki spectroheliograms of
Fraunhofer lines as a proxy for the magnetic field. Stenfld 8)9also see Frazier &
Stenflo, 1972) used observations ofIF250 and 5242 lines to study the structure of
photospheric magnetic network. He noted that the netwarkxses of kilo-Gauss flux
tubes with a characteristic size of 100—300 km. By early $98Q@vas well established
to consider the bright (facular) points, in the photosphertiensity images, as proxy to
the underlying magnetic field (for e.g. Muller, 1983; MullgrKeil, 1983; Stenflo &
Harvey, 1985; Muller, 1985; Berger et al., 1995). Some eadyks on the dynamical
behavior of the magnetic bright points include measurirggrthorizontal motion and
associated velocities as they are passively advected Ay galnulation. The magnetic
elements are buffeted by the granular motions launching Mttes into the solar
atmosphere. The proper motions of bright points are studiggeat detail to explain
chromospheric and coronal heating (for e.g. van Ballegogil986; Choudhuri et al.,
1993; Muller et al., 1994; Schrijver et al., 1998). The oliagonal and theoretical
developments in connection with the small-scale magnedidsin the solar atmosphere
can be traced by extensive reviews on the subject (Sola@8B;1de Wijn et al., 2009;
Wedemeyer-Bohm et al., 2009, and references therein).

The Figure 1.4 is a chart showing various kinds of fields eutyeknown to exist
on the Sun (in the quiet regions). A vast literature over ds three decades is de-
voted to the properties of network and internetwork fieldse internetwork field in the
interiors of supergranules (cells) are advected by theeaxdiwe flows towards the cell
boundaries fueling the network fields (for e.g. Orozco 8nat al., 2012). However,
the nature and relation between the other components ofuie¢ §un magnetic field
are not completely clear.

The difference between the regions filled with the sunspents (arge-scale mag-
netic activity) and small-scale magnetic field are quitelewt in the photosphere (Fig-
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Quiet Sun

Seething field
gt magnetic field

Turbulent field

Horizontal
quiet Sun field

Granular field

Figure 1.4: Nomenclature of the quiet Sun magnetic field enlitlerature.

ures 1.2 and 1.3). At this level the plasma motions confinerthgnetic field dynamics.
As we go higher into the atmosphere, the gas pressure is tal@grby the magnetic
pressure. Thus we see thin strands of magnetic field lined fith hot plasma. In Fig-
ure 1.5 a sunspot (grey image as the bottom later) and thespmnding atmosphere at
various wavelengths are shown. The Extreme-Ultraviole\(JFobservations (171, 211
and 94,&) with formation temperatures close to 1 MK or higher showgmetic loops
connecting the underlying bipolar region. The electrongeratures above a sunspot
exceed more than a few MK. On the other hand, the quiet Sunsqineoe (Figure 1.6)
is weak and diffuse with many magnetic loops closing dowroater heights itself.
Figures 1.5 and 1.6 are shown for a comparison between tive actd quiet solar at-
mospheres. However, 1D plots of the average temperatune iguiet solar atmosphere
reaches 1 MK or more and still requires significant non-tleremergy to balance the
radiative and conductive losses (c.f. Figure 3 Withbroe &é&& 1977).

To this end, researchers have studied the intensity anditseloscillations of the
network bright points both in photosphere and chromosptemrobe the details of
the atmospheric heating (for e.g. Sivaraman & Livingst@82; Cram & Dame, 1983;
Kalkofen, 1989; Kariyappa et al., 1994; Kariyappa, 1994 maferences therein). Mag-
netic flux tubes transfer the energy to the solar atmospheradans of these kind of
oscillations. Several 2D and 3D numerical simulations aodefing efforts have been
attempted to see whether the random footpoint motions ofrtagnetic field lines in
the photosphere carry enough energy to heat the solar ckpimace and corona (for
e.g. Hasan & Kalkofen, 1999; Hasan et al., 2005; Hasan & vdre@zoijen, 2008;
van Ballegooijen et al., 2011). Kariyappa & Sivaraman ()9@&so Kariyappa & Pap,
1996) studied the variability of chromospheric network rothee solar cycle, and its
contribution to UV irradiance variability. They found thidte chromospheric network
elements contribute quite significantly to UV irradiancei&hility whereas the area of
the network elements is anti-correlated with the solavégti

9
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‘\%Q
~s

Figure 1.5: Contextual figure showing the atmosphere abasgnapot (plotted as a
grey rendering with the photospheric line-of-sight magnéeld). The colored plots
show the solar atmosphere at different wavelengths.
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Figure 1.6: Same as Figure 1.5 but for a quiet Sun region.
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SDO HMI 6173 16-Jul-2011 23:59:11.600 U
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Figure 1.7: Contextual full-disk image showing the linesiaght magnetic field at the
photosphere. Various photospheric magnetic structueesharked.
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SDO AIA_2 193 17-Jul-2011 00:00:07.840 U
T R

T T T T T ]

- ar gs cbp N .

1000 - —

L W 4

500 .

’a L i
O

D L 4

g o !

g L 4

>_ L a

-500 - =

1000 B - i flament ~ _

CL 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 17

-1000 -500 0 500 1000

X (arcsecs)

Figure 1.8: Near simultaneous observation of the Solarmzols compared to Fig-
ure 1.7. Shown here is a negative image of the solar cororfawaitous structures
marked (ar: active region and active region interconnastigs: quiet Sun, cbp: coro-
nal bright point, filament, ch: coronal hole).
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1.3 MOTIVATION

The convective motions in the photosphere passively adwagnetic elements. At
the same time, contiguous magnetic elements interact Wératoustic disturbances
caused by the convection. This dynamical interplay betwbemmagnetic field and
relentless convection is responsible for the structurirgptar atmosphere (Figures 1.7
and 1.8). A schematic of the quiet Sun atmosphere is showreiRigure 1.9 (courtesy
of Wedemeyer-Bohm et al., 2009). Probing the magnetizé&d stmosphere at small-
scales and high temporal cadence can provide clues abophttsics governing the
complex atmospheric layers. This forms the motivation fa present thesis work.
In the summer of 2008, as a visiting student at Indian In&tiaf Astrophysics, | was
working on the intensity oscillations @F-band and Cal H bright points, for a two
month long project. The results were presented at an irtienad meeting held at lIA.

| had the opportunity to interact with many senior solar sggs. My first encounter
with the unprecedentedinodedata and those interactions inspired me to pursue the
work in the field of solar magnetism. Further, the small-s¢elds interested me with
their curious details and evolution. As a realization of mgtivation, this thesis is a
study of various properties and dynamics of the small-seegnetic features in the
guiet solar atmosphere—from photosphere to corona.

1.4 THESIS OUTLINE

The main research in this thesis is divided into two partse Part-l1 consists of two
chapters. In these chapters, | discuss the results pegaimihe dynamical interactions
of convective motions and small-scale magnetic field. Intipalar, Chapter 2 presents
how acoustic waves in the photosphere are influenced by #sepce of small-scale
magnetic field. In Chapter 3, | discuss the results basedawkitrg isolated mag-
netic bright points (that are passively advected by grarfldevs) and derive important
guantities such as the power spectrum of the horizontalanstof the bright points,
and photospheric turbulent diffusion. Part-1l consistéwad chapters geared towards a
guantitative understanding of the energy balance in ther stinosphere over the quiet
Sun regions. In Chapter 4, | consider cases of emergingds@oid study in detail their
evolution. Modeling of the EUV emission and possible sciesagxplaining the nature
of heating in these bipoles are presented. In Chapter 5diyshe role of the solar
magnetic carpet evolution in balancing the radiative anttloctive losses in the solar
corona. The results from a 3D nonlinear force-free magrfetid modeling are dis-
cussed in detail. Chapters 2-5 are self consistent witreodise introductions, results
and discussions. | discuss the major results in this theslgeovide possible future
directions in Chapter 6.
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Figure 1.9: A schematic of the lower quiet Solar atmospheee&theyer-Bohm et al. (2009). The network magnetic fieldredg into the lower
atmosphere forming “canopy” like structures (solid lineR)e internetwork field in the interiors of supergranuldicis marked with thin dashed
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Chapter 2

INTERACTION OF ACOUSTIC
WAVES AND SMALL-SCALE
MAGNETIC FIELDS IN A QUIET
SUN*

2.1 INTRODUCTION

The magnetic field plays an important role in the evolutionh&f Sun. Rooted in the
convection zone below the solar surface, the magnetic floggiextend up into the
solar atmosphere and show up as sunspots, plages, networél bright points, etc.,
with very wide scales ranging from a few hundreds of an ams&¢o a subarcsecond.
At the solar surface, the magnetic field offers a variety ofgi¢tal phenomena by di-
rectly interacting with waves and oscillations. For examphe magnetic field interacts
with the trapped acoustic waves below the acoustic cutefi¢des with~5 minutes
period) and the running waves (highwaves with periods<3 minutes) in different
ways (suppression gimodes and enhancement of highvaves over strong magnetic
field regions). Concrete results from a wealth of literatover the past two decades
show the absorption and scatteringgemodes by sunspots and other active regions.
Also, the surface amplitudes of solar oscillations arergfipmodified by the presence
of the magnetic field (Leighton et al., 1962; Woods & Cram, IL98tes et al., 1982;
Braun et al., 1987, 1990; Braun & Duvall, 1990; Braun et a@92a; Brown et al.,
1992; Braun, 1995; Hindman & Brown, 1998; Jain & Haber, 20B0n et al., 2009;
Schunker & Braun, 2011). Thomas & Stanchfield (2000) disedigs detail the effects

of fine-scale magnetic fields gamodes and higher frequency acoustic waves in a solar
active region. Possible mechanisms have been proposeglairethese kinds of phe-

*The contents of this chapter are published in Chitta et 8122)
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2.1. INTRODUCTION

nomena (Jain et al., 1996, and references therein). Maasesting questions were also
raised by Brown et al. (1992). For example: How is high-frexgey power distributed
in quiet regions where the large-scale magnetic field is ®eatkat is the relationship
between the excess high-frequency emission and the meadmedti? How does the
high-frequency excess depend on height in the solar atneosph

Thus, earlier works have firmly established the relationvieen velocity/intensity
oscillations and larger magnetic structures in the actegions of the Sun. In our
present work, we focus on the opposite end of the spectrumm ipoterms of the
size of magnetic structures and the activity. We also irelGdband intensity and
Fel 6173.3A velocity data, which sample different heights above thetpsphere
compared to the data sets used in the earlier studies of itids kVe discuss the in-
fluence of the quiet Sun magnetic field on the intensity andoigl oscillations. We
consider “quiet Sun” small-scale magnetic fields (SMFs) athbsurroundings, with
and without any large-scale and strong magnetic activicthsas sunspots or plages.
This work is important in the context of the prevailing matyndield in small scales
throughout the solar disk.

In the photosphere, the SMFs are manifested as bright regiben observed us-
ing theG-band filter at a high resolution (Berger & Title, 2001). We uke filtergram
(FG) data obtained from the Solar Optical Telescope (SOTHaardHinode (Kosugi
et al., 2007; Tsuneta et al., 2008; Suematsu et al., 2008hé&ai7-band observations.
Magnetic field strength for these bright regions seen indHeand is derived from the
quasi-co-temporal observations obtained from the MidreBoppler Imager (MDI;
Scherrer et al., 1995) on board tBelar and Heliospheric Observato($OHQO and
Hinode SOT/spectropolarimeter (SP). For a detailed analysis @htture of the ve-
locity field at the sites of SMFs, we combine observationsnftbe SOHOMDI and
Helioseismic and Magnetic Imager (HMI; Scherrer et al.,2dn theSolar Dynamics
Observatory(SDQ Pesnell et al., 2012).

Such a unique combination of observations from differestruments is desired
to exclude any spurious outcome. In this chapter, we studyirtteraction of SMFs
with velocity/intensity oscillations at different frequeies and how the intensity and
acoustic power varies as a function of magnetic field stleagtoss the solar disk for
particular frequency ranges.

The findings and results reported in this chapter are basddeoanalysis carried
out on a number of data sets taken from different days. The®€has organized as
follows. Section 2.2 deals with the details of various oliagons used for the analysis.
In Section 2.3, we examine the relation between the magfelt:-velocity oscillations
and magnetic-field—intensity oscillations. In Section, 2vé discuss these results with
concluding remarks.
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Table 2.1: Details of the Data Sets Used

Instrument Date and Time of Observation Duration Cadence xelRirea
(hr) (minutes)
G-band 2007-04-13T19:00-21:00 (set 1) 2 0.5 ”.108x 0”.108
2007-06-24T17:08-18:13 (set 2) ~1 1 0’.108 x 0”.108
HinodeSOT/SP 2007-06-24T17:08-18:13 ~1 e ~0'.3x0".32

SOHAOMDI

SDAQHMI

2001-12-21T00:00-05:00 5
2004-05-23T15:00—-20:00 5
2007-04-13T19:00-21:00 (set 1) 2 1 "8 x 0.6
2007-06-24T17:00-19:11 (set 2) 2
2009-04-18T15:00—-20:00 5

2010-09-12T00:00-03:00 (type a)

2010-10-17T00:00-03:00 (type a) 3 075 ".Bx0'5
2010-10-30T00:00-03:00 (type a)

2010-10-20-21T17:19-22:07 (type b)  28.8 0.75 0%02°.04
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2.2 DATASETS

We consider different data sets Gfband FGs, magnetograms, Dopplerograms, and
high-resolution FGs for this analysis. Table 2.1 gives arsany of the data sets used
for the analysis. The details of these data sets are as ®llow

2.2.1 Disk Center

G-band data from Hinode SOT/EGet 1—Time series with a resolution 6f.108
pixel~! and al111” x 55" field of view (FOV), with a 30 s time cadence obtained near
the disk center1(7”.30, —24”.35), on 2007 April 13 a9 : 00—21 : 00 UT. Set 2—Time
series with a resolution @f’.108 pixel~! and al11” x 111” FOV, with a 1 minute time
cadence obtained near the disk cente®’(88, 32”.53) in a quiet region on 2007 June
24 atl17 : 08 — 18 : 13 UT. From these&~-band data cubes, we extract and use only the
regions for which magnetic field information is availabMagnetograms, Dopplero-
grams, and high-resolution FG&igh-resolution observations froBOHOMDI with a
resolution of0”.6 pixel~* and about #00” x 300” FOV with a 1 minute time cadence,
obtained quasi-simultaneously with Set 1 of thdand data. Also, data sets obtained
on 2001 December 21, 2004 May 23, 2007 June 24, and 2009 Apaihd co-temporal
level-1d Hinode SOT/SP data corresponding to Set 2 oftand data are considered
for the analysis.

HinoddSOTs FOV is completely contained within t8®HOMDIs FOV. G-band
FGs are processed to level-1 data using standard procquoreded in thesolarsoftli-
brary (Freeland & Handy, 1998). MDI data are processed t 8. HinodeSOT/SP
inversions were conducted at NCAR under the framework ofabenmunity Spectro-
Polarimetric Analysis Centér We invariably mention the longitudinal apparent mag-
netic flux density (derived fronsOHOMDI, Hinode SOT/SP, andSDQHMI) as the
magnetic field strength in the rest of this chapter.

For this analysis, we have identified a network region fromlSend small networks
and bright points from Set 2 of th&-band time series. The selected regions show en-
hanced brightness compared to the surrounding granulepldfMe map of the region
of interest from Set 1 (see Figure 2.1). The selected brighiiure has a counterpart
in the magnetograms, for which the magnetic field strengghehange of values from
—457 t0 228 G in a 2 hr time-averaged magnetic map obtained from the tenes
We also have corresponding Doppler images (Figure 2.2) midriesolution FGs from
MDI.

High-resolutionG-band images are resized and aligned to match MDI FGs. A por-
tion corresponding to thé&-band FOV is extracted from the velocity, intensity, and

’htt p: // www. csac. hao. ucar . edu/
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Figure 2.1: Contours for various values of mean magnetid &kngth (in Gauss) ob-
tained fromSOHQOMDI are overplotted on the time averagédband (Set 1) intensity
map (in Digital Number (DN) units). Note that this map copesds to the central
region (marked within the black rectangle) of Figure 2.2.

magnetic field data sets for the analysis. An average magfetl map is formed us-
ing the extracted magnetograms. The contours of magnelicdieength are shown
in Figure 2.1. Note, for the analysis of magnetic field demsng on the velocity os-
cillatory power, we use a much larger FOV (a sample regiotm@sv® in Figure 2.2),
keeping the image resolution ®9.6 pixel~!, i.e., the original image resolution of MDI.
The above mentioned intensity (bathband and high-resolution FGs) and Doppler ve-
locity data sets are Fourier transformed in time at each pox@btain the power spectra
of intensity and velocity fluctuations for each pixel.

2.2.2 Centerto Limb

Since we are dealing with small-scale features on the Suwarty out the longitudinal
variation of the magnetic-field—Doppler-velocity relatjove need simultaneous and
precise observations of velocity oscillations and magnild across the solar disk.
SDQHMI is capable of providing high quality rapid and simulésus full-disk obser-
vations with virtually no data gapsSDQHMI uses the Fe 6173.3A line for both
Doppler velocity and line-of-sight (LOS) magnetic field maeements. To avoid any
ambiguity, we consider five data sets for which observatawasnade on September 12
and October 17, 20, 21, and 30 of 2010 us8igQHMI. In the above mentioned obser-
vations, there are two data types: (a) Doppler velocity angmatograms of September
12, October 17, and October 30 and (b) Doppler velocity angihegrams of October
20 and 21 that are tracked and re-mapped into heliograpbidoutes (using Postels
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Figure 2.2: Shown in the gray scale is a sample of the 2 hr iusgaged Doppler image
obtained fromSOHQOMDI on 2007 April 13. Colored contours indicate the locatio
of the mean magnetic field (absolute value) obtained from Miagnetograms. Note
that the central region marked in the black rectangle isalbatlon ofG-band (Set 1)
observations (see Figure 2.1).

projection) corresponding to Carrington rotation 2102 e Timage resolution is set to
0”.504 pixel~* and 0°.04 pixet! for data types (a) and (b), respectively.

Data type (@) is a set of Doppler velocity and LOS magnetid fiddservations of a
3 hr duration for each day. Using hgatch modg we select cuts af800” x 300” x 3 hr
data cubes (read as widtheightxtime). Since our desire is to study the strength of the
interaction from the center to the limb, we make smaller dataes 0200” x 300" x 3
hr from the above-mentioned sets. For representation,gar€i2.3, we show a map
of Doppler velocity from the time series of 2010 October 17/eTblack rectangles
represent three regions of analysis centered-d0(”, 0"”), (0”,0”) and ¢00”,0"), re-
spectively, and the overlapping dashed white rectanglesakso regions of analysis
centered at300”,0”) and $00”,0"). In total, we extract 17 smaller cubes from each
full data cube, and the smaller cubes have an overlap@f in the z-direction of the
image plane as shown in Figure 2.3 with their adjacent regi@ata type (b) is com-
posed of Doppler velocity cubes of 16°15°x 28.8 hr observed at five positions on the
solar disk, i.e., corresponding to five solar longitudes.d&tter comparison, we extract
two 3 hr duration subsets from each data cube (along with tgnetograms), thigrst
set at the beginning and tlsecondclose to the middle of the observations with a 12
hr time gap between two extracted subsets. Hereafter, wéheafirst subset1 and
the second subseb2. We feel that the time gap we consider is long enough compared

Shttp://jsoc. stanford. edu/ aj ax/ exportdat a. ht ni
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Figure 2.3: Sample image of Doppler velocity taken from dzt2010 October 17
(type (a)). The image is centered at (0”). For representation, three black rectangles
of 200” x 300" are shown corresponding to three extracted regions usatidanal-
ysis, centered at{400”,0"), (0”,0”) and @00”,0"), respectively. To demonstrate the
overlapping, dashed white rectangles are drawn centeree3at”, 0”) and 00", 0")
which are also used for the analysis.

to the timescales of rapidly evolving SMFs, which ensure#farént morphology and
configuration of the magnetic field in the former and lattebs®is at any particular
longitude.

All the velocity cubes (data types (a) and (b)) are Fouramgformed in time at each
spatial point and the acoustic power is determined withguieacy resolution of 98Hz
up to the Nyquist frequency of 11.11 mHz. The resultant calbeshen integrated over
the frequency rangexs5 — 3.9 mHz and5.5 — 7 mHz to construcp-mode and high-
power maps, respectively.

2.3 RESULTS

2.3.1 Influence of the Magnetic Field on Velocity Oscillatias

Power maps of trappegtmode and high+ oscillations are obtained from the power
spectra by integrating the power over all frequencies ah @acel within thev-range
2.5 <v <39mHz and5.5 < v < 7 mHz, respectively. We plot the velocity power
(VP) as a function of magnetic field strength. A gradual daseein the VP in the
frequency ban@.5 < v < 3.9 mHz is observed with increasing field strength. In the
left panel of Figure 2.4, we plot the VP as a function of fraguye An enhancement
in the VP is clearly seen for frequencies above 5.5 mHz (dh$he) compared to
their profile over weak magnetized regions (solid line)fettihg from the nature of-
mode behavior. Furthermore, to determine the strengtheofrtteraction of velocity
oscillations and magnetic field in the quiet Sun regime, weuate a ratio from the
averagep-mode powers in the regions corresponding(oc< |B| < 40 G and|B| > 40

G. We chose these field strength ranges because we identiiedhe regions with
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2.3. RESULTS

10 < |B| < 40 G form a boundary surrounding the SMFs whereas the regiotis wi
|B| > 40 G form the interior regions of these magnetic elements. W tfiat there

is a drop of~ 20 — 30% in the p-mode power in the interior regions. This drop in
power is consistent from our analysis of many data sets. Tigpeoe this ratio with the
values over active regions, we calculate the ratio in the okarge magnetic structures,
such as plages and sunspots, for other data sets (not shogjrahd find that there is
more than 80% — 40% drop in thep-mode power in such large active regions for high
magnetic field strengths.

10G<|B|<40G -
,,,,,, 40G<|B|<211G
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Figure 2.4: Left panel: log of the observed Doppler VP observed (for the 2009 April
18 data) for two ranges of magnetic field strengths< |B| < 40 G (solid line) and
40 < |B| < 211 G (dashed line). Note that the enhancement is seen inzhigaves
(above 5.5 mHz) in the strong field case whereasptheodes are suppressed. Right
panel: apparent difference in the Doppler VP observed ®otiginal data (dashed line)
and modeled noise data (solid line). The inset shows thatuanis in the solid line (i.e.,
NP) in the4 — 8 mHz band. The dotted line shows the Dopp