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Abstract

Observation of the solar photosphere and explanation of its appearance has been
a major field of research for many years. Only recently, observation techniques
have improved to allow high resolution studies in time, space and wavelength.
Such observations revealed that the solar surface consists of a hierarchy of in-
teracting MHD structures with highly dynamic patterning. The understanding
of global and local properties of the convective solar layer is essential to com-
prehend how the energy transfer process is modified by magnetic field and to
precisely evaluate the upper and lower overshooting zones extent to improve our
comprehension of stellar evolution. Moreover, photospheric motions have a ma-
jor role in the process of energy and mass injection from low solar atmosphere
to corona, since the advection of magnetic foot-points by photospheric plasma
flows strongly affects coronal organization. Lastly, the spatial configuration of
the magnetic field elements on solar surface is produced by the interaction of the
magnetic field with photospheric convective motions; therefore changes of the
conditions in the convective layer are probably linked to solar irradiance vari-
ation trough the solar magnetic cycle. The analysis of surface patterns allows
the characterization of their topology and morphology in order to determine
the convective regime and system dynamic parameters. In order to achieve a
complete and reliable analysis, unbiased image segmentation procedures and
topology characterizing functions are needed.

This thesis thus consists of an investigation on the dynamics of photospheric
mass motions and on the topology of magnetic field elements.

An introduction to solar convective flows is presented in Chapter 1, illustrat-
ing recent models of convection at high Reynolds number and their relevance to
the hierarchy of flow pattern of the solar surface. The traditional classification
and explanation of such patterns are presented, as well as possible new inter-
pretations. Chapter 2 introduces the reader to up-to-date techniques of solar
spectral imaging. In particular, in the first part of the chapter, the theory of
line spectroscopy will be introduced, in order to discuss, later in the same chap-
ter, the basic concept and the layout of the IPM and IBIS 2-D spectrographs.
In chapter 3, the Phase Diversity technique, able to minimize seeing induced
distortion on acquired image, will be described. Chapter 4 is an introduction
to helioseismological techniques and, in particular, to time-distance local helio-
seismology. Chapter 5 specifically discusses solar image analysis, giving details
on feature segmentation and local correlation techniques. Several techniques of
structure recognition and tracking are presented and confronted. In Chapter 6
some results of the study of the solar photosphere and, in particular, of the so-
lar surface magnetic field via spectroscopic analysis of solar lines are presented.
The basic theory of functions suitable to probe the existence of structural or-
ganization is presented in Chapter 7, with emphasis on the Pair Correlation
Function and on the Normalized Van Siclen’s Entropy. In Chapter 8 we discuss
the presented results and state our conclusions.
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0.1 Forewords

This thesis presents the research works I performed during the three years of my
'Dottorato di Ricerca in Astronomia, XVII ciclo’ in the Rome “Tor Vergata”
University.

In these years, under the aware supervision of Prof. F. Berrilli, I principally
investigated the solar photosphere structure and dynamics, using many differ-
ent points of view and applying many different tools, developing collaborations
with several colleagues in Europe and USA. Actually, my research led me to ob-
serve and study in several astronomical observatories and institutions, both in
Italy and abroad. In particular, I had the opportunity to stay almost a year in
Tenerife, observing and developing instrumentation in THEMIS (Heliographic
Telescope for Solar Magnetism and Instabilities Studies at Teide Observatory,
Spain) and a couple of months in the USA, observing at DST (Dunn Solar Tele-
scope at Sacramento Peak, New Mexico) and working at HAO (High Altitude
Observatory).

I also acknowledge productive collaborations with Dr. G. Consolini at IFSI (In-
stitute for Interplanetary Space Physics) and Dr. V. Penza and Dr. S. Criscuoli
at INAF (National Institute for Astrophysics)

In order to tackle the appealing subject of the nature of solar surface con-
vection, I had in mind to adapt some analysis tools, usually employed in other
research fields (matter physics, computer vision. .. ), to obtain some new results
about solar photosphere. Therefore, during these years, I developed some pro-
cedures able to objectively detect solar photospheric features and some others
able to analyze their properties.

One of the most useful tools a solar observer can employ is, no surprise, light.
By means of spectroscopic analysis, it is possible to recover the line-of-sight ve-
locity of the emitting matter, i.e., at solar disc centre, the vertical velocity of
solar surface structures. And, as wavelength can be somehow translated to
depth in the solar atmosphere, I saw the possibility to transform a bidimen-
sional image in a 3-D field. Obtaining a high spectral resolution was, therefore,
a must. And, as a consequence, it was compulsory to understand the concept
and implementation of tuneable filters and come to terms with the theory of
line formations.
Unfortunately, the tunable filters tend to be a little ’obscure’, that is, not trans-
parent. As a consequence, image integration times were longer, degrading the
image quality. Moreover, their complex optical set-up may limit your field of
view. I observed several times at THEMIS with the IPM (Italian Panoramic
Monochromator) instrument, obtaining some excellent images. Applying the
TST (Two-level Structure Tracking) procedure to THEMIS data, I tested and
gauged my analysis tools and obtained some interesting results presented in this
thesis.

In the mean time, I was performing observations, developing a new insight
in this topic, enjoying the guidance and the support of Prof. G. Ceppatelli and
Dr. G. Mainella. Experience led me to the conclusion that observation quality
was a major part in a good research work. Therefore, I lernt the basics (and,
hopefully, something more) on image restoration, information transmission and
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Fourier optics. More, I witnessed the data quality that can be reached by Phase-
Diversity restoration of seeing-degraded images.

As a consequence, I tried myself to implement a Phase-Diversity set-up at
THEMIS secondary focus and developed a modified software to account for the
telescope’s characteristics. I obtained some promising results, a few high quality
images and a somewhat accurate estimation of the telescope optics aberration.
Furthermore, the understanding and the know-how collected in this experience
helped me in several other tasks, above all in image restoring.

Additionally, during the time spent in Tenerife observing, studying and work-
ing on Phase-Diversity, I had the privilege to establish a stable collaboration
with Prof. J.A. Bonet in the IAC (Instituto de Astrofisica de Canarias), who
gave me the opportunity to verify the stability of the ’apparatus’ I was devel-
oping on an exceptional granulation time series from SVST (Swedish Vacuum
Solar Tower), and thus to obtain some more results, presented in this thesis, too.

As something unexpected, it came a collaboration with a Prof. A. Koso-
vichev’s helioseismological group and an analysis on a helioseismology dataset.
Again, the fee was some more study to understand how could they measure
solar supergranulation a couple of megameters below the solar surface, but it
was a good benchmark for my toolset and, again, I present some results of this
investigation in this thesis.

In the Fall of 2003 T had the possibility to observe at DST telescope using

the new 'IBIS’ (Interferometric Bldimensional Spectrometer). This observation
run bestowed me with a large and promising amount of data to reduce and some
extra study to understand the quite complex instrument.
In this thesis, I also present some preliminary results of an analysis carried out
using part of this dataset and, to my knowledge, the very first 3-D velocity field
of the plasma motions in the solar photosphere. In particular, a fraction of
this analysis has been performed during my visit at the HAO, in the very last
months of my Ph.D., hosted by Prof. M.P. Rast.



Chapter 1

Solar convection

The exact structure of the convective zone of the Sun is not known because it
cannot be directly observed. Our understanding of solar convection derives from
optical observations of the surface, from helioseismological observations of the
interior, and from theories and simulation of compressible convection. In the
last years, major progresses have been attained in all these fields. In this chapter
we will introduce the reader to recent results of the theories and simulations of
compressible convection and to new conclusions on convective patterns obtained
from solar photosphere observations.

1.1 Theory

1.1.1 Convection onset

The reason of the convective instability is the buoyancy provided by plasma
density fluctuations in the deeper layers of the Sun. This buoyant force onsets
matter upflows which rise to the surface and overshoot into the photospheric
layers producing several observable features as temperature gradients, line of
sight velocities and divergences (Bray et al., 1984; Spruit et al., 1990). The
Rayleigh-Bénard convection theory, though superseded in later years (Pearson,
1958), has played a crucial role in guiding both theories and experiments towards
the comprehension of the complex dynamics arising in dissipative (i.e. far-from-
equilibrium) systems (Cross and Hohenberg, 1993; Chiam et al., 2003). In the
Rayleigh-Bénard scheme, a viscous fluid heated from the bottom and cooled at
the top in a gravitational field, produces a Bénard pattern due to the organi-
zation of convective cells into a lattice-like arrangement. But the formation of
the cells does not automatically ensue. In fact, the convection onset depends
on the fluid physical properties and depth, and on the temperature gradient.
In other words, the fluid remains homogeneous (spatial invariance) and steady
(temporal invariance) until some critical conditions are fulfilled. Actually, the
onset of convection must cope with at least two more modes of energy dissipa-
tion: 1) The thermal conductive transfer between the warmer rising matter and
the surrounding matter, that reduces the temperature difference and therefore
density difference; 2) The viscous drag between the rising fluid and the sur-
rounding fluid. In order to guarantee convective flow onset, it is required that
the buoyant force, produced by temperature gradient, exceeds the dissipative
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Figure 1.1: Simulation of solar convection by A. Nordlund.

forces of heat diffusion and viscous drag by a critical amount. The fluid con-
dition can be quantitatively described by a non-dimensional number R, called
Rayleigh Number, which is the ratio of buoyant force to heat diffusion rate and
viscous drag.

gad3 AT

VK

R= (1.1)

where g is the acceleration of gravity, « is the coefficient of thermal expansion,
d is the vertical length scale, AT is the temperature difference between the
planes, v is the kinematic viscosity and k the thermal diffusivity. When R
exceeds a critical value R., convection occurs. Therefore, the Rayleigh Number
essentially measures when the energy transport switches from conductive to
convective. The efficiency of convective heat transport with respect to thermal
diffusion is represented by another adimensional number: the Nusselt number
Ny.

Fconv

" Fais(0=0)

For the inner Sun R is about 1023 and whenever convection occurs, it becomes
the dominant heat transport mechanism by far.
The standard criterion adopted to study convective instabilities in a stellar
interior derives from the blob theory that considers fluctuations from an average
state (Schiissler, 2002). When considering rising matter packets (blobs), we can
define three different characteristic times related to three different blob physical
properties:

— Blob timescale: 7, = d/v

— Thermal timescale: 74, = (¢/o)d?

— Dynamical timescale: 74y, = d/c;s

where d is the typical dimension of the blob, v is the blob vertical velocity, ¢
is the specific heat, o is the thermal conductivity, and cs is the speed of sound.

N, (1.2)
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Figure 1.2: Spiral waves in a Belousov-Zhabotinsky reaction.

Since in the interior of the Sun the following relations hold:

T << Tth
Ti >> Tdyn

we can assume that convective elements rise adiabatically and in pressure equi-
librium with the surroundings.
Therefore,
S; =5
P, =P}

where S; and S are the entropies of the surroundings and the blob, respectively,
while P; and P} are the pressures of the surroundings and the blob, respectively.
The instability follows from the request p; = p}.

By including the equation of state for the plasma in this latter relation, we
obtain the Ledouz criterion for dynamic instability:

dT dT T [du du
— — — === 1.3
v () la - (7)) =

In case of homogenous chemical composition, i.e.j—’: = 0, the Ledoux criterion

reduces to the more known Schwarzschild criterion.

dT dT
— — 1.4
dr < <dr)ad (1.4)

But for a few exceptions, both criteria can be applied using local P, T, and
p without considering the rest of the star (Kippenhahn and Weigert, 1994)).
These instability criteria, while describing the conditions required for convec-
tive motion onset in the solar deeper layers, cannot account for the observed
convective features emerging at solar surface. In fact, when R, is exceeded and
the convective instability sets in, the system reacts to the simultaneous attempts
of hot layers to rise and of cold layers to sink, separating itself into a pattern of
convective cells. At small spatial scale, single plasma particles move quite ran-
domly, though, large scale correlation among particle movements emerges and
convective cells exhibit a statistical average behaviour. The origin of interesting
forms in such dissipative systems, as for example the coloured spirals of Belusov
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and Zabotinski (Figure 1.2) in chemical reactions or the patterns obtained by
numerical simulation of Rayleigh-Bénard convection (Chiam et al., 2003), de-
mands elaborated models of pattern formation (Prigogine and Kondepudi, 2002;
Cross and Hohenberg, 1993) in order to be interpreted.

For our purpose, it is central to notice that these systems show a macroscopic
order (i.e. spatial correlations) and the initial spatial invariance, or symmetry, is
lost. This suggests the existence of correlations, i.e., of statistically reproducible
relations between distant parts of the system (Nicolis, 1989).

1.1.2 Convective regimes

We have introduced the concept of the Rayleigh number R as describer of the
physical system status for what concerns convection. As R increases, the system
undergoes rapid changes in heat conduction efficiency and in flow complexity.
Roughly speaking, as R increases the system develops more and more ‘disorder’.

The Kolmogorov’s theory of turbulence recognizes five flow patterns: still,
steady convection, periodic convection, chaotic convection and turbulent con-
vection.

Since the late 1980s, a series of experiments with gaseous and liquid Helium
(Libchaber, 1987; Chavanne et al., 2001), led to a revision of the turbulence
theory and to the splitting of Kolmogorov’s turbulent convection into ’soft’
turbulence and ‘hard’ turbulence (Glazier et al., 1999). The soft turbulence
regime is reached as R exceeds 10° and is characterized by a power law relation
between R and N,: N, < R'Y/3. The hard turbulence regime starts at R ~ 108
and a ratio N, o« R?/7 is expected. Recent studies by Siggia (1994) suggest that
increasing further R, a new regime of wltra-hard turbulence would be reached
(Chavanne et al., 1997). The existence of such a regime would have major
consequences in thermal transport in stars (Glazier et al., 1999).

At present time the highest R values reached in laboratory do not go beyond
1014-10'5 and are still several order of magnitude below the values we expect
in stellar interior. In addition, such experiments can not achieve realistic phys-
ical properties of stellar structure, as stratification and boundaries conditions.
Nevertheless, a complete understanding of convective turbulence would have
considerable relevance in astrophysics, as discussed by Spruit (1997).

Advances in parallel computing, numerical algorithms and data storage are
such that direct numerical simulations of a full three-dimensional time depen-
dent convection are feasible for experimentally realistic situations. So, numerical
simulations have been performed, reproducing the laboratory experiment condi-
tions, in order to study the fluid convection in all its details (Kerr, 1996). These
simulations agreed closely with experiments and revealed the thready nature of
convective flow at very high R (Nordlund and Stein, 1995; Nordlund et al., 1997;
Spruit, 1997). They suggest that solar convection is instead driven on the scale
of granulation by radiative cooling at the stellar surface. This process generates
thin, cool downdrafts that descend through smooth upflows and merge as they
traverse the convection zone.

Such results imply that the concept of turbulent convection in stellar convec-
tive zones as a Kolmogorov’s cascade is eventually wrong, despite the success of
Mixing Length Theory (MLT) (Canuto and Mazzitelli, 1991, 1992; Ludwig et al.,
1999; Palmieri et al., 2002) in reproducing the convective energy transport in
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Figure 1.3: (a) Vertical velocity along a horizontal cut through three 2-D com-
pressible two-plume simulations of increasing plume separation and equal plume
strength. (b) Horizontal cuts of photospheric vertical velocity across an expand-
ing granule at three successive times from 3-D hydrodynamic simulation by Stein
and Nordlund (1989). Figures from Rast (2003a).

stellar models. MLT was adapted to astrophysical settings by (Biermann, 1948;
Vitense, 1953; Bohm-Vitense, 1958) and has enjoyed widespread acceptance as
a model for calculating the structure of stellar convection zones. Nevertheless,
MLT gives no information on dynamic phenomena, such as penetration and
mixing into adjacent stable layers, or on the correlation of dynamic properties
inside the convection zone and cannot adequately describe the upper and lower
overshooting from convection zones.

Instead, the new insight of solar convection reveals coherent plasma struc-
tures (threads, plumes, thermals) in turbulent convection, connecting the top-
most and bottommost layers of a stellar convective zone. More in detail, co-
herent plasma features would be responsible for heat exchange, by crossing the
entire convective region, while the bulk of the fluid remains essentially passive
and has near-zero temperature fluctuations. Such downdraft may overshoot
deeply in the radiative transport layer dramatically affecting the stellar evolu-
tion. Moreover, adiabatic 2D numerical simulations showed that whenever the
distance between two adjacent downward plumes exceeds a critical limit, a new
plume spontaneously forms in between (Rast, 1999, 2003a). Therefore, the typ-
ical gap between plumes would be related to the distance over which downflow
induced pressure fluctuations drive upward convective heat transport at a level
sufficient to sustain the radiative cooling of the surface. Such a downflow be-
haviour imposes some order to the turbulent flow, stimulating the formation of
organization and visible patterns.
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Figure 1.4: Solar granulation as observed with the 50 cm Swedish Vacuum Solar
Telescope on the island of La Palma, Spain, in 1995.

1.2 Observations

1.2.1 The solar photospheric velocity fields hierarchy

The observed hierarchy of solar photospheric velocity fields is thought to be the
direct manifestation of the convective plasma motion in the lower layers.

In order to comprehend how turbulent convection transports energy and
momentum in the solar upper layers, it is essential to study and understand
both the dynamic and the origin of these outflow patterns.

The traditional classification of such patterns distinguishes between granula-
tion (typically ~5 minutes time scale and ~1 Mm spatial scale), mesogranulation
(typically ~1 hour time scale and ~5 Mm spatial scale) and supergranulation
(typically ~24 hour time scale and ~30 Mm spatial scale).

Granulation (Figure 1.4) was discovered long ago by Herschel (1801) and
identified as convection by Unsold (1930). It is in fact the only one of these
patterns for which a correlation between intensity and velocity patterns, and
thus a direct verification of its convective origin, has been unambiguously pro-
vided (Richardson and Schwarzchild, 1950; Stuart and Rush, 1954; Plaskett,
1954; Leighton et al., 1962; Canfield and Mehltretter, 1973). High-resolution
observations of continuum intensity (de Boer et al., 1992; Wilken et al., 1997;
Hirzberger et al., 1997, 2002) and Doppler velocity (Nesis et al., 1992, 1993,
1997; Krieg et al., 2000; Berrilli et al., 2001; Hirzberger et al., 2002) indicate
that granules consist of an ascending part, flowing seemingly in laminar regime,
surrounded by more turbulent downflow lanes. However, the detailed structure
of granulation is not as simple as suggested by its convective origin. Single
granules vary in size and shape from nearly circular blotches to elongated and
bent curls, showing a broad distribution of areas, ranging from 2 Mm? down to
current resolution limits.

The analysis of granule internal structure revealed that the brightness peak
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is often localized near the border, rather than near the centre, as expected
for ’classic’ convective features. It is the upflow associated with these bright
borders which penetrates into the higher photospheric layers (Wilken et al.,
1997). Tts velocity seems to decrease linearly from 1.0 km-s~! at the basis of
the photosphere to zero at about 250 km of height (Keil, 1980b,a; Berrilli et al.,
2001). Conversely, the downflows seem to be more intense and coherent, with
typical vertical velocities of ~2.0 km-s~! at the basis of the photosphere. As
discussed in section 1.1.2, these downflows are thought to organize below the
solar surface in threads and plumes, possibly reaching the other end of the
convective layer (Spruit, 1997).

Neither the temporal evolution of granulation is simple as suggested by
its convective origin. Most granules (85% (Hirzberger et al., 1999a)) are pro-
duced by fragmentation of previous granules and all the others (13% (Hirzberger
et al., 1999a)) by merging. Many granules (40% (Dialetis et al., 1986); 31.2%
(Hirzberger et al., 1999a)) evolve by expansion, central darkening and frag-
mentation through the formation of dark lanes (Rosch, 1959; Rosch and Hugon,
1959; Carlier et al., 1968; Namba and Diemel, 1969; Mehltretter, 1978; Kitai and
Kawaguchi, 1979; Kawaguchi, 1980; Bray et al., 1984; Namba, 1986; Hirzberger
et al., 1999b).

If such a fragmentation process occurs quickly and vigorously (expansion to
3"-5” in ~8 minutes, with radial velocities up to 1.5 km-s~!) the granule is
defined an ‘exploding’ granule.

The origin and even existence of mesogranulation is still an open topic. It
was first reported in time-averaged disk-centre Doppler images (November et al.,
1981) but it was extensively studied only after the introduction of correlation
tracking of granular features: mesogranulation is indeed easily detected in hor-
izontal flow divergence maps (November and Simon, 1988; November, 1989;
Muller et al., 1992; Roudier et al., 1998; Ueno and Kitai, 1998a,b; Shine et al.,
2000).

In order to sustain such horizontal flows, associated vertical flows of the order
of 50 m-s~! are ascribed to mesogranulation. Reported sizes for mesogranular
cell diameters range from 3 to 8 Mm, lasting for few hours (Title et al., 1989;
Roudier et al., 1998, 1999). The spectral analyses of photospheric Doppler
velocity fields in order to recover the spectral signature of mesogranulation are,
however, uncertain.

Most power spectra analyses do not reveal a distinct mesogranular scale
(Wang and Zirin, 1989; Chou et al., 1991; Straus et al., 1992; Straus and Bonac-
cini, 1997; Hathaway et al., 2000), but a continuum of scales from granulation
to supergranulation sizes.

Conversely, Ginet and Simon (1992) stated that a mesogranular component
is required to reproduce the power distribution in a solar model. Successively,
others succeeded in reproducing the spectral shape by employing only granular
and supergranular scale motions (Straus et al., 1992; Hathaway et al., 2000).

The analysis of the correlation of mesogranular intensity fluctuations with
mesogranular vertical velocity provided indications consistent with convection
(Deubner, 1989; Straus et al., 1992), but due to this unclear range separation it
was impossible to discern whether these were produced by the broad granular
distribution or by a distinct scale.

Numerous observations report that granule properties vary on mesogranular
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Figure 1.5: Solar supergranulation as observed with the MDI instrument on
SOHO on May, 26 1996.

scales (Oda, 1984; Dialetis et al., 1988; Title et al., 1989; Muller et al., 1990;
Brandt et al., 1991; Abdussamatov, 1993, 2000; Abdussamatov and Zlatopolo’skii,
1997; Hoekzema and Brandt, 2000; Miiller et al., 2001). Such observations are
usually drawn on to infer that granular dynamics are influenced by the under-
lying mesogranular flow. An alternative interpretation could be that mesogran-
ulation is just an effect of granulation, creating a secondary spatial scale by
cooperative organization (Rast, 1995, 1999; Rieutord et al., 2000; Miiller et al.,
2001; Cattaneo et al., 2001).

The solar supergranulation has been discovered by self-correlating solar dopp-
lergrams (Hart, 1954, 1956) and it has been studied since by observations of its
horizontal and vertical flow components.

Full disc Doppler imaging clearly reveals the supergranulation vertical veloc-
ity pattern, while its horizontal counterpart is detected either by direct Doppler
measurements away from disk centre (Leighton et al., 1962; Deubner, 1971;
Giovanelli, 1980; Rimmele and Schroeter, 1989; Srikanth et al., 2000; Hathaway
et al., 2002) or, near disk centre, by tracking the advection of magnetic elements
or smaller scale flows (Simon, 1967; November and Simon, 1988; Simon et al.,
1988; Wang and Zirin, 1989; Muller et al., 1992; November, 1994; Wang et al.,
1996; Zhang et al., 1998b,a; Roudier et al., 1999; De Rosa et al., 2000; Shine
et al., 2000; Lisle et al., 2000). Such studies revealed an advection flow from the
centre of the supergranules to their periphery of ~400 m-s—!.

The supergranular flow pattern is outlined by strong photospheric magnetic
fields and chromospheric network (Simon and Leighton, 1964). Such network
boundaries are incomplete, with discontinuous sites of high magnetic flux density
generally associated to strong flow convergence sites, situated at the vertexes of
supergranular cells.

Velocity measurements near the cell boundary are complicated by the pres-
ence of such strong magnetic fields (Schrijver et al., 1997; De Rosa et al., 2000;
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Berrilli et al., 1999). Spatially intermittent downflows at supergranular bound-
aries have been reported with amplitudes ranging from tens to hundreds of
meters per second (Frazier, 1970; Musman and Rust, 1970; Deubner, 1971; Sku-
manich et al., 1975a; Worden and Simon, 1976; Giovanelli and Slaughter, 1978;
Kiiveler, 1983; Wang and Zirin, 1989; Hathaway et al., 2002). However, such
results remain not conclusive due to the spectral line distortions caused by the
presence of magnetic fields (Miller et al., 1984; Stenflo et al., 1984; Solanki and
Stenflo, 1984; Stenflo and Harvey, 1985).

A different approach to the detection of supergranulation was employed by
Kosovichev et al. (2001), by inverting time-distance helioseismology measure-
ments. They probed a layer a few megameters deep, retrieving the horizontal
divergence beneath the solar surface, clearly displaying a flow pattern congruent
with supergranulation.

Applying another inversion technique, Zhao and Kosovichev (2003) also mea-
sured convergent flows at depth ~10 Mm, therefore concluding that supergran-
ules are cellular convective structures with an estimated average depth of 15
Mm.

1.2.2 Granulation: surface convection

Small scale convective features occurring on the solar surface (i.e. the granu-
lation phenomenon) can be explained by this physical framework: the granular
pattern is driven by strong downward features, possibly consequence of hydro-
dynamic Rayleigh-Taylor instabilities taking place at the top of the photosphere.

In these layers colder collapsing matter is smoothly replaced by warm plasma;
therefore borders between upward and downward plasma features develop into
strong shear layers where small scale turbulence is concentrated, mainly below
the resolution limit (Nesis et al., 1997).

Granule size is determined by the positions of downward plumes bordering
the upward feature. It is opinion of several authors that small scale downflows
associated to granules provide the driving force for larger scale flows (Spruit,
1997; Rast, 2003b).

As a consequence, the usual picture of hot bubbles arising from lower layers
is no longer correct.

In recent years, a considerable amount of fully compressible convection nu-
merical simulations has been performed in order to reproduce and understand
observed granular features (see Gadun et al., 2000, and references therein).

Several aspects of surface convection have been investigated in these works,
ranging from spectral properties of photospheric lines to granular dynamics
(Cattaneo et al., 2001). Nevertheless, the important subject of convective pat-
tern, i.e. the arrangement of individual convective structures in clusters, and
possibly in a hierarchy of structures, has been almost disregarded. In our opin-
ion, this topic and the possible existence of regularity in the granular pattern
are essential to characterize the convection and derive the system physical prop-
erties.

Recently, Getling and Brandt (2002) investigated this argument. In their
work is considered the existence, in time-averaged photospheric brightness fields,
of quasi-regular structures associated with photospheric convective flows. In
particular, they report that ’averaged images are far from completely smeared
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and contain a multitude of bright, granular-sized blotches even if the averaging
period is as long as 8 h’. This evidence has been used to evince that granules pre-
fer to rise from particular sites. Moreover, they stated that time-averaged fields
display quite regular arrangements similar to patterns observed in Rayleigh-
Bénard convection experiments. They deduced that in the solar atmosphere a
previously unknown type of self-organization is present and that granules are
associated with overheated blobs carried by the convective circulation.

The idea that small scale convection implies some kind of self-organization
and topological order (geometrical texture) has been challenged by Rast (2002).
In his Comment on ’Regular structures of the solar photosphere’, the author
shows that all the granulation properties reported in Getling and Brandt (2002)
are consistent with a non-physical model of features with typical granular life-
time and completely random motion. Therefore, the main conclusion is that
the features observed by Getling and Brandt (2002) should be interpreted as
statistical properties of a granular random field.

In order to quantitatively study the topological properties of convective
flows, it is possible to use statistical methods able to automatically distinguish
regular textures (van Siclen, 1997). By applying such approach to photospheric
granular patterns, the presence of correlations between convective structures has
been retrieved (Berrilli et al., 2003a,b; Consolini et al., 2003) and, as suggested
by Nicolis (1989), the occurrence of statistically reproducible relations between
distant parts of the system implies the existence of some kind of regularity.

1.2.3 Mesogranulation and Supergranulation: larger scale
convective cells?

In the past years, significant results have been obtained by reproducing granular
scale convection by numerical simulations and, as discussed in the previous sec-
tion, there is essential agreement in considering the granulation as the result of
recurrent formation of downward plumes induced by hydrodynamic instabilities
in the higher photospheric layers.

Conversely, the flows at larger scales, namely mesogranular and supergranu-
lar structures, are not satisfactorily reproduced by numerical models. At present
time, computer capacity is the limiting factor in reproducing small scale con-
vection in large domains in order to test its efficiency in generating larger scale
cellular patterns or the interaction with larger scale convective flows.

In past years, the origin of larger flow patterns on the solar surface, namely
mesogranulation (November et al., 1981) and supergranulation (Leighton et al.,
1962), has been explained by two different physical mechanisms:

1. The traditional explanation of larger convection cells.

2. The more recent idea of collective interactions between smaller features.
Many of the traditional Kolmogorov’s convective theories invoke the mean depths
of hydrogen and helium ionization (two such depths for helium) for granular,
mesogranular and supergranular scale selection (Leighton et al., 1962; Simon and
Leighton, 1964; November et al., 1981). However, such theories suffer of several
flaws, as remarked by Rast (2003b). Firstly, they fail to explain why meso-
granular and supergranular features have a narrow distribution in size whereas
the layers where ionization occurs are quite broad due to perturbations associ-
ated with cool downdrafts; secondly, the thermodynamic perturbation caused
by helium ionization is generally believed insufficient to produce hydrodynamic
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instabilities and not well separated in depth from that caused by hydrogen ion-
ization; lastly, all ionization effects on convective flow dynamics are destabilizing
and contribute to a reduction in convective scales (Rast, 1991; Rast et al., 2004).

Indeed, numerical models resolving horizontal scales up to 5-10 Mm (Ploner
et al., 2000) show that mesogranulation is not rooted in the layers where ion-
ization occurs, but closer to the solar surface, similar to granulation. Notwith-
standing, a convective origin of mesogranulation is supported by Lawrence et al.
(2001) that applied wavelet spectral analysis to a 2-hour sequence of MDI high-
resolution Doppler images near disk centre and concluded that wavelets allow
the detection of individual local flow patterns corresponding to mesogranular
convection cells. Instead, the non-convective origin of the mesogranulation phe-
nomenon has been suggested, in two different papers, by Straus et al. (1992)
and by Straus and Bonaccini (1997) invoking, respectively, the middle photo-
sphere overshooting and internal gravity waves in the solar atmosphere as origin
of mesogranular scale intensity signature.

A different non-convective origin of greater scales has been invoked by Rast
(1995). In this work, the observed association between exploding granules and
mesogranular flows supported the deduction that granulation dynamics can be
identified as the source of mesogranulation. Rieutord et al. (2000) reached a
similar conclusion by studying intense positive divergences in the photosphere:
they concluded that the mesogranulation signal observed in previous works was
a spurious combination of both highly energetic granules, as also acknowledged
by Rast (1995), and of averaging effects of data processing.

The viewpoint that the mesogranules owe their origin to collective interac-
tions between the granules is also derived by numerical experiments on turbulent
convection by Cattaneo et al. (2001). In their work, the authors supported this
conclusion analyzing three-dimensional convection simulations in a very large
domain. As a natural corollary of this mesogranulation explanation, both meso-
granulation and supergranulation are suggested to be the manifestations of small
scale convective features interactions.

Shine et al. (2000), investigated the relation between mesogranules and su-
pergranules by analyzing horizontal divergence maps obtained from a very long
timeseries of MDI-SOHO photospheric dopplergrams. The authors concluded
that mesogranules, appearing as local maxima in such flow maps, are advected
within each supergranule, thus supporting the convective origin of supergran-
ules. Therefore, the dynamics of supergranulation is driven by strong diver-
gences, with narrow boundaries of negative divergence outlining the supergran-
ular cells.

Preliminary results, derived from PSPT-RISE dataset, indicate that while
the supergranular magnetic network contribution to the continuum intensity is
small but measurable, supergranulation convective contribution lies very near
or below detection limits and no clear conclusions could be achieved (Berrilli
et al., 1999; Rast et al., 2002). It is necessary, in order to discern the real nature
of supergranulation, to disentangle the magnetic network contribution to the
continuum intensity from the contribution of the presumed underlying convec-
tive supergranular flow. Alternatively, a quantitative study of supergranulation
topological properties can reveal similarities or dissimilarities with granulation
in order to support or disprove its convective origin.
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Reference Spatial Temporal Field

Resolution  Resolution  of View
Herschel (1801)
Secchi (1870)
Janssen (1878)
Hansky (1908) ? ?
Chevalier (1908) <0.5” ?
Keenan (1938) 0.14” ?
Macris (1953) 0.08” 10 sec ?
Leighton (1963) 0.3” 1 sec 80” x90”
Mehltretter (1978) 0.4” 8 sec 57 x43”
Roudier and Muller (1987) 0.25” 64”7 x44”
Title et al. (1989) 0.2” 2 sec 140” x250”
Schrijver et al. (1997) 0.13” 657 X65”
Roudier et al. (1999) 0.25” 20 sec 58”7 x48”
Hirzberger et al. (1999a) 0.062” 15 sec 30”7 x30”
Nesis et al. (2001) 0.13” 15 sec 106”

Table 1.1: Granula



The Sun: dynamics and topology in the upper convection layer.

15

Reference Spatial Temporal Field Te

Resolution Resolution of View W
November et al. (1981) 1’ 85 sec 60” x160” 6(
November et al. (1982) 17 85 sec 166” x140”  6(
Oda (1984) 0.25” 30 sec 54”7 x 52”7
Koutchmy and Lebecq (1986) 0.57-1” 43 sec 206” 4¢€
November et al. (1987) 17 10 sec 166" x 250" 21
Dame and Martic (1987) 1’ 12 sec 90” x90” 2(
Wang (1989) 17 60 sec 250” x250” 1C
Frank et al. (1989) 0.25” 20 sec 50” x60” 18
Deubner (1989) 0.5” 6 sec 2247 32
Brandt et al. (1991) 0.25” 12 sec 14”7 x12” 7¢
Chou et al. (1991) 17 90 sec 5127 x240” 38
Straus et al. (1992) 17 94 sec 240”7 x120” 2(
Muller et al. (1992) 0.25” 20 sec 58" x48” 18
Chou et al. (1992) 0.7 60 sec 136” x100” 18
Abdussamatov (1993) 0.6” 60 sec 138” 18
Abdussamatov (1993) 0.25” 44” X707 1§
Wang et al. (1995) 0.25” 20 sec 317 x31” 6(
Straus and Bonaccini (1997) 0.5” 70 sec 90” x90” 24
Bachmann et al. (1997) 1.3” 17 min 200” x200”
Roudier et al. (1998) 0.25” 45 sec 60” x65” 2(
Ueno and Kitai (1998a) 0.6” 15 sec 100” x100”  9C
Roudier et al. (2003) 0.25” 21 sec 64” x64” 52
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Reference Spatial Temporal Field
Resolution  Resolution  of View

Hart (1956) ~5" 3.5 min Full Disk
Leighton et al. (1962) ~5" 2h Full Disk
Simon and Leighton (1964) ~5" 2h Full Disk
Janssens (1970) ~1” 2h ~200”
Sykora (1970) ~5 Full Disk
Duvall (1980) 2” 10 min 400” x512’
Giovanelli (1980) 17 150”7 X512’
Singh and Bappu (1981) ~5" Full Disk
Singh and Bappu (1981) ~5” Full Disk
Brune and Woehl (1982) ~3’ Full Disk
Rimmele and Schroeter (1989) ~1” 7.5 min Full Disk
Hagenaar et al. (1997) 2.14” 840” x 560’
Raju et al. (1999) 1.6” 10 min 1400” x 14(
Berrilli et al. (1999) 27 Full Disk
Srikanth et al. (2000) 27 1 min Full Disk
Srikanth et al. (2000) 1.6” 10 min 1400” x 14(
Zhao and Kosovichev (2003) 1.17 1 min 2707 x270°

Tahla 1 2 Qiirvorarani



Chapter 2

Line Diagnostic and
Instrumentation

In order to study exhaustively solar atmosphere dynamics, observation at high
spatial, spectral and temporal resolution are needed. Such constraints imply
the use of suitable instruments and techniques to achieve such purpose.

This chapter will introduce the reader to solar spectroscopy and the instru-
ments able to acquire spectroscopic images. We will recall the notions of line
formation and Contribution and Response Functions in order to understand how
depth information can be retrieved by spectrum analysis. We will then describe
the implementation and capacities of two 2-D solar spectrographs, namely the

IPM and the IBIS.

2.1 Line Diagnostic Techniques

The main task of the interpretation of spectra is the ’translation’ of observational
data into physical quantities commonly used for the description of the stellar
atmosphere.

In particular, the interpretation technique determines how to assess the im-
pact of stellar atmosphere parameters on spectrum line profiles.

Therefore, in order to draw the correct conclusions from the observed stellar
spectrum, it is necessary to have a proper understanding of how atmospheric
phenomena modify the atmospheric mean structure and consequently the spec-
tral line formation.

Among such phenomena, we may mention the variation with depth of tem-
perature, pressure, turbulence, magnetic field, oscillations, rotation and ion
species densities.

2.1.1 Contribution and Response functions

As pointed out since a long time (de Jager, 1952), it is extremely important,
studying the formation of Fraunhofer lines, to distinguish between the region
where the emergent radiation is originated and that where the line depression
is formed.

17
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Contribution Functions (hereafter, CFs) give the relative contribution of
different atmospheric layers to the observed quantity. For example, for the
emergent radiation intensity I, that means:

+oo
I(A)r—o = [ CEI(X\,7)dr (2.1)
/

More in detail, if I is the specific intensity at wavelength A, the radiative transfer
equation can be written as :

dI
P UOREIO) (2:2)
where = cosf (0 is the incidence angle), p is the gas density, z the geometrical
depth, k the absorption coefficient and S is the Source Function.

Introducing the Optical Depth: dr = kpdz, the solution for 7 =0 is:

+oo
I(\)reo = / S(r)e~"/mdr (2.3)

0

that is the formal solution of the transfer equation, where S(7)e~7/ is the
fraction of the emergent intensity originated in the layer between 7/u and 7/u
+ dr /i or, equivalently, between z and z+dz, i.e. the Contribution Function to
I: the CF.

Instead, in the case of R, defined as the relative depression in an absorption

line:
R(N\)y—o = [IC(/\)T]_CO(/\_)T{ZO(/\)T_U]

where subscripts ¢ and [ indicate the continuous and the line intensities, respec-
tively, the CFF has a somewhat more complicate expression:

(2.4)

+oo
R(\)r—o = / Sg(r)e”™” Pdrg /1 (2.5)
0
where s g
(12 Fe e
Sk = <1 Ic)/(l—i—m Ic> (2.6)
and g
drr = p(ki + /@'CI—C)dz (2.7)

The CF® can be used to infer the average depth < z(\) > of formation of line
depression at a given wavelength:

+oo
[ ZCFE(N2)d

<2\ >=— (2.8)
| CFE(X,z2")dz
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In a similar way, it is possible to compute the average of other physical quanti-
ties.

Response Functions (hereafter, RF's) describe the effect that perturbations of
a given physical parameter have in an emergent line characteristic (Mein, 1971;
Beckers and Milkey, 1975; Canfield and Stencel, 1976; Canfield, 1976; Caccin
et al., 1977). If RFZ? is the response function of the feature C for a certain
parameter p, the feature fluctuation that corresponds to a small disturbance
Ap, can be written as:

+oo
AC(N) = / RFC(\, 2) Ap(z)dz (2.9)

In brief, the RFII7 is, at each depth, the function we must use for weighting the
perturbation p in order to get the variation of the emergent intensity 1.

The use of the RF or of the CF depends on what is analysed. For example,
the variation of the line depression due to a change in turbulent velocity should
be studied through the corresponding RF, but that function does not reveal
where the line is formed: the latter information should be derived from the CF.

Let’s consider the case of Doppler shifts due to a convective velocity field V'
perturbing the line profile (Buonaura and Caccin, 1982): assuming that such a
velocity field will not affect other state variables, we have the perturbation Ap
=v(z)/c, and the RFI, given by (to the first order):

RFL (A 2) = CW(S(Z) —I(\, z))e ™) (2.10)
where 1(,z)is the ratio of line to continuum opacity and c is the velocity of the
light.

In the past years RF's have been extensively used for the inversion of line
profiles and Stokes spectra (Ruiz Cobo and del Toro Iniesta, 1992; Bellot Rubio
et al., 1997). By means of RF's one can estimate the heights of formation for
measurements that are obtained from observed quantities (Sanchez Almeida
et al., 1996a,b; Caccin and Marmolino, 1980; Caccin and Penza, 2000, 2002).

2.1.2 2D solar spectroscopy

Most of our astrophysical knowledge is therefore due to spectroscopy, i.e. to
the spectral analysis of the radiation emitted by celestial bodies that reach us.
This analysis is performed by an instrument called spectrograph, which shows
the spectrum of the incoming radiation by means of prisms, gratings or other
devices.

Conventional spectrograph need an enter slit and thus provide a 1-D spec-
trum of the source. This constraint, minor for not resolved sources, is a major
limitation for the analysis of resolved objects, as the sun.

To overcome this limitation, 2-D spectrographs, able to acquire monochro-
matic images of the source, have been built. Two of such instruments, the
IPM (Italian Panoramic Monochromator), currently working at THEMIS (Teide
Observatory — Izana — Tenerife — Spain), and the IBIS (Interferometric BIdi-
mensional Spectrometer), installed at the DST (National Solar Observatory —
Sacramento Peak — New Mexico — USA), are described later in this chapter.
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The basic idea of 2D spectroscopy is to obtain filtergrams at different wave-
length in the range of a spectral line, so that the line information (i.e. the
spectral line profile) is obtained for each data point across the field of view. By
appropriately tuning the transmission wavelength of a narrow band filter, filter-
grams can be acquired from the continuum through the line core and forward
to the next continuum.

The advantage of 2D spectroscopy compared to classical spectroscopy based
on a grating spectrograph is that the spatial and spectral information is ob-
tained almost instantaneously for a 2D field of view. However, this usually
provides lower resolution spectra and requires higher photon fluxes, in order
to achieve a useful SNR, which can currently be obtained only at solar tele-
scopes. The line profile for each data point is successively obtained by plotting
the intensity at a certain position for each filtergram. Therefore, each spectral
scan consists of two spatial dimensions, a spectral and a temporal dimension,
since the scanning through the line requires some time. If the scanning through
the line is performed in a time much smaller than the typical evolution time
of the target, it can be assumed that the spectral images have been acquired
simultaneously, removing the temporal dimension. Moreover, Doppler map can
be obtained computing the line shifts at each pixel, obtaining a Line of Sight
(hereafter, LoS) velocity field. Each spectral image and the LoS velocity map
can roughly be associated with a given layer in the solar atmosphere which can
be estimated by studying the Temperature and Velocity RF's. Therefore, by
scanning several feasible lines the 2D spectroscopy provides a tomography of
the solar atmosphere (Berrilli et al., 2002).

Line  Wavelength E;,, E.. Log(gs) T £

nm eV eV km km-.s~!
CI 538.02 11.26  7.68 -1.64 7 1.5
Fel 537.96 7.87 3.695 -1.58 55 1.5
Fel 557.61 7.87 3.43 -1.48 30 0.0
Fel 709.0 7.87 4.23 -1.30 17 1.0
Fell 7224 16.18  3.89 -3.28 50 2.0

Table 2.1: Line synthesis parameters.

Eion and E; are the ionization and excitation energy of the atom/ion, Log(gy)
is the absorption oscillator strength, I' is the damping factor and ¢ is the micro-
turbulence parameter. Line profile reported in Figs. 2.2, 2.1, 2.3, 2.4, 2.5 have
been computed employing the parameters reported in this table.

2.1.3 Velocity fields formation height

In order to obtain information about the depth dependence of the photospheric
velocity fields by associating to any line a suitable 'formation zone’, it is possible
to regard their effects on the line profiles as linear perturbations and to study
the velocity response functions RFY, of the emergent intensity at the observed
wavelengths within the lines (Caccin et al., 1977).

In particular, this approach was employed by Berrilli et al. (2002) to derive the
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Figure 2.1: Velocity response function RF{, for Fe I line 538.02 nm relative to
line core (black dotted) and mean line profile (red continuous). RFIs are in
arbitrary units.

RF{, for three particular spectral lines: Fe I 557.61 nm, Fe I 537.96 nm and
C I 538.02 nm. Their calculations were made with the Harvard-Smithsonian
Reference Atmosphere (HSRA; Gingerich et al. (1971)) assuming LTE, so that
the source function is velocity independent.

They acknowledged some evidence of NLTE effects for the Fe I 557.61 line
(Shchukina et al., 1997), which might cause a slight overestimation of the line
formation heights, especially in the line core. Therefore, they mimicked NLTE
effects in the core of such line by using a monotonically decreasing extrapolation
of the HSRA photospheric temperature above h= 550 km, similar to that of the
HOLMUL model (Holweger and Mueller, 1974). In Table 2.1.2 we report the
position of the peak < hy > and the full width at half maximum for the mean
RFY, and the peak position hy_,,, for the line core RF, derived by Berrilli et al.
(2002).

The rather large FWHM of the mean RF {, imply a broad formation zone for
the Fe I velocity fields, while the formation zone for the C I field results more
clearly confined.

2.2 IPM

Solar physics derives a large amount of its experimental evidence from a detailed
analysis of the Fraunhofer spectrum.

In the past, many aspects of the relationship between the three-dimensional
pressure, temperature, velocity and magnetic fields have been derived by mono-
dimensional spectral measurements in connection with broad-band imaging (spec-
tral resolving power R < 50000) of the solar atmosphere.
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Figure 2.2: Velocity response function RF{, for Fe I line 537.96 nm relative to
line core (black dotted) and mean line profile (red continuous). RFIs are in
arbitrary units.

These attempts were performed via spectroeliographic analysis of the spec-
trum and successive composition of the spectral image from the single slit im-
ages. However, this method is intrinsically slow in image acquisition, while solar
observations need high temporal resolution in order to take advantage of good
seeing moments and to employ post-facto restoration techniques.

Several attempts to obtain spectral imaging devices by birefringent filters
(Ohman, 1938; Lyot, 1944) allowed an exhaustive study of chromospheric struc-
tures via H, and other broad lines images. Unfortunately, due to the poor
spectral resolving power of these filters and to the large amount of stray light
which leaks from the filter passband side lobes, many questions on the physics
and depth structure of the phenomena were unaddressed. Moreover, conven-
tional birefringent filters show very small wavelength tunability, preventing the
observation in lines differently sensitive to the solar atmosphere parameters.

In order to cope with such limitations, the IPM is built of a Fabry-Perot
(FP) interferometer in tandem with a Lyot-Ohman filter (Universal Birefringent
Filter, UBF hereinafter).

The IPM has been build in Arcetri with the contribution of the Department
of Physics of the Rome ‘Tor Vergata’ University.

2.2.1 The concept

From the spectroscopic point of view, the instrument consists of two filters
mounted in series.
The overall passband function W(\) will be:

W) = Wosr(\) - Wep(\) (2.11)
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Figure 2.3: Velocity response function RF?Y, for Fe I line 557.61 nm relative to
line core (black dotted) and mean line profile (red continuous). RFIs are in
arbitrary units.

where Wy pr(A\) and Wgp (\) are the UBF and FP passband functions, respec-
tively.

The UBF and the FP passband function are periodical; in the case of the
UBF, each passband order has a shape resembling that of a sinc? function, while
the FP, each passband order is described by an Airy function with parameters
defined by the plate spacing. If the maximum of the UBF transmission profile
coincides with one of the FP’s, it follows that the overall profile consists of one
main peak and some side lobes. The contribution of these side lobes can be
minimized by a suitable matching of the interferometer Free Spectral Range
(FSR) with the spacing of the UBF zeroes. This constraint and the interferom-
eter quality set the lower obtainable FWHM of the filter passband. Moreover,
the instrumental profile is widened by the wavelength shifts introduced when
non-axial beams are allowed through the filter system.

This configuration requires a careful tuning of both the UBF and FP. The
tune solution of each crystal composing the UBF has to be found and tempera-
ture drifts must be taken into account. The FP must be carefully calibrated to
allow the required wavelength setting and must be servo-controlled to guarantee
the proper plate parallelism and separation. So, a single UBF+FP passband

order can be suitably isolated by a simple interference filter with a FWHM =
50 A.

The UBF

The UBF is build of 9 two-beams interferometers mounted in series. Each
interferometer is a monoaxial birefringent calcite crystal, mounted between two
linear polarizer oriented at 45 ° with respect to the ordinary and extraordinary
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Figure 2.4: Velocity response function RF {, for Fe I line 709.0 nm relative to
line core (black dotted) and mean line profile (red continuous). RFIs are in
arbitrary units.

axis.
Each of these interferometers has an axial passband given by:

T()\) = cos? (mdAn/\) (2.12)

where An is the difference between ordinary and extraordinary refractive in-

dexes and d is the physical thickness of the crystal. In the case of the UBF, the

optical thickness dAn increases by a factor two from each calcite to the next.
Therefore, the resulting passband is:

T\ = l—Icos2 (Z(ifl)ﬂdlAn/)J (2.13)

i=1

where d; is the thickness of the first and thinnest crystal. When the wave-
length X is such that the ratio dAn/ X is an integer number, the transmission
is maximum. The passband is therefore periodic and the FSR is given by:

AN = \?/(dAn) (2.14)

Considering the wavelength of the Hyline (6563 A), the FSR is 128 A, while
the filter FWHM is only 0.25 A. Such values provide high spectral contrast C
= 2.88, defined as the ratio of energy falling inside the FWHM and that falling
outside.

Besides the high spectral contrast, the large separation of the side lobes
from the band centre with respect to the photospheric line widths, allows minor
energy contribution from the nearby continuum while scanning absorption lines.
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Figure 2.5: Velocity response function RF {, for Fe I line 722.4 nm relative to
line core (black dotted) and mean line profile (red continuous). RFIs are in
arbitrary units.

The rotations of the crystals are performed by nine step motors (500 steps/turn).
As in the use of UBF it is essential to exactly know the absolute angular position
of each crystal, an optical sensor system monitors each magnetic clutch. It is
therefore obtained a positioning repeatability of + 1 step (0.36 °). The motors
are mounted outside the thermally stabilized housing of the optic parts, whose
temperature is monitored via the resistance of a platinum wire wound on the
crystal group, with sensitivity on 1 m{2.

The FP

A Fabry-Perot interferometer is an optically resonant cavity. It consists of a
pair of quasi-parallel transparent optical plates, whose facing surfaces have been
coated with high reflectance layers. As previously mentioned, the normalized
transmission passband is given by an Airy function set,

1

T(A) =[1+4R(1 - R)™%sin? (2mut cos 0/2)] (2.15)

with a FSR given by
AN = \?/2ut (2.16)

where R is the coating reflectance, u is the refractive index of the medium inside
the cavity, ¢ is the plate separation and 6 is the angle of incidence.

The parameters of the FP have been chosen in order to minimize the con-
tribution of the UBF passband lobes in the overall instrumental profile, taking
into account that the ratio of the UBF and FP FSRs increases as A increases.

The plate positions are modified by a piezo-tuned and servo-regulated device.
In this device the changes of the plate parallelism and of the interferometer gap
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Line  Wavelength h) < hy> FWHM

core

nm km km km
CI 538.02 50 30 ~150
Fe I 537.96 200 150 ~250
Fel 557.61 320 110 ~250
Fel 709.0 230 140 ~300
Fell 7224 80 70 ~200

Table 2.2: Line formation depths.
These values have been computed on the basis of the plots reported in Figs.
2.2, 2.1, 2.3, 2.4, 2.5.

are sensed by capacitance micrometers and corrected by a suitable controller.
The same controller allows linear increase of the gap under computer control, up
to 8 interference orders. The parallelism and the spacing are kept with precision
better then 10 pm-Hz /2,

2.2.2 The optical mounting

The choice of the optical interface between the telescope and the UBF-FP tan-
dem, as well as the optical coupling of the UBF and the FP, is mainly constrained
by the angular properties of the interferometer.

In fact, the relative wavelength shifts /A, due to non axial propagation
for the FP and for a UBF element, are respectively given by Bonaccini et al.

(1989):
[%} FP - g (247

= [ I

where po and p. are the ordinary and extraordinary refractive indexes.

These equations show that, for a given propagation angle, the wavelength
shift of the FP is about seven times larger than that of a calcite element.
In the case of the so called classical mounting, the primary image, formed by
the telescope, is collimated and the UBF-FP filter is inserted near the image of
the entrance pupil.
Each image point is formed by a camera lens which focuses a beam of rays
propagating trough the filter at the same angle with respect to the optical axis.
As a consequence of the different angular sensitivity, a progressive detuning of
the FP passband relative to UBF arises when moving from the centre to the
rim of the field.
Moreover, if the FP has wedged plates, the insertion in the pupil image pro-
duces multiple images. This effect can be avoided by using non-wedged plates
and antireflection coating, still a small amount of interference effects remain
and produce an unwanted spectral modulation.
Instead, in the telecentric mounting, the aperture is collimated onto the inter-
ferometer, which is inserted close to the image plane. Consequently, all image
points are formed by ray cones containing all the possible directions allowed by
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the system.
In this case, if the relay optics has been properly calculated, the multiplicity in-
troduced by wedged plates may be removed in the exit pupil plane by a suitable
field stop. Telecentric mounting provides spectral homogeneity and uniform
illumination on the image at the expense of the passband filter FWHM broad-
ening (Bousquet, 1969).
For IPM a telecentric mounting has been chosen, imposing a spectral resolution
R ~ 300000 at 5500 A. Given these constrains and the UBF and FP diameters
(28 mm and 50 mm, respectively), the available field amounts to 1.15° per
centimetre of the telescope diameter.
The maximum number of resolved elements on a field diameter, following the
Rayleigh criterion, is independent from the telescope diameter and is given by:
1) P
Fﬁ = %epp (2.19)
where 05 is the angular size in the sky of the resolved element, @pp is the
incidence angle over the FP, whose diameter is ®pp. In the IPM case, 3/63 is
about 410 at 4000 A, therefore, assuming two pixel per resolved element 673, a
1kx 1k CCD detector is required to completely exploit the IPM spatial resolving
power.

2.2.3 The IPM setup as implemented at THEMIS

The THEMIS telescope is an alto-azimuthal mounting where all the post-focus
instrumentation is contained in a cylindrical tank rotating with the telescope
around a vertical axis.

The primary mirror is 0.9 m in diameter with an equivalent focal length
of 54.861 m (f/61). A transfer optics forms an image, &~ 4’ in diameter, on a
secondary focus (F2), where the scale is 0.266 mm-arcsec™! and the FWHM of
the point spread function, for diffraction limited optics, is 0.15” at 5500 A. A
moveable mirror, just before F2, horizontally folds the sunlight coming from the
telescope towards the IPM. The IPM setup consists of two main optical paths
(principal and reference) and several control paths.

Here we briefly account only for the principal and the reference paths.

The telescope forms an image just after the moveable mirror (M1), where
a field diaphragm (D1) corresponding to 517 has been placed. This image is
collimated by a first lens (L1), followed by a shutter (S1) and by an achromatic
polarizing beam-splitter cube (C1), which ends the common part of the principal
and reference paths.

The reference paths continues as the polarized lights passes trough an achro-
matic half plate (WP2) and then trough a lens (L6), forming an image on the
reference white-light CCD (CCD1). Between the lens and the CCD, several op-
tical devices are placed: two crossed linear polarizers (LP1), in order to adjust
the light level; a filter wheel (W2), carrying several broad-band filters; and a
shutter (S5), controlling the exposure time.

The principal path continues trough another achromatic half plate (WP1),
a folding mirror (M2) and a second lens (L2). This lens collimates the pupil,
forming on a successive diaphragm (D2) an enlarged image of the observed so-
lar region. The FP interferometer (FPI), used in axial mode and telecentric
mounting, is placed after this diaphragm, in an image space where the pupil
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Figure 2.6: The IPM setup as implemented at THEMIS.

is collimated. Just after the FP, a lens (L3) forms an image of the pupil on a
pinhole (P2) placed beyond the UBF. After this pinhole, the light passes trough
another lens (L4) and reflects on a folding mirror (M3) to from a monochro-
matic image on the CCD camera (CCD2). This camera is preceded by shutter
(S4), which controls the exposure time, and by a filter wheel (W1), carrying the
interference filters for the wavelength ranges for which the UBF has been cal-
ibrated. Due to its very complex construction, the UBF calibration procedure
demands a lot of time to be performed and the use of a spectrograph with a
medium-high spectral resolution. Hence, the IPM has been calibrated only on
five wavelength ranges, 40 A wide, centred on lines of astrophysical interest (Mg
bl, C I, Fe I, Na D2, H,). Plus, the range at 6438 A has been calibrated to
allow the measurement of the spectral dishomogeneities of the focal plane. The
controller of the FP allows positioning the interferometer plates in few millisec-
onds, therefore the wavelength setting of the FP is very fast (typically ~ 1.5
ms). The instrumental wavelength setting time is imposed by the UBF and de-
pends on the angular rotations of the calcite crystal groups necessary to set the
demanded wavelength passband. If a different wavelength range is requested,
also the two filter wheels, preceding the CCD cameras, must be re-positioned.
Therefore, the setting time for small wavelength steps is about 0.1 s, while the
setting time for changing the spectral range is about 1 s, so that, if a sequence
of images acquired at equal time intervals is desired, a minimum wavelength
setting time of 1 s must be used.
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Wavelength range 460.0 - 680.0 nm
Available spectral lines 518.4 nm Mg bl
538.0 nm C I
557.6 nm Fe I
589.0 nm Na D2
643.8 nm Cd red line
656.3 nm H,
Range width 4+ 2.0 nm
Spectral resolving power 260000 - 270000
Passband FWHM 1.7 pm - 2.6 pm
Wavelength drift <10m-s~ton1l0h
of the instrumental profile
Field of view 517 (circular)
Peak transparency 0.7% - 2.0%
Image scale 0.06” pixel !
Exposure time 200 - 300 ms
(for S/N ~ 100 and 2 pixels/resolved element)
Acquisition rate ~ 1.0 frames-s—!
(1024 x 1024 pixel> @5 Mpixels/sec)

Table 2.3: IPM Instrumental Characteristics

2.3 1IBIS

At the end of 1999 started in Arcetri the construction of IBIS (Interferometric
Bldimensional Spectrometer), a new instrument for solar spectroscopy, built
with the contribution of the Arcetri Astrophysical Observatory, the Department
of Astronomy and Space Science of the Florence University and the Department
of Physics of the Rome ‘Tor Vergata’ University.

IBIS is an instrument designed to obtain monochromatic images of the so-
lar surface, designed to overcome the limitations of IPM, mainly due to the
use of the UBF to isolate one order of the interferometer. The role of UBF is,
in the IBIS configuration, undertaken by a second Fabry-Perot interferometer.
This solution, adopted in other solar monochromator (Kentischer et al., 1998;
Tritschler et al., 2002), did not accomplished sufficiently good results, mainly
due to the difficulty in achieving the correct tuning. Such a problem has been
solved in the IBIS configuration implementing two piezo-scanned and capacity
servo-controlled Fabry-Perot interferometers, used in classic mounting and axial
mode, in series with a narrow-band interference filter (band-pass 3/5 A). The
images are acquired by two high speed 1317x1035 pixels 12-bits CCD cam-
eras. The unique electronic shutter, placed near the pupil plane, guarantees
simultaneous acquisition and same integration time for the two cameras.

2.3.1 The concept

Due to its passband profile, a single FP cannot be used as a spectroscopic device
and an order sorter is necessary to isolate only one interference order. On IPM,
this function is performed by the UBF, imposing a long wavelength setting
time, strong limitation on the useful spectral range and a decreased optical
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quality. However, a single interference order can be isolated also by employing
an interference filter and a series of FP interferometers with suitably different
spacing.

The overall instrumental profile of N FPs and an interference filter is:

N
T\ =TirN) [[ T (V) (220)

i=1

where Trr and T; are the transmission profiles of the interference filter and of
the i-th FP, respectively.

In designing a multi-FP, the problem to be addressed is to finding the ra-
tio between the spacing of the FPs which minimizes the parasitic light, while
considering two main problems: the presence of spurious images produced by
inter-reflections between pairs of FPs and the difficulty of guaranteeing the cor-
rect tuning between the various interferometers.

2.3.2 The optical mounting

On IBIS the FP interferometers are piezo-scanned and capacity servo-controlled,
with a clear aperture of 50 mm, a maximum flatness error The FPs are used
in classic mounting, therefore the image points are formed by collimated ray
bundles, incident at different angles on the interferometers plates. That allows
higher spectral resolution and guarantees the same shape of the instrumental
profile on all the points of the final image plane.

Between the two FPs, a filter wheels carries a set of narrow-band interference
filters (FWHM ~ 5 A) with the double purpose of isolating the instrumental
profile and of reducing the ghost images produced by inter-reflection between
the FPs plates. Due to the filter, the intensity of the ghost images is lowered
to &~ 1%. This allows the use of the interferometers in axial-mode, avoiding
the unwanted effects by relative tilt, essentially consisting in an asymmetry of
the instrumental profile, a greater width of the passband FWHM and a lowered
transparency (Loughhead et al., 1978).

The high transparency of the whole system allows very short exposure time
and hence the reconstruction of the seeing distorted wavefront by means of
post-facto (phase diversity, for example) techniques applied to monochromatic
images.

2.3.3 The IBIS setup as implemented at DST

The Dunn Solar Telescope (DST) is a 76 cm f/72 coelostat with alt-azimuth
mounting. The two 45 degree plane mirrors move in order to guide the light of
the sun down a 41 m tower in an evacuated tube. Its primary mirror is situated
72 m underground and focuses the light to the exit of the vacuum tube, where
a moving folding mirror switches the light path over the optical bench where
IBIS has been assembled.
The IBIS setup consists of two main optical paths (principal and reference)
and several control paths.
Here we briefly account only for the principal path.
After the folding mirror, a lens (LO) forms an image just after two other folding
mirrors, where a field stop (FS) corresponding to 80” has been placed. A lens



The Sun: dynamics and topology in the upper convection layer. 31

IBIS

Interferometric B Idirnensional Spectrameter

Fw1
BS : beam splitter IF : interference filter —
CCD : CCD camera L : He-Ne laser FS
PMT CL: continuous lamp PBS : pellicle beara splitter
D : disphragr PMT : photomultiplier TV

FPI: Fabry-Perot interf.  ES :shutter
FS : fieldstop TV: TV camera ;:I,—I_'
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Figure 2.7: The IBIS setup as implemented at DST.

L1 is used in order to obtain a pupil plane on the successive shutter (ES), which
controls the exposure time, and then two more lenses (L2 and L3) are used to
obtain the classic mounting configuration. This last couple of lenses focuses the
image amid the two FPs, where the filter wheel (FW2), carrying the narrow-
band interference filters, is positioned. A diaphragm (D) has been placed before
the FPs in order to reduce stray light. Beyond the FPs, a last lens (L4) focuses
the image on the CCD, through two folding mirrors (M2 and M3).

The useful range of wavelength investigable with IBIS is limited only by the
presence of suitable interference filters in order to isolate the right double-FP
order.

As the positioning of the FPs plates is very fast, the wavelength setting
time is defined by the filter wheel repositioning time. Hence, if a sequence
of image acquired within the same line profile is desired, a mean wavelength
setting time of ~ 20 ms must be expected, whenever is necessary to change
the interferential filter in the configuration, the wavelength setting time may
increase to 0.5 seconds.

Finally, due to the high transparency and the consequent short exposure
time (< 20 ms vs. 200 - 300 ms of IPM, for S/N > 100), a high temporal
resolution (3 frames per second) can also be obtained. Moreover, such exposure
times are sufficiently short to freeze the seeing, therefore, by using post facto
restoring procedures, such as the Phase Diversity (cfr. Chapter 3) technique,
it is possible to obtain high spatial resolution, up to the nominal limit of the
telescope.
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Wavelength range

580.0 - 860.0 nm

Available spectral lines

589.6 nm Na D1

630.2 nm Fe I

709.0 nm Fe I

722.4 nm Fe II

854.2 nm Ca II

Range width

%+ 200 pm (580.0 - 750.0 nm)
+ 350 pm (750.0 - 860.0 nm)

Spectral resolving power

212000 - 274000

Passband FWHM

2.1 pm - 4.2 pm

Wavelength drift
of the instrumental profile

<10m-s~ton10h

Field of view

80" (circular)

(1024 x 1024 pixel®> @5 Mpixels/sec)

Peak transparency 15% - 20%
Image scale 0.08” pixel !
Exposure time 7 - 18 ms
(for S/N ~ 100 and 2 pixels/resolved element)

Acquisition rate 3 frames-s~!

Table 2.4: IBIS Instrumental Characteristics



Chapter 3

Phase Diversity

In order to reach a high spatial resolution in solar observation, it is important to
take into consideration and minimize the aberrations introduced by the seeing.
Moreover, as optical paths are growing more and more complicated, also aber-
rations stemming from the instrument itself can concur in spoiling the image
quality. Phase Diversity (PD) techniques are post-processing procedure for cor-
recting aberrations induced by both instrument and atmosphere in individual
isoplanatic patches. These techniques do not require sophisticated observing in-
strumentation and are not based on theoretical models describing atmospheric
degradation, but rely on simple optical principles. Their purpose is to deter-
mine the wavefront aberrations at the entrance pupil of the telescope from the
information contained in two simultaneously acquired images, one focused and
the other affected by a known amount of defocus.

In this chapter we will introduce the basic principles of Phase Diversity and
present a particular implementation of PD speckle imaging. We will give detail
about the application of such PD procedure by the author to images acquired at
THEMIS in order to enhance their quality and estimate the telescope intrinsic
aberrations.

3.1 Introduction

An important task in ground-based astronomy is to improve the angular reso-
lution that can be achieved. The angular resolution is almost always limited by
phase aberrations introduced by terrestrial atmosphere turbulence.

For the particular case of ground-based solar astronomy, the spatial resolution is
typically limited to about 0.5” for short exposure images. (<20 ms). Many pro-
cesses on the Sun, however, take place at scales well below 1.0”, as the photon
mean free path in the lower photosphere corresponds to about 0.1” at the disk
centre. Magnetic structures may occur on even smaller scales (typical diameter
of magnetic flux tubes is 0.2” (Keller, 1995). Despite such a small size, these
small magnetic structures are believed to play an important role in large-scale
phenomena such as the solar magnetic dynamo, irradiance variation or solar
coronal heating. To understand a variety of solar phenomena, it is, therefore,
essential to reach a spatial resolution well below the seeing imposed limit and
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possibly approaching the diffraction limit of existing and future large solar tele-
scope.

Recently developed methods, which estimate the wavefront over isoplanatic
areas from multiphase (or ’phase diverse’) images, address this problem.
The technique of phase diversity (PD) was first proposed by Gonsalves and
Childlaw (1979) as a method for simultaneously estimating the wavefront aber-
rations and the source object from simultaneous images with a known phase
difference (most commonly a difference in focus position). Another interesting
property of phase diversity methods is that they estimate and correct also for
the aberrations stemming from the telescope.
This technique has been successfully used by several authors to determine aber-
rations (Carreras, 1993; Kendrick et al., 1994; Lee et al., 1997; Thelen et al.,
1999; Lofdahl et al., 2000) and also to restore images (Restaino, 1992; Lofdahl
and Scharmer, 1994; Seldin and Paxman, 1994).
However, in condition of poor seeing or weak signal levels, a single pair of
focused-defocused images may not contain enough information to allow reliable
reconstruction of the object and the wavefront. Even under favourable condi-
tions for which phase diversity is able to reproduce fine wavefront estimates,
object information at single spatial frequency may be irretrievably lost, result-
ing in artifacts in the object restoration.
To address this problem, Paxman and Seldin (1993) suggested joint phase-
diverse speckle (JPDS), while Lofdahl and Scharmer (1993) developed parti-
tioned phase-diverse speckle (PPDS).
Both methods utilized a joint estimation of the aberrations and the common
object via the analysis of a time sequence of phase-diverse data. Those extra
realizations provide the missing phase information at spatial frequencies where
single optical transfer functions (OTFs) are null. A small number of image
couples (3-5 couples, usually) are sufficient for good restorations, considerably
reducing the amount of data needed compared to speckle methods (Paxman
et al., 1996).

PD techniques are now used by some groups to realize time sequences of
fine-scale solar features.
Lofdahl et al. (2001) restored two 44” x80” image sequence of co-spatial and co-
temporal 430.5 nm Gband and 436.4 nm continuum filtergrams, obtained with
the 47.5 cm Swedish Vacuum Solar Telescope, lasting 5h and 8h, respectively.
Scharmer et al. (2002) restored a 3.5h G-band and continuum image sequence,
targeting NOOA active region 10030 with the Swedish 1-m Solar Telescope
(Scharmer et al., 2003). These images achieved the best ever spatial resolution
benefiting from both the Adaptive Optics system and the post-processing PD
restoration.
Bonet et al. (2004) corrected 2564 images (46” x75”) of a sunspot close to disc
centre, acquired simultaneously in the G-band and in the blue continuum at
450.7 nm, for telescope aberrations and turbulence perturbations by applying
PD, realizing a 2h time sequence.
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3.1.1 Phase diversity principle

Due to the relationship between the point spread function (PSF) h and the
aberrated phase, the estimation of the aberrations from the sole focused image
does not ensure the uniqueness of the solution.

Phase Diversity Gonsalves (1982) aims to provide more information and remove
this indetermination. The idea is to collect at least one supplementary image,
which differs from the focused one by a known phase variation. A possible phase
variation, and commonly the easiest to achieve, is the defocus, obtained by in-
troducing a beam-splitter and a prism and recording the focused and defocused
images on the same detector Gates et al. (1994). PD employs a low-cost, opti-
cally simple set-up, but requires a complex numerical procedure to return the
phase aberrations and restore the images.

3.2 Phase Diversity Implementation

3.2.1 Imaging model

In the hypothesis of isoplanatism, the image ¢ is the noisy convolution of the
PSF h in the observation plane and the object o:

i(7) = (h(7) % o(7)) + n(7) (3.1)

where * denotes the convolution product, 7 is a two-dimensional vector in the
image plane and n is additive noise.
The PSF associated with the focused image f is given by:

hs() = |7 {P(@) eiﬂﬁ)}f (3.2)

where 1 is a two-dimensional vector in the pupil plane, ® is the unknown aber-
rated phase function, P is the aperture function and FT~! denotes the inverse
Fourier transform.

As aberrations in an optical system can be mathematically represented by
Zernike polynomials (Noll, 1976), the phase function is expanded on a set of
such polynomials.

Imaz
o) = Y. a,2,() (3.3)

j=1
Theoretically, Jnqe should tend to infinity to describe any wave form, but in the
particular case of static aberration estimation, the first polynomials (typically
the first twenty) are enough to describe both the atmospheric and optical system
aberrations.
In the following, we will note @ = (ay, ..., ay,,.. )T the unknown aberration
coefficients, where T denotes transposition.
In the defocused plane, the PSF of the defocused image d is given by:

X o R 2
ha(7) = |FTY(P(@) - ¢'*(@+2a(@]) (3.4)

where @, is the known diversity phase function. In our case, ®4(%0) = a$Z4(@),
where Z, is the defocus Zernike polynomial. The problem is to estimate the
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aberration parameters @ (the set of a;) from the data (focused f and defocused
d images), without knowing the object o.

As the PPDS and JPDS significantly differ in noise model, estimator, reg-
ularization and optimization techniques, henceforth we will refer only to the
PPDS implementation of phase-diversity speckle imaging.

3.2.2 Aberration estimation principle

The PPDS utilizes extra realizations of the unknown objects to fill in the pos-
sibly missing phase information. In practice, N couples of images are used to
retrieve N different h; these results are then employed to obtain the best esti-
mate of o.

Moreover, the PPDS relies on two modification of the original error metric
proposed by Gonsalves and Childlaw (1979). First, as the estimation of the
unknown object is performed implicitly, while the estimation of the aberrated
wavefront is performed explicitly, the expression for the optimal object cannot
be employed directly into equation 3.7 , because it would lead to unlimited am-
plification of noise at spatial frequency where the OTF of the couple of image
approaches small values. This happens because the restored object is retrieved
via a best fit to the data, including its noise. As a consequence, noise filtering is
essential. However, for the sake of simplicity, in the next formulation the noise
filter is omitted, because its implementation can be explained afterwards eas-
ily. Second, the SNR of the two image channels are allowed to be significantly
different, as in the case of a beam-splitter that does not divide incoming light
into equal parts. With this modification the error metric for a single couple of
focused /defocused images can be defined as

2

L A2 PN
L=ty 0| +|la -~ HiO (3.5)

where * denotes an estimation, I;, H; and O are the Fourier transform of ¢;, h;
and o, respectively, and

v =0}/o} (36)

where o; stands for the RMS values of the noise for the images and i =[f, d].
Obviously, with y=1, we recover the original error metric of Gonsalves and
Childlaw (1979).

The best estimation for O is the one that minimizes:

R n 2
‘IdHf - IfHd‘

Ly = (3.7)

~ 12
F Hd‘

2
Hf‘ +

Therefore we can compact the problem by defining the new error function F as:
Ly =Y |BE] (3.8)

which can be minimized using an iterative algorithm.
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The expansion of the phase function in terms of Zernike Polynomials and
the consequent linearization allows us to write:

J,
e~ OF

0F = —da; 3.9
j; aaj a; ( )

where Jpax is the number of polynomials employed in the expansion. This is
equivalent to search for the minimum of

2

SIE+D g—Eéaj (3.10)
PR

7

with respect to da;. Therefore we obtain a linear system:

OF |OF OF
—|=— ) -éa —|E ] =0 3.11
(8ak Baj) at <8ak | > ( )

where (f|g) = fg*, to solve for each image couple.

Once the N object estimates 0 or, alternatively, the N H ¢s have been
obtained, the best estimate of O is obtained by minimizing the sum of the N
different metrics Ly, with respect to O:

N A A
S (Tnalliy +Ts )

_ n=1
0="= (3.12)

5> (sl + 31 faal?)

n=1

where n represents the nt? couple of the speckle group.

Spectral bandwidth

The phase diversity concept proposed here is a monochromatic wave-front sen-
sor (theoretically the concept can be applied on polychromatic images but this
would induce important modifications (Seldin et al., 2000)).

Nevertheless it has been shown (Meynadier et al., 1999) that the use of broad-
band filters does not significantly degrade the accuracy as long as % is lower
than a few tens of percents (typically4® = 0.15).

Noise filtering

The error metric defined in equation 3.8 is such that additive white noise does
not affect the solution. Noise, however, can affect the convergence of the iterative
system and is unlimitedly amplified in equation 3.7. To solve these problems, a
filter W is easily introduced into the formulas by replacing the quantities I; by
their filtered counterparts WI; (Lofdahl and Scharmer, 1994).
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Figure 3.1: The THEMIS telescope at Izana, Tenerife (Spain).

Such a filter is recovered directly from the images in order to minimize the
combined rms error (from noise and filter) in the restored object:

- 2> 2> (3.13)

S (Ll +vhuallyy)
ne
where the summation is performed over the N couples of images, 1 stands for
the noise rms and angle brackets denote an expectation value. In particular,
the second expectation value is estimated with a smoothing operator and the
elimination of noise peaks in the high-frequency regime.

As the number of couples of focused-defocused images increases, the frequen-
cies spanned by the filter expands, because information is added to complete
the combined OTF at frequencies where single OTFs were null.

N N 2 ~
Z <‘H7lf + ‘Hnd
n=1

W:1—<|n|2><

3.2.3 Phase diversity implementation at THEMIS

On the days 15", 217¢, 237¢ and 29" May 2002 observational runs in PD con-
figuration were performed at THEMIS.

The Phase diversity hardware was implemented at the secondary focus environ-
ment of the telescope, using the the reference channel of the IPM instrument.
The 1317x1035 pixel?> Kodak KAF 1400 camera was used to acquire the near
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Figure 3.2: Left panel: detail of the best of the focused images employed in the
PPDS restoration. Right panel: same detail in the PPDS restored image.

infrared (850 nm) broadband data. The image scale was set at 0.075”-pixel !,
the diffraction limit resolution was 0.19”. The exposure time for each image
pair was 20 ms.

A suitably placed beam-splitter, increased of ~24 mm the optical path rela-
tive to the defocused image, therefore setting the diversity factor to ~1.7 waves
peak-to-peak. The shutter was placed in a pupil plane in order to give exactly
simultaneous exposures to the two channels.

As previous works indicated an isoplanatic angle of ~5” as a reasonable ap-
proximation (Loéfdahl and Scharmer, 1994), the error metric and its derivatives
were evaluated over 70x 70 pixel? (~5”"x5”) subfields, while the FFTs were cal-
culated on 100x100 pixel? subfields. Therefore, each image was divided in 16
isoplanatic patches, which were PPDS processed.

The wavefronts were estimated using the first 21 Zernike polynomials and the
apodization of subfields was performed with a modified Hanning window. After
the PPDS procedure, the restored sub-fields are mosaicized so to reconstruct
the FoV (Field of View).
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Figure 3.3: PPDS restored images employing 1, 2, 3, 4 and 5 image couples (cfr.
3.2.2).

Although seeing was very variable during the observation runs, the overall
quality of the restored data is comparable to the highest quality images acquired
at THEMIS. In several cases the analysis of the power spectra of the processed
images revealed showed that the spatial frequencies were restored up to the in-
trinsic telescope diffraction cut-off.

Using the 15 May data a comparison of PPDS data obtained by combining from
1 to 5 image pairs has been performed. We recall that pure PD is the special
case of PPDS with 1 pair only. It has been found that some evident restora-
tion artifacts emerge in the restored scene when the pairs are less than 3, while
by adding more images in the speckle reconstruction such artifacts disappear,
achieving an optimal restoration.

An estimation of the IPM reference paths aberration has been attempt by
restoring a 75 image-pair series.
From the single estimate of the wavefront error for each patch a total of 1200 sets
of aberration parameters (the Zernike polynomials coefficients) were obtained.
For each coeflicient the correspondent histogram has been produced. Gaussian
distributions are expected for seeing induced aberrations and the mean of such
distributions should be zero when observing with a perfect optical set-up. Con-
sequently, the mean of the empirical histograms will reveal the amount of aber-
ration stemming from the instrument. By fitting a Gaussian function to each
distribution the mean value x. and FWHM were retrieved and it was possible to
reconstruct the intrinsic PSF of the optical setup (see Figure 3.5). The FWHM
of this PSF is 0.19” at 850 nm wavelength and the Strehl ratio is 81%.
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Figure 3.4: Frequency histograms for Zernike coefficients from 4 to 11. Distri-
bution mean values X, give an estimation of intrinsic optical setup aberrations
in units of waves at 850 nm wavelength.

Choice of the defocus distance

The choice of the known defocus distance is essential to obtain accurate results.
The RMS defocus coefficient a¢ depends on the defocus distance d of the second
image, the telescope diameter D and the focal length F' through:

d_ wd
ay = 78\/§A(F/D)2 (3.14)

expressed in radians. The corresponding peak-to-valley optical path is equal to

d
_ Vg d (3.15)

A= TSP

As the 'optimal’ defocus distance depends on the object structure, the phase
amplitude ® and the SNR on the images, it has been shown (Lee et al., 1999)
that a defocus equal to A provides correct results. In practice, a large domain
around this value (typically A =+ \/2) still provides accurate results (Meynadier
et al., 1999). This validates the choice of 24 mm defocus length in the imple-
mentation of PPDS at THEMIS.

Pupil shape

An exact knowledge of the pupil shape (diameter, central obstruction, global
shape) is required.

In particular, few percents of error in the pupil estimation lead to an error of a
few tens nanometres on the phase estimation.
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Figure 3.5: 3D and logarithmic (lower left corner) views of the retrieved intrinsic
PSF of the PD optical set up. The PSF has been reconstructed by utilizing the
Zernike coefficient mean values X, from Figure 3.4.

In the particular case of the implementation of PPDS at THEMIS, the annular
shape of the entrance pupil should be taken into consideration. Therefore, a
modified set of Zernike polynomials has been created by the author via the
definition of a suitable annular pupil and successive Graham-Schmidt horto-
normalization.
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Figure 3.6: Pupil shape and annular Zernike polinomials from 4 to 11. From
left to right and from top to bottom: pupil shape, defocus, astigmatism 0°,
astigmatism 45°, coma 0°, coma 90°, trefoil 45°, trefoil 135° and spherical
aberration.



Chapter 4

Helioseismology

As already stated in chapter 1, the interior of the Sun cannot be directly ob-
served. Nevertheless, a time series of 'images’ of the plasma flow below the
photospheric surface can be obtained by means of Local Helioseismology. The
temporal evolution and the geometric properties of the flow structures present
in such a time series can thus be investigated by suitable feature-tracking algo-
rithms. In order to enhance the comprehension of the dataset employed later in
this work, this chapter will introduce the reader to the concept of Global and
Local Helioseismology. We will begin by describing the oscillation by means of
normal modes in order to understand how to derive the internal stratification
and rotation by inverting the frequencies of the modes. In particular, the inver-
sion problem for rotational splitting will be discussed. The second part of this
chapter is devoted to the description of Local Helioseismology and, in particu-
lar, of the time-distance technique. The inversion of time-distance helioseismic
data into a supergranular flow field is presented at the end of this chapter.

4.1 Helioseismology Principle

Since the Sun is a ball of hot gas, its interior transmits sound very well. It is gen-
erally believed that convection near the surface gives rise to vigorous turbulent
flows that produce a broad spectrum of random acoustical noise. Furthermore,
since the Sun is essentially spherical, it also forms a spherical acoustical res-
onator with millions of different normal modes of oscillation.

Due to the waves’ long life times, destructive interference filters out all but the
resonant, frequencies, transforming the random convective noise into a very rich
line spectrum in the five-minute range. The oscillation modes are trapped in
spherical-shell cavities starting essentially at the visible surface and extending
inward. The outer boundaries are defined by the abrupt change in sound speed
associated with the steep temperature gradient in the superadiabatic region just
below the surface. The inner boundaries result from the refraction of the waves
back toward the surface, caused by the inwardly increasing sound speed (essen-
tially, temperature).

While the outer limits of all of the cavities are confined to a narrow region
just below the photosphere, the depth of a given cavity depends on both the
oscillation frequency and the spherical-harmonic degree of the associated mode.

44
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Consequently, there are modes whose entire cavities are confined very near the
surface, while others extend much deeper, even reaching the centre of the Sun
itself. Depending on the frequency and degree, these modes sample different,
but overlapping, regions of the solar interior. As the precise frequency of a par-
ticular cavity depends intimately on the thermodynamic, compositional, and
dynamic state of the material in the cavity, they can be used to probe the tem-
perature, chemical composition, and motions throughout the interior of the Sun.

4.2 Global Helioseismology

Helioseismology is the study of the interior of the Sun from observations of the
vibrations of its surface. Oscillations of stars have been recognized since the
late 1700s. The complicated pattern of the Sun’s oscillation was first observed
by Leighton et al. (1962). The explanation of the pattern in terms of trapped
acoustic waves came by Ulrich (1970); Leibacher and Stein (1970). This expla-
nation predicted certain detailed features of the spectrum of solar oscillations
that were confirmed by observations made by Deubner (1975). The Sun is con-
stantly vibrating in a superposition of acoustic normal modes. Oscillations on
the solar surface are measured by observing the oscillation of the Doppler shift
of a spectral line as the plasma producing the spectral line oscillates back and
forth along the line of sight, or by observing the oscillation in intensity pro-
duced by the waves. These oscillation are known to have a discrete spectrum
(Gough and Toomre, 1991) and can be described by eigenfunctions of the wave
equation of a spherical system, therefore can be characterized by the spherical
harmonic radial order n, the harmonic degree ¢ and the the azimuthal order
m of the oscillation mode. To provide a background for the discussion of local
helioseismology, it is compulsory to introduce at least the essential of the global
helioseismic theory.

4.2.1 Oscillations and rotational splitting

Small-amplitude oscillations of a spherical star can be separated into normal
modes, each of which has a harmonic dependence on time, and depends on
the spherical coordinates § and ¢ (co-latitude and longitude) as a spherical
harmonic.

Therefore, the displacement for a single mode can be written:

ay,m 1 9y" »
R o |
(4.1)

where a,, ag and a, are unit vectors in the r, § and ¢ directions, Y, =
Cngem(cosg)eim“p is a spherical harmonic, as P;* is a Legendre function and
cemis a normalization constant such that the integral of |Y;™|? over the sphere
is unity. The variation of the displacement with the distance r from the centre
is determined by the eigenfunctions &,.(r) and &, (r). The mode is characterized
by three wave-numbers: n is the radial order which, roughly, gives the number
of zeros in &, (r); £ is the degree, and m the azimuthal order of the mode. The
degree of the mode is related to its horizontal wave-number k;, and wavelength



The Sun: dynamics and topology in the upper convection layer. 46

A at radius r by:
2r L
kp=—=— 4.2
h A r (42)
where L = y/£(£ +1). In this description, we neglect processes that damp or
excite the oscillations, therefore w is real, and &,.(r) and &,(r) can be chosen to
be real. It follows from equation 4.1 that the dependence of the displacement
on longitude and time is given by:

cos(mp — wt). (4.3)

Thus, for m = 0 the mode is a standing wave, while for m;0 it propagates in
longitude in the direction of increasing ¢ (prograde mode), for mj0 it propagates
in longitude in the direction of decreasing ¢ (retrograde mode).
In general w = wypm, but if rotation and other departures from spherical sym-
metry are ignored, wpe, doe not depends on m. In case of slow rotation it is
possible to employ a modal description, provided that the rotation axis is cho-
sen as coordinate axis. Therefore, rotation causes a splitting of the frequencies
uniformly according to m :

Wm = wo + m§ (4.4)

where Q is the angular velocity (assumed uniform).

This description explicitly neglects the Coriolis force, since the effect of Coriolis
force is considered small. Non-uniform rotation can be treated by replacing €2
in equation 4.4 by a suitable average of the position dependent angular velocity.

4.2.2 Oscillation modes

Employing a standard model for the internal structure of the Sun, it has been
shown with linear adiabatic perturbation theory that small-amplitude oscilla-
tions of the solar body about its equilibrium state can be classified into three
types: pressure modes (p-modes), where the pressure is the dominant restor-
ing force; gravity-modes (g-modes), where gravity or buoyancy is the dominant
restoring force; and a class of surface or interface modes (f-modes), which are
nearly compressionless surface waves. The p modes are essentially standing
acoustic waves; in solar models they have cyclic frequencies between 250 and
5000 pHz. The g modes are standing internal gravity waves with estimated fre-
quencies below the 450 pHz. In the Sun the only modes that have been definitely
observed are the so-called 5-minutes oscillations, with frequencies between 1500
and 5000 pHz; these correspond to p modes or, at high degree, also f modes.

P modes are trapped outside a turning point located at r = r; determined by:

c(ry)  w
=7 (4.5)

where ¢ is the adiabatic sound speed. This corresponds to a point of total
internal reflection; for r;r; the mode decays exponentially. At the surface the
wave is reflected (provided its frequency does not exceed 5500 pHz) by the step
density gradient. Thus the wave propagates in a series of bounces between the
surface and the turning point. A mode of oscillation, which is a standing wave, is
formed as an interference pattern between such bouncing waves. At low degree,
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Figure 4.1: Solar non-uniform rotation as retrieved by up-to-date helioseismo-
logical measures. Blue denoted slower rotation rate and red faster. Rotation
rates span from ~300 nHz at the poles to ~450 nHz at the equator. This im-
age was developed from data acquired using the MDI-SOHO instrument over a
period of 12 months ending June 1997.

r¢ is small, the modes penetrate effectively into the solar core and hence carries
information about the entire Sun. However, the amplitudes are largest near the
solar surface and much attention is required to extract that part of information
which derives only from the deep solar interior.

Instead, g modes are trapped beneath the solar convection zone, and have large
amplitudes in the core, making them potentially very valuable as probes of
conditions in the deep solar interior. Unfortunately, their periods are much
longer than p mode periods, requiring much longer observational runs, moreover,
they have still not undoubtedly detected. Nowadays, most research in global
helioseismology is focused on determining the internal stratification and rotation
by inverting the frequencies of the modes. This approach has already provided
interesting information about the radial structure, large scale asphericity and
differential rotation. In the following we focus particularly on the determination
of the angular velocity by means of rotational splitting analysis.
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4.2.3 An inversion problem

Observation of the rotational splitting for a mode of oscillation provides an inte-
gral measure of the angular velocity over the region where the mode is trapped.
Because of the variation of the turning point r; with degree and frequency,
different modes sample different parts of the Sun. As a consequence, for ex-
ample, the difference between m splittings for modes with different r; should
be a measure of the rotation in the region between the turning points of the
modes. Therefore, the variation of the splitting degree provides an indication of
the variation of Q with r. The expression 4.4 for the rotational splitting caused
by slow uniform rotation is a particularly simple example of a relation between
observable properties of oscillation frequencies and properties of the solar in-
terior. Relaxing the condition of uniform angular velocity into Q = Q(r), the
determination of Q(r) from wy¢,, constitutes an inverse problem.

Inverse problem have a vast literature, covering their application tin geophysics,
radiation theory, holography (Parker, 1977; Craig and Brown, 1986), and, of
course, helioseismology (Gough, 1978; Christensen-Dalsgaard et al., 1990).
Several inversion techniques for the helioseismic data exist, as an example,
here we briefly introduce the optimally localized averages method (Backus and
Gilbert, 1970).

The inverse problem for a spherically symmetric angular velocity Q(r) may be
formulated as:

R
App = /Kng(r)ﬂ(r)dr (4.6)

where K,,; are the rotation kernels
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and A,y is the scaled rotational splitting:

[{f + L2§f2l] r2pdr

An@ =

1

R
J (62 + L&}, — 2&:&n — &p] r2pdr
0

(p is density and dwye, are the rotational splittings as functions of n, £ and m)

in order to obtain:
R
/Kng(r)dr =1 (4.9)
0

The principle of the method is to construct a linear combination of the observed
data:

R
chg 70)A /K r,7)2(r)dr (4.10)
0

where

K(r, 7o) chz 70) Kne(r) (4.11)
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with the constrain: R
/K(r, ro)dr =1 (4.12)
0

The core of the technique is to choose coefficients c,s(r9) such as to obtain
K(r,rg) ~ &(r — 7).

The coefficients are determined by minimizing:

R
cosmn / (r — 7o) K (r, r0)2dr + sinn Z Eotnrer CroCor ot (4.13)
0

né,n’l’

where FE, 4,/ is the covariance matrix of the data. This minimization problem
gives a set of linear equation for the c,y. The effect of the covariance constraint
on the minimization is easily understood by considering the case n=0. Minimiz-
ing 4.13 subject to 4.12 is essentially searching for the combination of kernels
which most resembles to a Dirac function. However, without further constraints,
the optimization of the combined kernel may result in numerically large coef-
ficients of opposite signs. Hence the variance in Q, which can be estimated
as: .

Q) = > Entwecarcnr (4.14)

né,n'l’

would be large. The effect of the second term in 4.13, when 1 >0, is to restrict
02(€). The 7 value determines the relative importance of the localization and
the variance in the result, therefore, providing a sort of trade-off between spatial
resolution and error.

A similar inversion problem can be set also for more general angular velocities
Q(r,0), functions of both r and 0. The practical implementation of this proce-
dure is discussed, for example, in (Brown et al., 1989).

The most recent results of global helioseismological inversion of SOHO-MDI
Doppler data allowed obtaining solar rotation profiles as function of radius and
latitude deep inside the Sun up to r~0.2R¢ (Couvidat et al., 2003).

4.3 Local Helioseismology

The first attempts at local helioseismology were really scaled-down versions of
the global techniques, in which mode measurements were made over a restricted
area. These included the ring diagrams of Hill (1988) and the Hankel function
decompositions of Braun et al. (1987).

Recently, different approaches to local helioseismology have been developed,
including the helioseismic holography approach of Lindsey et al. (1996), the
acoustic imaging technique by Chen et al. (1998) and the time-distance method
of Duvall et al. (1993) (See Duvall (1998) for a more extensive review).

In the following, we focus on the time-distance method as an example of
local helioseismology.
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Figure 4.2: Sound speed beneath an active region as recovered by local helio-
seismological measures. This image was developed from data acquired using the

MDI-SOHO instrument in June 1998.

4.3.1 Time-distance Helioseismology

The basic idea of time-distance helioseismology is to measure the acoustic travel
time between different points on the solar surface, and then to use these mea-
surements to infer variations of the structure and flow velocities in the interior
along the wave paths connecting the surface points. The wave travel time is
determined from the cross-covariance function of the oscillation signal between
different points of the solar surface (Kosovichev and Duvall, 1997).

U(r, A) = /f(t,Fl)f*(t )t (4.15)

where A is the angular distance between the points with coordinates 7, and 75,
T is the delay time, and T is the total time of the observations.

Because of the stochastic nature of excitation of the oscillations, function 1
must be averaged over some areas on the solar surface to achieve a signaltonoise
ratio sufficient for measuring travel times 7. The oscillation signal, f(¢,7), is
usually the Doppler velocity or intensity.

The oscillation signal is usually filtered to select the pmode or f-mode frequency
range using Gaussian transfer function:

G(w) = e~ 5" (4.16)
where w is the cyclic frequency, wq is the central frequency and dw is the charac-
teristic bandwidth of the filter. The crosscovariance function represents a solar
‘seismogram’. Ideally, the seismogram should be inverted to infer the structure
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and flows using a wave theory. However, in practice, like in terrestrial seismol-
ogy (Aki and Richards, 1980) and oceanography (Munk and Wunsch, 1979), we
have to use a different approximation, the most simple and powerful of which is
currently the geometric acoustic (ray) approximation. Here, we discuss relations
between the modal wave approach and the ray theory.

As already stated, we can represent the solar oscillation signal in terms of normal
modes, or standing waves. Using equation 4.15, we express the crosscovariance
function in terms of normal modes, and then represent it as a superposition of
travelling wave packets. Such a representation is important for interpretation of
the timedistance data, and for studying from the data the regional structures in
the Sun. The correspondence between the normal modes and the wave packets
has been discussed for surface oscillations in Earth’s seismology (Ben-Menahem,
1964) and also for ocean waves (Tindle and Guthrie, 1974). Again, to simplify
the analysis, we consider the spherically symmetrical case.

Therefore, for a radially stratified sphere, the eigenfunctions can be represented
in terms of spherical harmonics, as in equation 4.1.

Then, from the convolution theorem (Bracewell, 1968):

U(r, A) = / Fw, 7)) F* (w, 7)™ duw (4.17)

— 00

where F'(w,7) is the Fourier transform of the oscillation signal f(t,7), filtered
with the Gaussian transfer function in equation 4.16. The time series used in
our analysis are considerably longer than the travel time 7, therefore, we can
neglect the effect of the window function, and represent F'(w,#) in the form:
_(w—wg\2
F((/J, Ta 07 90) ~ Z anéfr(r)nm(aa 90)6(('0 - Wnl)e ( o )

n,l,m

(4.18)

where §(x) is the deltafunction, and wy¢ and a,¢ are the frequencies and ampli-
tudes of the normal modes, respectively.

In addition, we assume the normalization conditions: |&.(r)|=1, X|ane|*=1.
Then, the crosscovariance function is:

l
U(7,71,72) = Zane[e_( 5W0)2_iwnz‘r} Z Yom (01, 01) Y (02, 02)  (4.19)
n,l m=—/{
The sum of the spherical function products
£
D Yo (01,01) Y5 (02, 02) = cp Po(cos A) (4.20)
m=—4

where is Py(cosA) is the Legendre polynomial, A is the angular distance be-
tween points 1 and 2 along the great circle on the sphere, cosA = cosfcoss +
sinfysinfacos(p1 — p2) and oy = +/4w/(20+1). Then, the crosscovariance

function in terms of the normal modes is

U(1,A) & Y angagPy(cos A~ ) iwner) (4.21)

n,l
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By grouping the modes in narrow ranges of the angular phase velocity, v =
wne/L, where, as usual, L = 1/£(£ + 1), and applying the method of stationary
phase, the cross-covariance function can be approximately represented in the
form (Kosovichev and Duvall, 1997):

A)2

U(r,A) Zagv cos [wo(r - A)] e~ (r=% (4.22)
é,v

v
where dv is a narrow interval of the phase speed, u = (’?Twh is the horizontal
component of the group velocity, k, = 1/L is the angular component of the
wave vector.

Phase and group travel times are measured by fitting individual terms of Equa-
tion 4.22, represented by a Gabor-type wavelet, to the observed crosscovariance
function using a leastsquares technique. This technique measures both phase
(A/v) and group (A/u) travel times of the p or f-mode wave packets. The
previous time-distance measurements provided either the group time (Jefferies
et al., 1994), or the phase time (Duvall et al., 1996).

It was found that the noise level in the phase-time measurements is substan-
tially lower than in the group-time measurements. Therefore, the phase times
are more commonly used. The geometric acoustic (ray) approximation is often
employed to relate the measured phase times to the internal properties of the
Sun. More precisely, the variations of the local travel times at different points
on the surface relative to the travel times averaged over the observed area are
used to infer variations of the internal structure and flow velocities using a per-
turbation theory.

In regions of relatively strong magnetic field (sunspot and plages) the acoustic
oscillations may experience strong damping which can be due to the interac-
tion with magnetic field, which may lead to transformation of the energy of the
acoustic modes into the energy of magnetic modes.

The effect of mode damping can be modelled by adding a damping term, —v,¢7,
in the square brackets of equation 4.19, where the damping coefficients, 7,¢, can
be estimated from the power spectra. In quiet sun region, instead, mode damp-
ing should not significantly affect travel times of acoustic modes.

In the ray approximation, the travel times are sensitive only to the perturbations
along the ray paths given by Hamilton’s equations:

A7 dw dk  dw

— == === 4.23
dt 9k dt  OF ( )
The variations of the travel time obey Fermat’s Principle:
1 -
or=1 / Skdr (4.24)
w Jr

where 0k is the perturbation of the wave vector due to the structural inhomo-
geneities and flows along the unperturbed ray path, T
Using the dispersion relation for acoustic waves in the convection zone:

(w = kU)? = w? + k*c3 (4.25)
(where U is the flow velocity, w, is the acoustic cut-off frequency, cff = %(02+c?4+

\/(02 + 2)2 — 4c2(k@a)? /K2 is the fast magneto-acoustic speed, ¢a = B/+/4mp
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is the vector Alvén velocity, B is the magnetic field strength, c is the adiabatic
sound speed and p is the plasma density) the travel-time variations can be
expressed in terms of ¢, B and U (Kosovichev and Duvall, 1997).

Assuming that, in the unperturbed state, U=B-= 0, we obtain (to the first
order approximation):

o= [ a0, Py By e 41 (i_ (kEA)2>]ds (4.26)

- c? we ' w228 c? k2¢?

where 7 is a unit vector tangent to the ray, S = k/w is the phase slowness.
The effects of flows and structural perturbations are separated from each other
by taking the difference and the mean of the reciprocal travel times:

OTaiff = —2/ —-ds (4.27)
de Swe, w? 1[4 (kGa)?
Srmean = = [ 05+ (a5 + <— T e |l (42)

magnetic field causes anisotropy of the mean travel times, which, allows, in
principle, separating the magnetic effects from the variations of the adiabatic
sound speed (or temperature).

Typically, times for acoustic waves to travel between points on the solar surface
and surrounding quadrants symmetrical relative to the north, south, east and
west directions are measured. In each quadrant, the travel times are averaged
over narrow ranges of travel distance A. Then, the times for northward-directed
waves are subtracted from the times for south-directed waves to yield the time
Té\if ff, which predominantly measures north-south motions. Similarly, the time
differences Tlﬁ}"}, between westward and eastward directed waves yields a mea-
sure of eastward motion. The time ng-if 7+ between outward and inward-directed
waves, averaged over the full annulus, is mainly sensitive to vertical motion and
the horizontal divergence. The time T,,cqn, Which measures sound-speed and
magnetic perturbations is also averaged over the full annulus (for more details
see Duvall et al. (1997) and Kosovichev and Duvall (1997)). The next step is
to determine the variations of the wave speed, w, and flow velocity, U , from the
observed travel times using equations 4.27 and 4.28.

It is assumed that the convective structures and flows do not change during the
observations and can be represented by a discrete model. In this model, the
3-D region of wave propagation is divided into rectangular blocks. The pertur-
bations of the wave speed and the three components of the flow velocity are
approximated by linear functions of coordinates within each block:

|z — ;] ly — y,] |z — 2|
U(z,y,z C; k[l 1— 1— 4.29
=3 Gl — = = - S (429)

where x;,y;, 2z are the coordinates of the rectangular grid,éijk are the values
of the velocity in the grid points, and z;—1 < = < Ziy1, Yj—1 < ¥ < Yj+1,
2k—1 < 2 < Zk41-

So far, most time-distance inversions are done using the ray approximation. The
travel time measured at a point on the solar surface is the result of the cumu-
lative effects of the perturbations in each of the traversed rays of the 3-D ray
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systems. This pattern is then averaged over a certain number of central points
(typically, 4-100), and translated for different surface points in the observed
area, so that overall the travel times are sensitive to all subsurface points in the
required depth range. The sensitivities of the travel times to the parameters
of the discrete model are calculated by averaging equations 4.27 and 4.28 over
the ray systems corresponding to the different radial distance intervals of the
data, using approximately the same number of ray paths as in the observational
procedure.

As a result, two systems of linear equations that relate the data to the sound
speed variation and to the flow velocity are obtained, e.g., for the velocity field,

OTdif fauw = Z E?jyéijk (4.30)
ijk

where vector-matrix Ef:y (obtained from solar models) maps the structure
properties into the observed travel time variations, and indices A\ and p la-
bel the location of the central point of a ray system on the surface, and index v
labels the travel distances.

The spatial resolution of the time-distance inversions based on the ray kernels
was studied in 2-D numerical experiments by Jensen et al. (1999). It has been
found that shape of the ray-based averaging becomes distorted with depth,
which may complicate the interpretation of the inversion results, and that the
structures below the lower turning point of the acoustic ray cannot be resolved
with the ray approximation. That means that the time-distance data (like other
helioseismic data) should not be used for inferring the solar properties below
the lower turning points of acoustic waves.

4.3.2 Near surface flows extracted by time-distance He-
lioseismology

SOHO-MDI full-disk Dopplergrams and magnetograms (Scherrer et al., 1995)
were used to derive helioseismographic data for the time period 14 April 1999,
16h UT to 20 April 1999, 16h UT. The region studied was nominally centred at
Carrington longitude 180 °. Doppler images were calibrated and located in the
CCD frame applying the normal MDI pipeline routines. The first step in the
analysis was the tracking of the regions to be studied.

Images were interpolated onto Postel’s azimuthal equidistant projection (Pear-
son, 1990) centred on a point in latitude 0 °, +40 ", -40 * and at longitude 180 °.
The azimuthal equidistant projection is linear in great-circle distance measured
from the central point of the projection to outlying points. This projection was
used, rather than a longitude-sin(latitude) projection, in order to apply more
efficiently the 3-D Fourier filter.

The region was tracked at a rate appropriate for the central latitude and con-
sistent with the supergranule pattern rate measured by Snodgrass and Ulrich
(1990). During the time period of the observations, MDI was acquiring both
full-disk Dopplergrams and magnetograms with one-minute cadence. The mag-
netograms were also processed in order to remove cosmic rays and smoothed in
time with a three minute median filter and then with a ten minute smoothing
filter.
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Figure 4.3: An example of the horizontal divergence maps extracted from data
acquired from 14 April 1999, 16h UT to 20 April 1999, 16h UT by the MDI-
SOHO instrument.

To obtain travel times, the technique described in the previous section was ap-
plied, except for the filtering. In fact, for each 8-hour interval, the data-cube
was filtered a 3-D Fourier filter that cut off power below 2 mHz, isolated f-modes
and filtered the spectrum for a range of horizontal phase speeds.

The resultant spectrum was peaked near v = 2.9 mHz and spherical harmonic
degree /=800. The FWHM were Av = 0.7 mHz and A/¢ = 400.

The temporal signal at a spatial pixel is cross-correlated with the signal in
the four quadrants of an annulus centred (in arc-distance) on the spatial pixel.
These quadrants are centred on the cardinal direction N, S, E, W. For each
cross-correlation, the information for waves propagating from the centre to the
quadrant is separated from that for waves propagating from the quadrant to the
centre, with one showing up at positive shifts of the correlation and the other
at negative shifts. Before measuring travel times, average cross-correlation were
performed for the waves propagating in the cardinal directions and additional
averages were made for waves propagating outwards from the centre and in-
wards to the centre. As stated in Gizon and Birch (2002) and Kosovichev and
Duvall (1997), the difference between outward and inward times should be pro-
portional to the horizontal divergence of the flow. All the cross-correlations
for a 2x2 grid of origin were average for each pixel, in order to obtain a suit-
able SNR. The travel time employed for the inversion was the phase-time. The
cross-correlations were then fit by least square to Gabor wavelets. This ap-
proach, originally developed for the p-modes only, worked reasonably well also
for f-modes.



Chapter 5

Tracking Procedures

This chapter concentrates on the description and comparison of the various

techniques used for deriving flow fields from photospheric image timeseries.
The strategy to derive flow fields essentially divides in two subsets: tracking

single features and then reconstruct the flow from feature movements, or apply-

ing correlation to image subsets in order to directly derive flows.

The archetype of this latter group is the Local Correlation Tracking (LCT),

introduced by November (1986) and still widely used.

5.1 Local Correlation Tracking

The LCT technique compares corresponding image parts in two subsequent
frames, moving one of them around until the highest correlation with the other
one is obtained.

The computed displacement between the two images is then a measure for
the velocity of the displayed region of the Sun. In particular, the proper mo-
tion is defined as the displacement that maximizes the spatially localized cross-
correlation between two frames of a scene separated by a sampling time delay
7 that is much smaller than the lifetime of elements in the dataset.

The spatially localized cross-correlation C (5: Z) is therefore a 4-D function:
two dimension from the displacement vector = [0z, 6y | between the sub-images
and the two dimension location Z = [z,y] of the sub-image centre position.
C’(S)7 Z) is defined in terms of the two intensity images J;(Z)and Jii. (%) which
sample the dataset at time ¢ and ¢t + 7, respectively:

C.) = [ HE-3) Turl€~ W - EOE (1)

—

where W (Z — &)is an apodizing function centred in Z, essentially limiting the
integral, analytically defined over the full image, to a restricted area.

The apodizing window size thus defines the spatial resolution of the dis-
placement vector determination. In most of the works employing LCT, such
window was taken to be a Gaussian. The maximum of this cross-correlation
is a reasonable definition also for the motion of tracers that undergo limited
evolutionary changes between two successive image snapshots. Others qualities

56
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of this technique are that it is not affected by contrast variations that occur over
the area of the apodizing window, the image are compared with the same win-
dow attenuation in each displacement 5 (due to the symmetry of the Gaussian
window), and, as the C(g, T) is essentially a masked cross-correlation function,
a Fourier approach can save lot of computational time.

Of course, this approach requires other effects and movement, such as image
drift and seeing motion, to be carefully considered. Before computing the cross-
correlation, the images must be spatially filtered to remove any large-scale com-
ponents, as an intensity gradient over the window usually alters the measured
displacement. Spatial filtering to remove scales larger than the apodization win-
dow is a practice that can make the measure most sensitive to the horizontal
motion of a particular size of tracer (usually the granules).

In order to cope with seeing induced effects, it is favourable to average the
cross-correlation in time before locating its maximum: the image products J; (%)
are averaged in time and the result is smoothed by convolution with the sampling
window W (&). Interpolation in the averaged cross-correlation (C(8,%)); in 4 is
then performed to define the displacement that locally maximizes the cross-
correlation in each component of 5. Asa consequence, only one velocity vector
is found for each sub-image used.

It is not possible with LCT to discern velocities resulting from different
features in the same sub-image, however it is possible to filter out unwanted
spatial scales. The velocity vector stems from a weighted average of the velocities
of all the elements present in the sub-image, the weights depending on the
elements relative intensity amplitudes and the applied spatial filter scale.

The limits of LCT were pointed out by Roudier et al. (1999), using this
technique to reconstruct a synthetic low field to test its ability to restore a given
velocity field. They generated an artificial data set where granules were replaced
by intensity patterns in the form of ellipses or rectangles. These patterns moved
as solid bodies in a pure translational motion; no distortion was introduced. Two
frames were extracted from this dataset and the LCT algorithm was applied
to them. The result showed that, while recognizing the original flow, some
systematic errors were introduced by the processing.

Another peculiarity, already noticed in previous comparisons (Simon et al.,
1995; Roudier et al., 1998), was the tendency of LCT to excessively smooth the
recovered velocity field.

Their straight conclusion was that mesogranulation, could be a by-product
of systematic errors introduced by LCT, because much of the detection of meso-
granules was based on divergence measurements (November and Simon, 1988;
Muller et al., 1992; Roudier et al., 1998) which were rather sensitive to the way
the velocity field was reconstructed.

5.2 Feature Tracking

Feature tracking techniques relay on the idea to track objects advected by an
underlying flow which we wish to measure.

The tracked objects are mostly the granules. Of course, granules are not com-
pletely passive scalars, but rather coherent structures of turbulent convection,
moreover their contour is often undefined and their lifetime is short. Therefore,
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granules can be used to trace horizontal velocity fields at the sun surface for
suitable spatial and temporal scales.

Particularly (Rieutord et al., 2001), granules tend to be Lagrangian trac-
ers when the time and length scales of the flow tend to infinity: proper scale
separation is a necessary condition for using granules at representing plasma
flows. Quantitatively, the length scale should be larger than 2.5 Mm and the
time scale longer than 1h for the correlation to be higher than 0.9. Statistically,
they probe a layer 300-400 km beneath the photospheric surface.

Feature tracking techniques can all basically be divided in three steps: fea-
ture recognition, movement detection, and field reconstruction. As the most
characterizing parts are the first and the last, we concentrate on describing
different ways to achieve feature recognition and field reconstruction.

5.2.1 Feature recognition

In order to extract features from solar high-resolution images pattern recognition
algorithm must be employed. The identification of a granule strongly depends
on the chosen granule-finding algorithm and the definition is a crucial point in
each identification technique.

Essentially, two different classes of methods can be employed in order to
identify the granules:

e Threshold-based methods,

e Gradient-based methods.

All threshold-based methods are based on exploring a global or local neighbour-
hood and finding the bright points in the area.

The simplest of these methods is based on pure clipping: defining the gran-
ules as the connected areas above some intensity level. This method is very
sensitive to intensity variations over the image caused by seeing and solar oscil-
lations. In order to cope with different medium brightness in the images several
approaches can be applied.

Roudier and Muller (1987) applied a two-dimensional filter to their images to
preserve only those spatial frequencies that are expected to be characteristic for
granular structures, so that they could establish a certain threshold to classify
the remaining intensity fluctuations as granules or intergranular lanes depending
on whether their values lay above or below this threshold. Finally, they rejected
all the identified structures whose area was less than 4 pixels.

This same scheme has been used in a modified version, by tuning the filter
and the intensity threshold until the result best matched the contours formed
by the granular pattern inflection points by Hirzberger et al. (1997, 1999a,b).
After filtering and clipping at a threshold equal to the mean intensity value,
the resulting granular boundaries are almost identical to granular contours as
estimated by an observer via visual inspection.

Another approach was utilized by Title et al. (1989) by searching for local
maxima by comparing the brightness of every point in the image with its neigh-
bours. Such a test depended on two parameters: the value of the intensity delta
by which a point must exceed its neighbours and the size of the neighbourhood
examined.
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A similar method was employed by Berrilli et al. (2002), defining a dynam-
ical threshold, to extract compact structures. The procedure was successfully
applied both to intensity fields in order to extracted granules and to velocity
fields in order to extract upflows. The dynamical threshold value depended
on the statistical properties of a moving window centred on the selected pixel.
Particularly, they used for a 3”x3” box and an intensity threshold T of the
form:

T = (I,) + & -rms, (5.2)

where (I,,) and rms,, denote, respectively, the mean and the rms fluctuations
of the intensity in the moving window w, and £= 0.85.

In order to better adapt to solar intensity features, Bovelet and Wiehr (2001)
developed instead a multi-clipping algorithm to perform a photometric ‘top-
down’ approach. Their algorithm started recognizing and labelling structures
brighter than an uppermost intensity level. These shapes were extended gradu-
ally to adjacent pixels whose brightness exceeded the lower next intensity level.
At this lower intensity level a new intensity clip was performed to identify and
label fainter structures not recognized by higher clipping. Shapes recognized
and extended as intensity levels are lowered, more and more fill the whole im-
age up, while are kept separate by an optional minimum distance of two pixels.
This procedure, combining intensity clip, recognition and subsequent extension
of shapes, may be repeated until the lowest possible clip or be limited by a
‘bottommost’ intensity level. However, usually three clip levels proved sufficient
to recognize even tiny or complex structures.

Gradient-based methods are built on the idea to detect the image maximum,
minimum or inflection points by some operator to define the granules. Alter-
natively, the Laplacian operator can be applied to the image to determine the
zero-curvature points and hold them as the borders defining the granules. Prior
to applying such operators, the images usually need to be smoothed to remove
the low-contrast granular substructures.

The FT procedure created by Strous (1995) (and developed by Roudier
et al. (1998, 1999) and Rieutord et al. (2000, 2001) into the CST procedure) is
based on identifying the granules by the local curvature. This criterion uses the
intensity of three adjacent pixels to compute a local curvature of the associated
quantity (intensity or line-of-sight velocity). This quantity is computed in four
directions (x, y and diagonal axis) to get a result invariant under rotations.
When the second spatial derivatives have the same sign in the four the pixel
belongs to a bright object, otherwise it belongs to a dark intergranule. In
order to reduce the noise which could spoil the computation of the curvature,
each frame is convolved with a Gaussian window. In addition, they improved
the segmentation by applying the opening operator in order to break narrow
isthmuses and eliminate thin protrusions.

An approach similar to this one and that of Bovelet and Wiehr (2001) was
developed by Berrilli et al. (2005a), who included the image smoothing process
in the segmentation procedure by utilizing the Laplacian of Gaussian (LoG) op-
erator. Indeed, the linearity of both the Laplacian and the Gaussian smoothing
operators assured the possibility to swap their applying order, and therefore
their reduction to a single operator. This approach arose from an analogy with
biological sight (Marr, 1982). In biological sight, the scene is examined in a
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parallel system analyzing different spatial scales simultaneously.

Those spatial scales are limited by the eye resolution and by the observer’s FoV.
By focusing its attention to the different resolution scales, the sight process re-
trieves information about the whole scene or about its details.

In the automated case, instead, the scale range is limited by the device limit
resolution and by the FoV dimension (the CCD size). The focusing process can
be replicated in several different ways; anyway, in order to maintain the bio-
logical analogy, a multiscale approach might be obtained by suitably weighting
different scales in the investigated range and looking for maximum correlations.
The LoG operator,

0?92 }( 1 x2+y2> (5.3)
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also known as Mexican hat, can be tuned to a desired scale by varying with its
spatial constant o, without changing its shape.

Therefore, any distinct value of o in the LoG operator corresponds to a different
receptive channel and produces a different ROI pattern. The authors found
that for solar granulation the significant range of scales was limited between the
image pixel resolution and about 1.5 Mm on the solar surface. The o upper
limit was established to force the algorithm to be ’blind’ to spatial scales much
larger than the typical granular size. In order to establish a rule to weight
the patterns obtained with different resolution scales, the authors applied the
spatial coincidence assumption: If a zero-crossing segment is present in a set
of independent LoG channels over a contiguous range of sizes, and the segment
has the same position and orientation in each channel, then the set of such zero-
crossing segments indicates the presence of an intensity change in the image that
s due to a single physical phenomenon (a change in reflectance, illumination,
depth, or surface orientation) (Marr, 1982) and created a superposition image
by summing up each pattern weighted by a function decreasing with o. In
this image, the pixel value tells the frequency of superposition of the zero-
crossing borders. The granules are subsequently defined as those structures
whose borders at different spatial scales mostly coincide, i.e., whose borders in
the superposition image are coincident for more than 63%.

Schrijver et al. (1997), instead, chose to use a 'non-local segmentation algo-
rithm based on the local slope of the intensity’, similar to watershed transform
algorithm. They used the analogy presented by equating the image intensities
with the heights of a mountain area: their procedure arranged pixels into a
pattern of ‘basins’, i.e., areas where rainfall collects at the same point. That
accumulation point is found by stepping down from each pixel of the image in
the direction of the nearest neighbour with the lowest intensity until a minimum
is reached. The starting pixels are labelled and associated to the related min-
imum, thus defining the cells as areas with the same accumulation point. For
the segmentation of granulation fields, the algorithm was applied to negative
broadband intensity images.

Another definition of granular cell was used by Hirzberger et al. (1997) to se-
lect the granule and its corresponding part of the intergranular lane. They drew
a line along the intergranular lanes so that the borders of the adjacent gran-
ules remained equidistant to this line, disregarding the intensity distribution.
With this method, just by splitting the intergranular lanes into two halves, they
obtained one intergranular area corresponding to each granular area. Thus,

szo(xvy) = [

2mwo?
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it was possible to define granular cell areas as a simple sum of granular and
intergranular areas.

A hybrid approach was instead developed by Florio and Berrilli (1998),
namely the i-MAT procedure. This algorithm, based on an iterative procedure
of Medial Axis Transform (MAT) (Blum, 1967), considers grey-level informa-
tion at the pixels along the selected regions to extract reticular structures. The
authors’ approach was to reduce photospheric and chromospheric patterns into
1-pixel broad graphs or skeletons and introduced an iterative scheme in the orig-
inal Zhang and Suen (1984) algorithm in order to take into account grey-level
information of the input image.

The skeleton of an image, as discussed in Gonzalez and Wintz (1987), may be
defined via the MAT, retaining the topology, extension and connectivity of the
investigated region while throwing away most of the pixels belonging to the
input foreground structure. The MAT of a region R could be defined in the
following way: Vp(x,y) € R, its closest neighbour in the region boundary B
is searched, if p(z,y) has more than one such neighbour, then p(z,y) € MAT.
In particular, the authors applied the MAT algorithm published by Zhang and
Suen (1984) and reported in Gonzalez and Wintz (1987).

To start their algorithm a binarized representation (provided by the same dy-
namic threshold discussed above) is obtained from the original image and then
the closing operator is applied in order to fill in small holes.

The thinning rule of Zhang and Suen (1984) is applied to this image and the
retrieved skeleton is stretched in order to adjust itself with respect to the grey-
level information of the input image. Then the dilation operator is applied to
this skeleton and the ’dilated’ image is used as starting binarized image of the
next iteration. The iterative process stops when changes on a new skeleton
became negligible to respect to the previous one. Moreover, they introduced
pruning rules to eliminate undesired branches, i.e. part of the skeleton con-
nected by only one junction. The identified reticular structures were then used
as the boundary for granular cells.

5.2.2 Movement detection

The position of a segmented object is usually represented by a single point: its
geometrical centre, its gravity centre or its extreme in the associated quantity.
In general, an object in an image can be identified with an object in the next
image by distance or superposition or shape comparison criteria, i.e., if the
distance between the representing points does not exceed a fixed maximum dis-
placement, or if there is a minimum overlap of the objects in the two images but
no overlap with other objects, or if the shapes of the two objects match above
a minimum correlation threshold.

In most cases, in order to cope with spurious movement induced by seeing or
instrumental effects, a temporal average of object positions or displacements
is performed. Such temporal average must be performed on several images in
order to recover a statistic representative of the mean position. This is often
the limiting factor for time resolution in horizontal velocity fields recovered by
feature tracking.

Complications in movement detection often arise when an object in an image
splits up in two objects in the next image. Adopted solutions again vary from
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procedure to procedure, with some authors disregarding the splitting object at
the moment they split (Strous, 1995), some authors linking the old object with
the greater or longer-lasting fragment (Hirzberger et al., 1999a), and some au-
thors applying superposition or shape comparison criteria (Del Moro, 2004).

More in particular, Strous (1995) associated the position of a to-be-tracked
object by the position of its maximum, therefore connecting this object to an
object in the next frame if the distance of their maximum positions did not ex-
ceed 1 pixel or if there were at least 1 pixel overlap between the two shape and
no overlap at all with other shapes. The author justified the 1 pixel per frame

fixed limit in order to exclude structure movements faster than ~ 6km - s~1.

The more sophisticated method of Hirzberger et al. (1999a,b) can be split
into three consecutive steps. The starting point of this procedure is to randomly
select several granules in each image and track them forward or backward in
time. In order to follow the same granule, the algorithm computes the centre of
mass of the overlap region for the target granule shape in the last five frames.
The granule that is closest to this centre of mass is then considered as the gran-
ule being tracked.

The tracking stop conditions are obtained by ruling out the structures which
move faster than sound speed or deform too much due to real evolution or seeing
induced distortion. Therefore, for each tracked structure in a particular frame,
the algorithm computes the correlation between the area around the overlap
region (as defined above) and a square box centred on the tracked structure in
the frame were it was first identified. Subsequently, the mean value of the cor-
relation matrix is calculated, and the tracking process is immediately stopped
if this value is smaller than a fixed threshold or if the sum of the mean values
of the last five frames is below another threshold.

However, when a granule splits into two or more parts, the resulting portions
form a group whose global shape may resemble that of the former structure.
Thus, the correlation between images would not necessarily drop to very low
values (equivalent considerations are valid for the merging process). In order
to deal with this effect and detect rapid changes in structure areas, the authors
assumed a simple functional form to be able to model the size evolution of each
granule. Specifically, the procedure extrapolates a second-order polynomial fit
to the structure area in time and considers acceptable values those within 20
from the expected value. Then, if more than four consecutive area points are
detected beyond the 20 limit, the tracking is stopped.

The Two-Level Structure Tracking (TST henceforth) procedure, developed
by Del Moro (2004), employs a different approach to detect structure movements
and achieve tracking. In detail, starting from the first image of the temporal
series, the algorithm selects all the binarized structures and tracks them forward
in time. Preliminarily, the algorithm computed the Perimeter?/(4m x Area)
ratio for each structure and retained for tracking only those whose ratio was
below a fixed threshold. Then, for each structure, a circular region, centred in
its barycentre and with a 5” radius, is defined. All the structures of the next
image, whose barycentres are inside this region, are compared in shape with
the target structure. The one, whose shape closest matches, within a maximum
allowed deformation value (10%), is retained and considered as the evolution of
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the target structure, otherwise the lineage ends. Once all the structures of the
actual image have been processed, the TST proceeds to the next, considering
all the structures which have not yet been identified as evolutions of previous
images granules. With these rules a granular lineage ends as the structure be-
comes too small (fading) or too large (merging), or it warps too much or too
fast (merging or exploding events). In this way the TST procedure generates a
database whose entries are ordered by structure number, containing the related
structure characteristic at a fixed time. This process is repeated until the last
structure in the last image is reached.

5.2.3 Field reconstruction

All feature tracking procedures return a spatially and temporally randomly
sampled velocity field, as they depend on trackers position and existence to
sample the plasma flows. As a result, a crucial difference between algorithms
stems from the transformation of a randomly sampled field to a regular one.

Again, different solutions were implemented by different authors.

In particular, Strous (1995) employed an averaging method to reconstruct
the field from the displacements retrieved by FT: he divided the field into boxes
approximately 4 Mm wide, simply taking the average of the values of the hori-
zontal velocity which fell in the box in a fixed time interval and thus reconstruct-
ing a coarse-grid time-averaged velocity field. Whenever the grid was too fine
with respect to the data or the time interval too short, some points were devoid
of data. Once the velocity field was reconstructed, they derived the divergence
using simple differences between neighbouring points. Such approach, unfortu-
nately, did not exploit distance information nor gave an estimate of retrieved
field errors.

Instead, Roudier et al. (1998, 1999) and Rieutord et al. (2000, 2001) have
developed two different approaches to the problem within the CST procedure.
In the first approach, they figured out that the measure of the velocity com-
ponents in one site could be completed by the size of the structure used to
perform the measurement. Thus, for each point where the velocity is measured,
a smallest scale could be defined, so that when reconstructing the field a weight-
ing function for the grid-regularizing process can be characterized. However, in
their work (Roudier et al., 1999), they divided the field into equal boxes, we
simply taking the average of the values of the horizontal velocity which fell in
the box and reconstructing a coarse-grid velocity field.

The second approach was to apply the Local Correlation Tracking to the seg-
mented data as a displacement computing and interpolating procedure. LCT, as
described in 5.1, provides a uniformly sampled velocity field and immediately
produces ’gridded data’. The author stated that in this way, some problems
and sensitivities of the LCT can be avoided. In particular, by applying LCT to
already segmented data internal intensity fluctuations, which may be residues
of seeing or of 5 min-oscillations, are removed, moreover, the noise classically
attributed to granular motion was also reduced. The size of the Gaussian win-
dow for the LCT procedure was chosen according to Shannon’s criterion: the
authors motivated that, since granules are constraining the sampling of data,
the window size should be half of the granules’ mean size. Utilizing the granular
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mean size of Roudier and Muller (1987), they therefore choose a window size
of 0.700 (5 pixels). By using this spatial sampling, they verified that temporal
windows as short as five minutes can be used, suitable to follow the time evolu-
tion of the velocity field and of the granules.

An alternative solution was provided by Del Moro (2004), by applying De-
launay linear interpolation to the randomly sampled field in order to recover
an evenly sampled grid. The Delaunay linear interpolation weighted the con-
tribution of the sparse sampled points by their distances from the new array
intersections and from such distances it was also possible to assess the accuracy
of the result.

5.2.4 TST versus CST: a comparison

In order to achieve a deeper insight of Feature Tracking techniques, we present
here a comparison of TST and CST characteristics. Both algorithms retrieve
the horizontal velocities by tracking the displacements of ’coherent features’
(granules), identified by their centre (i.e. without intensity information) in the
CST case, or by their intensity barycentre in the TST case. The structures
are identified by different methods: CST structures are recognized by search-
ing for the zeros of the second derivative of the intensity field and then by
applying both a Gaussian smoothing window to remove noise and an Opening
operator in order to remove isthmuses and protrusions. TST structures are in-
stead retrieved by recognition of clusters of pixels which are brighter than their
surroundings. Both methods avoid problems caused by large scale intensity vari-
ations and efficiently retrieve segmented granular patterns. A common element
of both procedures is the evaluation of the regularity of segmented structures by
a morphological describer, in order to discriminate true motion from spurious
barycentre movement due to structure deformation. This is a crucial point for
both procedures: for TST, because tolerating too much structure deformation
would forbid discriminating spurious barycentre movement from true structure
motion, much more for CST, which relies on minor morphologic changes of struc-
tures from one frame to the other. In fact, CST reconstructs granule lineages
by searching the surroundings of the barycentre position between successive
images and hence would be sensitive to splitting and merging events. TST, in-
stead, while still requiring barycentre proximity in consecutive frames, validates
the detection by comparing the structure shapes. Moreover, in order to cope
with seeing-induced motion, barycentre positions are averaged over 30 seconds
before computing their displacements. However, the most crucial difference is in
the field reconstruction, as the transformation of a randomly sampled field to a
regular grid can introduce undesirable elements originating from the interpola-
tion algorithm itself. In order to retrieve the uniformly sampled field, the CST
algorithm computes the average of the values in an established neighbourhood,
therefore not exploiting the distance information. As an alternative solution,
the field is reconstructed by using LCT, with a Gaussian averaging window of
about half the granules’ mean size. The TST procedure instead approximates
grid values by Delaunay linear interpolation, thus weighting the contribution of
the sparsely-sampled array points by their distances from new grid junctions;
moreover, the accuracy of the result can be estimated as a function of the dis-
tance from sampling points.
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Figure 5.1: The Swedish Vacuum Solar Telescope at La Palma (Spain).

5.3 Applying TST to Granulation and Super-
granulation Datasets

We present here some results obtained by applying TST to a flow-map series
extracted from MDI data and to a broadband granulation time series acquired
at La Palma.

5.3.1 Flow field retrieved from broadband Granulation
time-series by TST

The quiet granulation time series (hereafter SVST95) was acquired at the Swedish
Vacuum Solar Telescope (Roque de los Muchachos, La Palma, Spain) on June

30, 1995 (from 10:34 UT to 12:50 UT). The series is made up of 220 broadband

(central wavelength 525.7 nm, band-pass 3 nm) images with field of view of
18 7 x 18 7, (290 x 290 pixels), each taken with an exposure time of 0.011 s.

After the standard corrections this series was sub-pixel re-centred, destretched

and treated with a k, — w (cut-off velocity 4 km - s7!) and a restoration filter.

For a more detailed description of this dataset refer to Sobotka et al. (1999).

When applied to the SVST95 dataset the TST procedure tracked 1713 granular

lineages.

Horizontal velocity fields

As reported in Roudier et al. (1999); Rieutord et al. (2001), the plasma flows
can be correctly reconstructed by tracked granules only for spatial scales larger
than 2.5 Mm and for temporal scales longer than 30 minutes, otherwise the
derived flow would be spoilt by the granule velocity field. Nevertheless, we
chose to compute the velocity fields at higher rate and resolution, because we
are also interested in the granule proper displacements. The plasma flow can
still be obtained by successively averaging the velocity fields, in order to reach
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Figure 5.2: A pair of original broad-band SVST95 images, with horizontal ve-
locity field superposed. White arrows represents velocity vectors computed from
actual granules displacements, black arrows represent the interpolated velocity
field. In the centre of the upper image an exploding granule just after fragmen-
tation is visible. The two extracted velocity fields are 4 minutes apart. It is
evident how the explosion event affects the movement of the nearby granules.

the required time and spatial scales. In Fig. 5.2 we present a pair of horizontal
velocity fields (both the sparse array (white arrows) and the interpolated one
(black arrows)), separated by 4 minutes.

Examining the reconstructed horizontal velocity fields obtained by the TST,
we found several roughly ring-shaped structures of divergent flow vectors, cor-
responding to exploding granules, due to the interaction between the exploder
expansion and its neighbours, lasting for several minutes. The pair of images
reported here shows an example of such structures.

The interaction of the exploder with its neighbours is highlighted by the pairs
of white rings: in the first image the exploder (in the inner circle) has just frag-
mented and its expansion is now dislocating its neighbours (in the space between
the circles). In the second image the TST has already recognized and tracked
the five heir fragments (in the inner circle), whose barycentres are the origins
of the white arrows and which are still receding from each other; the granules
in the space between the circles seem still displaced or at least deflected from
the fragments and in the lower-right part a broad intergranular lane has formed.
We can therefore define as the typical interaction length for exploders the radius
of the outer circle, which is about 4 arcsec. Taking into consideration that a)
only very big granules explode, and b) the greater the granule the longer its
duration (Hirzberger et al., 1999a; Del Moro, 2004), we can now conclude that
these interactions may very well persist several minutes (typically ten-twelve),
and may repeat at or very near the same location because, frequently, exploder’s
fragments undergo repeated fragmentation (Carlier et al., 1968; Roudier et al.,
2003).

Even though it cannot be excluded that exploding granules have a tendency to
rise near the centre of mesogranular convective cells, whose flow may help them
expand, the probable cause of the divergence signal is the exploding granule, as
the exploder’s fragments are moving with velocities of ~1 km-s~1 at least and
up to ~7 km-s~! (see Hirzberger et al. (1999b) and references therein), while
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the divergence due to mesogranulation is ~1 km-s~! at most and peaked around
0.5 km-s~! (November and Simon, 1988; Roudier et al., 1998).

Granule lifetime distribution

Another output of the TST are the lifetimes of granules, which can be obtained
measuring the time elapsing between their birth and death, deriving the distri-
bution functions reported in Fig. 5.3.

The TST stringent birth and death conditions, set in order to retain only very
coherent structures, define a different ’granule’ to that used in literature works.
As in the case of Roudier et al. (1999), the obtained lifetime is a coherence time
scale rather than the proper structure duration.

Following Title et al. (1989) and Roudier et al. (1999) we chose to fit the his-
tograms with a decaying exponential law

N(t) = N(0)e~t/T (5.4)

(Alissandrakis et al., 1987), reported as black dotted and dashed lines in Fig. 5.3,
to estimate mean lifetimes, as for a decaying exponential distribution # = 7
(Hirzberger et al., 1999a).
Regrettably, this function seems unable to represent the reported lifetime dis-
tributions, either for short or for long granule duration. In fact, as can be seen
in Fig. 5.3, the decay law of lifetimes seems to be at least twofold, indicating
different regimes for ¢ <~ 2.5 or ¢ >~ 2.5 minutes. This double exponential
behaviour could account for the presence of at least two different granular pop-
ulations: a bulk with a very short mean lifetime (¢ ~ 1 minute) and a minority
with a longer mean lifetime (¢ ~ 3/4 minutes).
A comparable distribution is reported by Brandt et al. (1991), and a closer look
at the granule lifetime distributions in Title et al. (1989) reveals a similar excess
of short lived granules in four out of six reported lifetime histograms.
We observe that granule lifetime histograms may be properly approximated by
a stretched exponential (Williams and Watts, 1970) function (continuous line
in Fig. 5.3):

N(t) = N(0)e~#/7se)” (5.5)
The parameters 75, and « are a decay time (although not directly related to
granule mean lifetime) and a dispersive factor, respectively. Values of o < 1
correspond to the existence of a broad distribution of lifetimes which describe
the elementary relaxation process. In this framework, the lifetime histograms
suggest that we cannot define a typical lifetime for granules, which instead show
a continuous distribution of decay times. Here, we report the exponential fits
and the stretched exponential fit parameters for the dataset.

5.3.2 Supergranulation parameters from MDI time-distance
near-surface flow-maps extracted by TST

The divergence signal maps used in this analysis are described in 4.3.2 and in
paragraph 2 of Duvall and Gizon (2000). The application of the TST procedure
to this dataset led to identification of 548 SG structures lasting for at least two
images.
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Figure 5.3: Histograms of granule lifetime from the SVST95 series. Dotted
and dashed black lines are exponential decay fits for the whole distribution
(deriving 7 ~ 1) and for points with ¢t > 5 (deriving 7, ~ 3.5), respectively. The
continuous line is stretched exponential fit to the data (cfr. Eq. 5.5).

7 (min) 7; (min) a Tse (min)

1.3£0.05 3.6+£0.2 0.37 £ 0.02 0.10 £ 0.03

Table 5.1: Fit parameters: we report the values of the significant parameters of
the fits: 7 is the decay time for an exponential fit taking into account all the
points of the lifetime histogram; 7; is the decay time for an exponential fit taking
into account only lifetimes > 5 min.; o and 7, are the relaxation parameter
and the decay time for the stretched exponential fit, respectively.

Supergranulation lifetime distribution

The scheme adopted to study the lifetime of SG features is similar to that
applied to granular structures: the mean lifetime 75 can be derived using an
exponential fit to the lifetime histogram of tracked structures.

In Figure 5.4 we report the number of supergranules versus their lifetime. An
exponential decay law fits the data very well (R2 = 0.998) and we derive 75 =
1065 min ( 18 hours) as the estimated mean lifetime. In order to check the effect
of the length of the data sample ( 6 days) on the estimated value T5g, we studied
this effect on the SVST95 granulation time series via the TST procedure. In this
case we already know that the granular lifetime (7, = 3.6 min) is much shorter
than the whole dataset duration (75 min). Therefore we can to derive the 7
as a function of the temporal window. The result of this analysis is reported
in Figure 5.5. Therefore, we can be confident about the lifetime value only
when the observation period is much greater (=10 times) than the 7,. From the
Figure 5.5 plot it can be estimated an upward adjustment of about 20% for the
supergranulation lifetime. By applying this correction to the previous 7sg, an
actual value of 79g ~ 22 hours is retrieved.
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Figure 5.4: SG number (black dots with error bars) vs their lifetime and an
exponential decay fit (dashed line).
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Figure 5.5: 7; values (black squares with error bars) vs time series length calcu-
lated for SVST95 dataset. An exponential growth fit (dashed curve) is super-
imposed. The asymptotic value of 77 is 3.6 min and it is reached using datasets
longer than 40 min.



Chapter 6

2-D Multiline Spectroscopy

The spatial and temporal behaviour of photospheric convective flows strongly
influences the arrangement and evolution of magnetic elements emerging on the
solar surface, contributing in the assembly of magnetic features which modulate
the solar energy output. On the other side, local magnetic field clustering re-
duces the efficiency of convection. Therefore, a complete insight of the dynamics
of the plasma flows and their interaction with magnetic fields is essential to fully
understand solar convective layer.

This chapter will introduce the reader to the use of spectroscopic imaging
to retrieve information on solar photospheric layers dynamics. In particular, we
will describe some techniques for characterizing the structure and dynamics of
photospheric velocity and intensity features at different scales and heights in
the solar atmosphere. Moreover, we will present some recent results about the
interaction between photospheric velocity field and magnetic elements, obtained
from high spatial, temporal and spectral resolution observations, which allowed
a tentative 3-D reconstruction of the photospheric velocity field.

6.1 Line Sensitivity to Solar Magnetic Regions

Since all of our information about the solar atmosphere is carried to us in one
form or another by the radiation field, it is necessary to understand how vari-
ous physical processes imprint themselves upon the emergent radiant intensity.
Among such process, we are particularly interested in the interaction of solar
magnetic field small scale features with radiation fields. The essential physical
concepts and the observational techniques which underlie the inference of solar
magnetic fields through spectropolarimetry were reviewed by Lites (2001).
Observations have established that the photospheric magnetic field is organized
in small fibrils or flux tubes. In these elemental structures, the magnetic field
intensity is strong enough to control the local environment, but the flux tubes
have a group behavior controlled by the photospheric convective patterns. Flux
tubes are the most likely channels for transporting energy into the upper atmo-
sphere, and thereby also influence the solar irradiance.

Following Spruit (1981), we will derive the differences of thermodynamic

70
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conditions inside and outside the magnetic flux tube. Neglecting viscosity and

Figure 6.1: Notations and coordinate frames used for the description of a flux
tube: I = unit vector along the flux tube; k = curvature vector.

resistivity, the equation of motion for a fluid with an arbitrary magnetic field
configuration is:
dv B?

1o o=
P =-V+ )+ (B V)B+pj (6.1)

where p is the density, p the pressure, B the magnetic field and g the acceleration
of gravity. Since the Lorentz force is perpendicular to B, the component of p%
parallel to the tube axis is:

v o
Pl = —0w+pg - (6.2)

where [ is the unit vector in the direction parallel to the flux tube axis and
0y =1-V. The component of p% perpendicular to the tube axis is, instead:

di - B2 . B*. -
d—:)L:f[le(p—F—)]><l+—k+p(l><g’)><l (6.3)

i 81 4

The vector k = 8lfis perpendicular to [ and is the curvature of the path of
the tube. Assuming pressure equilibrium between the inside of the tube and its
surroundings, on a horizontal plane within the tube (perpendicular to §), we

have that p+ ?—j is constant and equal to the external pressure p.. Consequently,

we have: )

B
V(p+ o) = Vpe = pod 6.4
(p+87r) Vpe = ped (6.4)

where p,. is the density of the external fluid. The force F'| acting perpendicular
to tube axis is then:
B?., . .

F, = Ek—i—(p—pe)(lxﬁ) x 1 (6.5)
The magnetic pressure exerted by the field concentration perpendicular to the
magnetic lines of force is balanced by a reduced density of the atmosphere inside
the tube relative to the surrounding, embedding atmosphere. Such a partial
evacuation reduces the opacity of the atmosphere and as a consequence, iso-
surfaces of optical depth are depressed at the location of the flux tube. Moreover,
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thermodynamic variables for the atmosphere inside the tube differ substantially
from the surroundings’ atmosphere, consequently affecting the radiative transfer
process. In particular, changes in the thermodynamic structure of solar regions
induced by the magnetic field, produce visible brightening or darkenings at
specific spectral ranges (Penza et al., 2004).

Figure 6.2: Active region 8218 observed on 13" May 1998. Top left panel: in-
tensity continuum. Top right panel: G-band. Bottom left panel: magnetogram.
Bottom right panel: Ca IT K line. Thick marks are 10” apart.

As a matter of fact, several spectral bands have proved to be good proxy for
the photospheric magnetic field. As a consequence, regions of enhanced mag-
netic fields are often identified by detecting appropriate features on spectral
images. For example, the solar chromosphere as displayed by the Ca II H and
K resonance lines at A = 396.849 nm and A\ = 393.368 nm, or the Ca II infrared
triplet near A = 854.2 nm shows the irregularly patterned chromospheric net-
work (Skumanich et al., 1975b; Engvold, 1966; Brown, 1975; Chapman et al.,
1988). Several works confirmed the correspondence of such a pattern with sites
of enhanced magnetic field (Lites et al., 1999). Observations at very high spa-
tial resolution within the so-called G — band, formed by the CH lines around
A = 430.5 nm, shows the granulation pattern with very small (< 0.1”) bright
grains advected by the convective flow (Muller and Roudier, 1984; Muller, 1985;
Steiner et al., 2001; Sdnchez Almeida et al., 2004). Such ’bright points’ are
at present believed to be the manifestation of the smallest scale magnetic flux
concentrations (Berger et al., 1995; Berger, 1996; Berger and Title, 2001; van
Ballegooijen and Nisenson, 2002).

As already stated, the flux tubes are advected by the horizontal flows of the
granular pattern and possibly concentrated in high flux structures by converg-
ing motions due to strong down-flows (Berger et al., 1998). As a consequence,
the magnetic network is thought to be the accumulation of small scale flux tubes
on the borders of cells produced by the convection. Whether such an accumula-



The Sun: dynamics and topology in the upper convection layer. 73

tion would be the result of the expulsion of flux tubes from a single convective
cell (a supergranule) or the effect of the collective action of smaller scale con-
vective cell (the granules) giving rise to a preferential magneto-convective scale,
is still not ascertained. Recent models by Rast (2003b) and Rast et al. (2004),
taking into account a purely advective interaction between downflows, predict
the formation of strong downflows at the vertices of supergranules due to the
clustering of feebler granular-scale downflows. Instead, observations of very en-
ergetic divergence events, probably responsible of mesogranular scale signal, lead
Rieutord et al. (2000) to formulate the hypothesis that also supergranulation
may be driven by strong granular-scale divergence at the centre of the super-
granular cell. Whatever the case, the net result of the accumulation of magnetic
elements on the borders of supergranules is a bright magnetic network, visible
in the Ca II and other 'magnetic’ lines (Berrilli et al., 1999), which outlines
the supergranules (Venkatakrishnan, 1984). Exploiting such a relationship, it is
possible to detect supergranular cells using the network as a proxy.

6.2 Magnetic Network Dynamics in Photosphere

As stated in the previous section, the interaction between moving plasma and
solar magnetic field determines the spatial configuration of enhanced magnetic
field in the outer layers of the Sun. In particular, the concentration of magnetic
small scale structures on the borders of convective cell produces the magnetic
network. These network structures are associated in the photosphere with bright
elements, whose dynamics is determined by granular flows. These bright ele-
ments are thought to be single or small groups of small flux concentrations or, so
called, magnetic elements. The enhanced brightness of these magnetic elements
make it possible to easily identify supergranules.

In order to investigate the interaction between photospheric dynamics and small-
scale magnetic features, Berrilli et al. (2005b) studied the line-of-sight plasma
velocity and line core intensity associated to magnetic features, confirming the
strong correlation between magnetic fields, downflows and modification of line
parameters.

In particular, on 16* October 2003, they observed a roundish network cell
from 14:24 to 17:32 UT. The observation was carried out with the IBIS 2D-
spectrometer (cfr. 2.3) installed at the Dunn Solar Telescope, Sacramento Peak,
NM, USA. The dataset consisted of 600 sequences containing a 16 points scan of
the Fe I 709.0 nm line, a 14 points scan of the Fe II 722.4 nm line, and 5 spectral
images in the wing (line center + 12 nm) of the Ca II 854.2 nm line. The time
necessary to acquire a sequence was ~ 19 s. Each monochromatic (AX = 5
pm) image was acquired with 25 ms exposure time by a CCD detector, whose
pixel scale was 0.17” - pizel ~!. Each image was corrected for CCD non-linearity
effects, dark current, gain table, monochromatic flat-field and blue shift (Rear-
don and Cavallini, 2003). Vertical velocity fields were computed for the Fel and
Fe II lines by computing the Doppler shift: for each pixel a Gaussian fit of the
line profile was evaluated. The shift of this Gaussian function relative to a ref-
erence mean line profile produced the Doppler shift, while the amplitude of the
Gaussian produced the center line intensity fields. The 5-minutes oscillations
were removed from the velocity fields applying a 3-dimensional Fourier filter in
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Figure 6.3: The Dunn Solar Telescope telescope at Sacramento Peak, New Mex-
ico (USA).

the kn, — w domain with a cut-off velocity of 7km - s~!. Finally, the velocity

fields, the line core intensities, the Ca II wing images and a reference continuum
image were recentred to a common frame. After the whole reduction procedure,
the effective FoV was approximately 51”7 x 51”. Atmospheric seeing strongly
affects the effective resolution of the data. In Figure 6.4 is reported the trend
of the image quality for a part of the dataset. In order to improve the analysis
significance, only some images in the dataset (correspoinding to the red points
in Figure 6.4) were selected. The selection was carried out by picking images
with the best seeing condition and with a constant time-gap of 10 minutes, in
order to have fully independent granulation patterns.

An example synoptic panel of the dataset is reported in Figure 6.5. It is worth
to notice how the core intensity of the Fe I 709.0 nm line correlates with mag-
netic features as identified by the Ca II wing image.

The Contribution Functions for Fe I 709.0 and Fe II 722.4 lines were calcu-
lated by Penza et al. (2004), the major contribution to the formation of these
absorption lines comes from layers 100 km and 200 km above the photospheric
surface, respectively. The Ca II 854.3 line wing observed in this analysis is also
essentially formed in the high photosphere (200-300 km) (Qu and Xu, 2002),
therefore bright feature on this image can be associated with photospheric mag-
netic structures. In order to extract such structures, the authors studied the
Intensity Distribution Functions (IDFs) of each Ca II image. As the IDFs pre-
sented a bimodal distribution, evidence of two separate populations associated
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Figure 6.4: Quality factor vs. image number. The quality is evaluated by
analyzing the information contents of images power spectrum. Red thin line
refers to Fe I line core image; green thin line refers to Fe I Doppler velocity
field; blue thin line to Ca II wing image; black thin line to the continuum
image. The orange thick line is the mean of the quality factors of these four
images. Red dots corresponds to the images selected for the analysis.

with quiet and magnetic pixels, it was possible to define an optimum threshold,
Topt: this was achieved by fitting each IDF with two Gaussian, representing the
two pixel populations, and computing T,,; minimizing population mixing. Seg-
mented magnetic features, i.e. pixel cluster characterized by Ca II intensity
greater than Ty, were used to define Regions of Interest (see left panel of
Figure 6.11 for an example) over the Doppler velocity fields and the line core
intensity images. Finally, defining the contrast as:
=1 (6.6)
Icontinuum
they confirmed that magnetic regions correspond to downflows (Dominguez
Cerdena et al., 2003) and to region of reduced contrast in the line core (cfr.
Figures 6.6 and 6.7). Moreover, they found a drop of about 30% of the typi-
cal downward velocity of such downflows when compared to downflows without
magnetic structres.

6.3 3-D Velocity Field

In order to better understand the evolution of supergranules and their bright
network counterpart, an extended analysis of the 16" October 2003 observa-
tions has been realized, exploiting the full temporal resolution of the dataset.
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Figure 6.5: A synoptic panel from the 16" October 2003 dataset, corresponding
to the first red dot in Figure 6.4. Lower left panel: continuum intensity image.
Lower right panel: Doppler velocity field extracted from Fe I 709.0 nm line scan.
Upper left panel: Fe T 709.0 nm line core intensity. Upper right panel: Ca II
wing intensity image.

In particular, the TST procedure (cfr 5.3) has been applied on the continuum
image series and on both the Fe II 722.4 nm and Fe I 709.0 nm Doppler field
series, in order to retrieve the horizontal velocity field at different depths of the
solar atmosphere. We remember that the major contribution to these Doppler
fields comes from the two layers at about 140 km and 70 km above the pho-
tospheric surface, respectively for Fe II 722.4 nm and Fe I 709.0 nm lines, as
shown by the two RFs (cfr. Table 2.1.2 and Figures 2.4 and 2.5).

For each time series the TST produced two horizontal velocity fields, associated
to the first and the second 30 minutes of the series. In Figures 6.8, 6.9 and 6.10
the outputs of the TST are presented. The arrows representing the displace-
ment of tracked granules seem to gather on the borders of the supergranule,
with the notable exception of the lower border, exactly in correspondence of an
extended cluster of bright structures. This seems to suggest that granules on the
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Figure 6.6: Histogram of the Doppler velocity values for the pixel in the
magnetic region extracted from images of Figure 6.5 (black continuous) and a
Gaussian fit to the distribution. The centre of the Gaussian fit is ~ —250 m-s~!

edge of the supergranule are in some way different from granules in the centre.
In particular, as the TST relies on regular and long lasting structures, granules
in the centre of the supergranular cell may be more irregular (a more complex
morphology or a faster deformation rate) or with a shorter mean lifetime. This
hypothesis is currently under examination.

As already stated, few granular structures have been tracked nearby the
bright magnetic cluster in the lower part of the image. While in the tracking
of the continuum time series such a lack of tracked structures can be related to
the inferior contrast of the region, the same explanation does not hold for the
upflows in the Doppler image series.

As a matter of fact, observing the divergence images (right panels of Figures 6.8,
6.9 and 6.10) extracted from the horizontal velocity fields (left panels of Figures
6.8, 6.9 and 6.10), the supergranule is outlined by convergences on ~ 66% of
its circumference, while the bright cluster area does not seem to be a region of
convergence, despite the fact to be mostly formed of down flows.

Therefore, in order to study the down flows below the bright magnetic cluster,
the Doppler and Ca II images were rebinned to a suitable scale, then the pixel
forming the cluster were selected on the Ca II images and the mean Doppler
velocity of these pixels in each image was computed. The rebinned pixels com-
posing the cluster are shown marked with red crosses in Figure 6.11, superim-
posed on the average Doppler velocity image and the average Ca II image.

In Figure 6.12 the plot of the mean Doppler velocity (red dashed line) of the
cluster pixels against time is reported. Therefore, the average Doppler velocity
value of the downflows composing the magnetic cluster is ~ — 100 m - s~}
and the estimated volume flow rate of the downflow below the bright cluster is
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Figure 6.7: Histogram of the contrast value for the quiet sun (black continuous)
and the magnetic region (red continuous). The crosses represent Gaussian fits
to the distributions. The centres of the Gaussian fits are ~ 0.44 and ~ 0.34,
respectively.

E, ~ 8-10% m3®.-s7! over ~ 1 hour. In order to evaluate the significance
of these values, a statistical analysis of the distribution of the Doppler mean
values on similar clusters has been performed.

In particular, 250 sets of 32 rebinned pixels randomly disposed on an 8 x 8 sub
matrix randomly placed on the image were chosen as reference ensemble, to
insure the statistical analysis to be performed on a collection of systems similar
to the selected magnetic region. Then the mean < V >, and the standard
deviation < §V >, of the Doppler velocity of such an ensemble were computed
for each image (continuous and dotted black lines in Figure 6.12, respectively).
The average mean Doppler velocity value (that is the mean velocity value of the
ensemble averaged over time) is << V >;>; ~ 13 m- s~ 1

As a consequence of this analysis, we can report that the stability and the mass
flow of the downflows associated to the bright magnetic cluster in the lower part
of the FoV is clearly irreconcilable with a statistical fluctuation and most likely
due to a 'magnetic stabilization’.

As this ‘'magneto-stabilized’ region of downflows lasts for the whole duration of
the dataset, it can be deduced that, even if velocity fluctuations become feebler
in regions of increased magnetic field (cfr. 6.2), the whole region can play an
important role in the evolution of the nearby supergranules. Whether or not
this region can be organizing the supergranular pattern, as predicted by Rast
(2003b), is a question which cannot be addressed by this preliminary analysis.
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Figure 6.8: Left panel: average continuum image with superimposed the tracked
granule displacements represented as red arrows. The granules were tracked by
applying the TST to the first half hour of the continuum image time series. Right
panel: divergence image obtained from the interpolated horizontal velocity field.

Figure 6.9: Left panel: average Doppler velocity image with superimposed the
tracked granule displacements represented as red arrows. The granules were
tracked by applying the TST to the first half hour of the Doppler velocity
field time series. Right panel: divergence image obtained from the interpolated
horizontal velocity field.
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Figure 6.10: Left panel: segmented magnetic regions for the Ca II image in
the upper right panel of Figure 6.5 (as described in 6.2) with superimposed the
downflows displacements represented as red arrows. The downflows were tracked
by applying the TST to the first half hour of the Doppler velocity field time
series. Right panel: divergence image obtained from the interpolated horizontal
velocity field.

Figure 6.11: Left panel: mean Doppler image averaged over ~ 1 hour. Right
panel: mean Ca IT image averaged over ~ 1 hour. The rebinned pixels are shown
as a superimposed grid and the crosses mark the selected magnetic region.
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Figure 6.12: Average Doppler velocity in the magnetic pixels vs time (red dashed
line), average Doppler velocity in the reference ensemble (black continuous line)
and average Doppler velocity + 1 standard deviation (black dotted lines).



Chapter 7

Convection Topology
Describers

This chapter will introduce the reader to the concepts of complexity and orga-
nization in patterns and the ways to extract information from pattern viewed
as configuration of features via statistical and information theory instruments.
We will start considering the notions of complexity and disorder versus ran-
domness, subsequently we will discuss about pattern organization. In the last
part of this chapter we shall consider two approaches for measuring structure
organization. First, we will see how information theory provides a measure of
the information stored in a system’s configurations via the Van Siclen Normal-
ized Entropy. Second, we will examine how it is possible to detect and quantify
organization in many-body systems via the Pair Correlation Function.

7.1 Order, Disorder, Complexity

The simplest way to model order is through the concept of symmetry, i.e. in-
variance of a pattern under a group of transformations.

In symmetric patterns one part of the pattern is sufficient to reconstruct the
whole. For example, to reconstruct a mirror-symmetric pattern, like the human
face, you need to know one half and then simply add its mirror image. The larger
the group of symmetry transformations, the smaller the part needed to recon-
struct the whole and the more redundant or ’ordered’ the pattern. For example,
a crystal structure is typically invariant under a discrete group of translations
and rotations. A small assembly of connected molecules will be sufficient to
describe the whole system: the positions of all other molecules can be generated
by applying the different transformations. Empty space is maximally symmet-
ric or ordered: it is invariant under any possible transformation, and any part,
however small, can be used to generate any other part. This implies, as we will
see later, that a small amount of information is needed to describe the system
or, equivalently that the system entropy is small. On the contrary, a disordered
system needs a large amount of information to be described and its entropy is
high.

It is interesting, however, to note that maximal disorder too is characterized
by symmetry, not of the actual positions of the components, but of the proba-

82
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bilities that a component will be found at a particular position. For example,
a gas is statistically homogeneous: any position is as likely to contain a gas
molecule as any other position. The individual molecules will not be evenly
spread, but if we look at averages, e.g. the centres of gravity of large assem-
blies of molecules, the actual spread will again be symmetric or homogeneous,
because of the law of large numbers Similarly, a random process, like Brownian
motion, can be defined by the fact that all possible transitions or movements
are equally probable.

Complerity can then be characterized by lack of symmetry or 'symmetry
breaking’, by the fact that no part or aspect of a complex entity can provide
sufficient information to actually or statistically predict the properties of the
others parts.

Natural processes can appear unpredictable to varying degrees and for sev-
eral reasons.

First, and most obviously, one may not know the ’rules’ or equations that
govern a particular system. That is, an observer may have only incomplete
knowledge of the forces controlling a process. Second, there may be mechanisms
intrinsic to a process that amplifies unknown or uncontrolled fluctuations to
unpredictable macroscopic behaviour. Manifestations of this sort of randomness
include deterministic chaos.

Third, if the dynamics are sufficiently complicated it may simply be too
computationally difficult to perform the calculations required to go from mea-
surements of the system to a prediction of the system’s future behaviour.

Fourth, the measurement process engenders apparent randomness in some
way.

A central task is to examine ways to disentangle the different mechanisms
responsible for complexity by investigating several of their signatures. This also
involves a quantification of the degree of complexity.

We may note that the definition of complexity as midpoint between order
and disorder depends on the level of representation: what seems complex in one
representation, may seem ordered or disordered in a representation at a different
scale. For example, a pattern of cracks in dried mud may seem very complex.
When we zoom out, and look at the mud plain as a whole, though, we may see
just a flat, homogeneous surface. When we zoom in and look at the different
clay particles forming the mud, we see a completely disordered array.

The paradox can be elucidated by noting that scale is just another dimension
characterizing space or time (Havel, 1995), and that invariance under geometric
transformations, like rotations or translations, can be similarly extended to scale
transformations (homotheties).

Havel (1995) calls a system ’scale-thin’ if its distinguishable structure extends
only over one or a few scales. For example, a perfect geometric form, like a
triangle or circle, is scale-thin: if we zoom out, the circle becomes a dot and
disappears from view in the surrounding empty space; if we zoom in, the circle
similarly disappears from view and only homogeneous space remains.

A typical building seen from the outside has distinguishable structure on 2
or 3 scales: the building as a whole, the windows and doors, and perhaps the
individual bricks.

A fractal or self-similar shape, on the other hand, has infinite scale extension:
however deeply we zoom in, we will always find the same recurrent structure.
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A fractal is invariant under a discrete group of scale transformations, and is
as such orderly or symmetric on the scale dimension. The fractal is somewhat
more complex than the triangle, in the same sense that a crystal is more complex
than a single molecule: both consist of a multiplicity of parts or levels, but these
parts are completely similar.

7.1.1 Pattern organization

Due to the inborn capacity of the human visual system to recognize patterns,
images are immediately understandable or not, based on the ease by which their
message can be processed by our intellect.

This depends on both content (information) and relationships (organiza-
tion).

Usually, a pattern is easily recognizable if it is mathematically simple, and not
so if it is random.

In nature, pattern formation occurs when different types of processes interact
to destroy the spatial coherence of the system.

Spatio-temporal patterns appear spontaneously in a wide range of physi-
cal, chemical, and biological systems when those systems are driven sufficiently
far from thermodynamic equilibrium. Order often arises spontaneously from
disorder; patterns can emerge through a process of self-organization.

The classic example is Rayleigh-Bénard convection in a fluid layer heated
from below. For sufficiently strong heating fluid motion sets in, typically in
the form of convective rolls. As the driving parameter is increased, regular
patterns are supplanted by patterns that are more and more irregular in space
and time, resulting in states that are intermediate between ordered patterns
and turbulence.

Early pattern formation research focused on relatively simple spatially pe-
riodic structures, e.g. convective rolls or hexagonal structures. Research chal-
lenges include giving precise characterizations of such states, identifying the
relevant mechanisms for their creation, and being able to control their evolu-
tion.

Fundamental to pattern formation research is the observation that they are
determined by cooperative interactions on large scales and hence many aspects
of the phenomena can be understood on a 'macroscopic level’. It is therefore
necessary to develop instruments able to analyze pattern topology and mor-
phology in order to derive the symmetries of the problem and the important
physical parameters.

7.2 The Measurement of Information Quantities

In the late 1940’s Claude Shannon founded the field of communication theory
(Shannon and Weaver, 1949), motivated in part by his work in cryptography
during World War II. His attempt to analyze the basic trade-off in encoding
information in ways that still allowed recovery by the receiver, led to a study of
how signals could be compressed and transmitted efficiently and error free. His
basic conception was that of a communication channel consisting of an infor-
mation source which produces messages that are encoded and passed through



The Sun: dynamics and topology in the upper convection layer. 85

a channel. A receiver then decodes the channel’s output in order to recover the
original messages.

Central in this analysis was the definition of the source’s rate of information
production, called the source entropy rate, and the maximum carrying capacity
called the channel capacity, of the channel. Shannon’s main assumption was
that an information source was described by a distribution over its possible
messages and that, in particular, a message was ’informative’ according to how
unlikely its occurrence was. The unlikeness of a message, averaged over the
source’s messages, is the source entropy rate. Therefore, the Shannon Entropy
of a system is related to the amount of information it contains.

A highly ordered system can be described using fewer bits of information than
a disordered one. For example, a string containing one million ’0’s can be
concisely described using proper encoding, while a string of random symbols
will be impossible to compress.

In practice, if the sending device is equally likely to send any one of a set of
N messages, then the preferred measure of 'the information produced when one
message is chosen from the set’ is the logarithm of IV, because the ratio between
a series of instances and the series of their probability is equal to the ratio of
an arithmetic progression to a geometric one.

In one of his papers, Shannon stated (1948):

The choice of a logarithmic base corresponds to the choice of a unit
for measuring information. If the base 2 is used the resulting units
may be called binary digits, or more briefly bits, a word suggested
by J. W. Tukey. A device with two stable positions, such as a relay
or a flip-flop circuit, can store one bit of information. N such devices
can store N bits...

Shannon’s formula gives the entropy H(M) of a message M in bits:
H(M) = —logy [p(M)] (7.1)

Where p(M) is the probability of message M. The functional form of Shannon
Entropy was already been applied by Boltzmann (1872, 1877, 1896, 1897) as a
measure of disorder of thermodynamics systems.

The investigation and the characterization of the solar granulation pattern
may benefit by statistical-mathematical methods introduced in different phys-
ical frameworks. In detail, in the field of matter physics it was clearly shown
that the study of the topology and the evolution of correlated random struc-
tures may take advantage of the application of Shannon’s information theory
(Shannon, 1948; Shannon and Weaver, 1949; Beck and Schlogl, 1993).

For example, (Andraud et al., 1994; Andraud et al., 1997) introduced an entropic
measure, named configuration entropy, as a descriptor of random morphologies.
Such configuration entropy is a measure of the local fluctuations of some mea-
surable quantity over the random system, defined as follows.

Let us consider a Lx L binarized (black and white) image of some physical ob-
servable quantity, and a square sliding cell of side length I containing a = 12
pixels. If Ni(a) is the number of cells of size a containing k black pixels, and NV is
the total number of sliding cells, then we can define a set of relative frequencies
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pi(a), as estimates for probabilities, according to the following expression:

Nk(a)

pr(a) = (7.2)
Henceforth, the configuration entropy H*(a) will follow according to the defini-
tion:

L 3" ) (a) logpi(a) (7.3)

H(a) = log(1+a) P

Such a definition is equivalent to the usual Gibbs-Shannon entropy (as in Eq.
7.1) normalized by the factor log(a + 1), which plays a role similar to the 'mul-
tiplicative renormalization in the theory of critical phenomena’ (Andraud et al.,
1997).

When applied to a disordered system, this entropic measure is able to extract
some useful information dealing with the typical length scale at which inhomo-
geneities are present and so on.

A more sensitive measure of the morphological complexity in random system
was introduced by van Siclen (1997). This measure was called information en-
tropy H(l) because of its ability to extract the average information content at
a certain length scale . Moreover, this measure is able to keep information on
clustering effects, as well as on periodicity or ordering.

7.3 The Van Siclen’s Information Entropy: H'(m)

According to the information theory (cfr. 7.2), the information content of a
system in a configuration 4 is directly proportional to —log(p;), where p; is the
a priori probability of finding the system in the i*" configuration. When the
information content is averaged over all the possible choices it defines the infor-
mation entropy H.

Moreover, to make such a measure more sensitive to the structures at the dif-
ferent scale Van Siclen introduced the normalized information entropy measure
H’ = H - H,, where H, is the expected information entropy for a completely
random system and H is the actual information entropy.

Let us briefly resume how to evaluate such a quantity. Consider a two-level
image consisting of a collection of N black pixels placed on a square grid of side
length L, and a mxm box. Let it be p; the probability of finding exactly ¢ black
pixels of the N in a mxm box if the black pixels were perfectly distributed in
the random fashion. Then,

(P (5N (E)

where i ranges from the greater between 0 and m? — L? + N to the lesser
between N and m?. From here it follows that the reference information entropy
of a finite, perfectly random, system is

Hrnd sz ) log(pi(m)) (7.5)
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Figure 7.1: < H'(m) > for a pseudo-random distribution of approx. 4000 black
pixels. < H' > has been averaged over an ensemble of 100 different pattern
realizations.

On the other hand, the information entropy H(m) for the actual configuration
is
H(m) =~ P;(m)log(pi(m)) (7.6)

where P;(m) is the actual probability of finding i black pixels in any mxm box,
and p;(m) is defined according to Eq. 7.4.
Therefore, the normalized information entropy will be

H'(m) = H(m) = H™(m) = = (Pi(m) — pi(m)) log(pi(m))  (7.7)
K3

On the basis of the definition of H'(m) we should expect that for a completely
random distribution of a collection of N black pixels H’(m) = 0 at each length
scale m. In Fig. 7.1 we report the behaviour of < H' > averaged on an ensem-
ble of several 200x200 two-level images containing approx. 4000 black pixels
pseudo-randomly distributed. As expected < H'(m) > is very close to zero over
the entire analyzed range of scales. The slight deviations from zero should be
read as the effect of a sporadic random aggregation of some black pixels, as
well as from finite size effects. We remark that the range of scales investigated
has been limited to half of the linear size of the images (m < 100) to avoid
the artifacts of this analysis at larger scales due to the decreasing box statistics
(van Siclen, 1997). It is also worth noting that the investigation of maxima
positions can provide information on the existence of a nearly-ordered hidden
lattice structure, but it can reveal nothing about the real geometry of the hidden
ordering.
The main difference between the more usual techniques based on Fourier and/or
wavelet transforms and the normalized information entropy is that the H' anal-
ysis, being based on a probability measure, does not require any preliminary
choice of an ad-hoc set of functions or waveforms (sine-cosine waves, plane
waves, wavelets, etc.) in order to decompose the field/image under investiga-
tion.
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Moreover, because the Fourier spectrum is related to the autocorrelation func-
tion over the field, in order to observe strong signatures of periodicity using
these techniques, structures should be all of the same type (i.e. have the same
shape), all oriented in the same direction, and all located in the same position
inside any elementary cell.

When these conditions are not fulfilled, spurious results may be found in terms
of broad-band spectra (i.e. peaks may be indiscernible).On the other hand,
although wavelet analysis has a greater capability in finding localized isolated
structures and in extracting characteristic scales, when the results are discussed
in terms of spectra, this technique does not differ substantially from the Fourier
transform (Lawrence et al., 2001; Starck et al., 1998).

Conversely, the normalized information entropy H' analysis, looking for regu-
larities using a probabilistic approach, is less affected by the aforementioned
aspects. In other words, while Fourier analysis looks for periodicity in the field
and wavelet analysis looks for characteristic scales, the normalized information
entropy H' analysis is able to extract information on the presence of statistical
regularities in the mutual positions of the structures.

7.3.1 The Normalized Hexagonal Information Entropy: Hj_,(r)

In order to achieve a more isotropic analysis of the spatial ordering properties
of a physical system, the H'(m) can be improved by sampling the system by a
matrix with an hexagonal outline.

To define the new entropy measure, we have to redefine a lattice sampling from
square to hexagonal. This is accomplished by superimposing an hexagonal grid
over the original square matrix and defining how old square pixel value would
contribute to new hexagonal pixel values. As we are interested only in the
transformation of binarized images, the rule would be particularly simple: one
hexagonal pixel would be set at 0 (black pixel) if more than half of its area is
covered by square pixel with 0 value, it would be set at 1 (white) otherwise.
For the sake of simplicity, one of the two generating vectors of the square lattice
can be chosen parallel to one of the two generating vectors of the square lattice.
Moreover, the side of an hexagonal pixel has been chosen equal to half the side
of the original pixels. The form of the hexagonal sliding matrix, i.e. the new box
that substitutes the square m x m box in the H'(m) measure, must be properly
defined as its dimension defines the scales in the new measures. Although it is
not possible to employ hexagons of growing size, it is possible to use rosettes
of growing dimensions. The area of a rosette is 3mp(mp — 1), where my, is
the side of the rosette in hexagons. Therefore, the hexagonal sampled image is
limited by the largest rosette one can define in the square image. The area of
the hexagonal sampled image in hexagonal pixels would be %Lz + i, where L is
the horizontal dimension of the hexagonal image expressed in hexagonal pixels.
Taking into account these substitutions, we modify 7.5 into:

Hied(m) = — Zpi(mh) log(pi(mn)) (7.8)

2

where p;(my,) is the probability to find ¢ objects in an hexagonal rosette of side
my, for a random system containing N objects. That is:

m? L? —m? L? -t
pi(mh) — < ; hex > ( Nhe_zi hex > ( Nhem > (79)
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where
mi., = 3mp(my —1) +1 (7.10)
and 3 1
2 =Z1%*4+°= 7.11

and ¢ ranges from the greater between 0 and N — %L2 - % +3mp(mp—1)+1 to the
lesser between N and 3mp(mp — 1) + 1. The definition of P;(mp,) maintains the
meaning of frequency of hexagonal pixels belonging to a feature (white pixels)
inside the hexagonal sliding matrix. Therefore, the formula to compute the
hexagonal normalized information entropy is:

Hjop(mn) = Heq(mn) — Htd(mn) = = > (Pi(mn) — pi(mn)) log(pi(ma))
1

(7.12)
that is formally equivalent to 7.7.
In order to compare the results obtained by both the square and the hexag-
onal H', it is suitable defining a common reference spatial scale as the ra-
dius of a circle having the same area of the used sliding matrices. That is,
r = m/+/m for square boxes, where m is the side of the box in square pixels;

w for hexagonal rosettes, where my, is the side of the

rosette in hexagonal pixels.

In full analogy with the H'(r), H},(r) is positive for r where structure clus-
tering is greater than that occurring for a random distribution and Hj,,(r) is
negative for r where structure clustering is more ordered than a random distri-
bution.

and r =

7.4 Applying H;_(r) to a Granulation Dataset

We present here some results obtained by analyzing a broadband granulation
timeseries acquired at Sacramento Peak, by means of hexagonal H'(m). This
image sequence (hereafter NSO96) was acquired at the NSO Dunn Solar Tele-
scope (Sacramento Peak, Sunspot, New Mexico) on October 16, 1996 (from
14:30 UT to 16:30 UT). This broadband (central wavelength 550.0 nm, band-
pass 5 nm) sequence is made of 512 images with field of view of 31.5” x 31.5”,
(256 x 256 pixels), each taken with an exposure time of 0.008 s. After the stan-
dard corrections, this series was treated with a destretching algorithm and the
acoustic modes pattern was removed by kj — w filtering with a cut-off velocity
of 4.7 km - s~ 1.

For a more detailed description of this dataset refer to Cauzzi et al. (1998).
This dataset has been analized by the TST procedure (cfr. 5.2.2) and the his-
togram of the granule lifetimes is reported in Figure 7.2. By applying a single
exponential fit, taking into account only granules lasting more than 2.5 minutes,
we can estimate the mean lifetime of the longest lived granules. Such exponen-
tial fit retrieved 7 ~ 3 min.

In order to investigate the time evolution of persistent sites, time-integrated
images have been analyzed by H; (7).

Such time-integrated images are obtained by summing up single binarized im-
ages, obtained by applying a dynamical threshold (cfr. 5.2.1: Eq. 5.2), in
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Figure 7.2: Granule lifetimes histogram with superimposed exponential decay
fit for ¢ > 2.5 min.

different temporal sliding windows, corresponding to 5, 10, 15, 20 and 25 min-
utes. We therefore obtained 5 image sequences with 5, 10, 15, 20 and 25 minutes
integration times, where pixel values indicate how often that pixel belonged to a
granule. As we summed up binarized images, we avoided assigning a larger sta-
tistical weight to brighter objects during the time-integration operation (Rast,
2002).

To define a persistent structure in the time-integrated image sequences we used
a threshold equal to %Nimm, where Njmm is the number of images used in the
time window of the integration process, therefore the thresholds are 3.75, 7.5,
11.25, 15 and 18.75 minutes, respectively. Accordingly, a structure is defined
'persistent on time-scale 7" if that structure is present on the same position for
at least 75% of the time T.

This approach can also be applied to the original binarized dataset, where, of
course, each binarized structure present on an image is 'persitent on time-scale
0 manutes’.

The H,,.(r) has been computed for each image of each sequence, and, for
each sequence, a mean < Hj_ (r) > has been obtained. Consequently, these
< Hj},.(r) >, reported in Figure 7.3, refer to different integration times.

The < Hj,, (r) > obtained averaging the Hpe,(r) of single binarized images
shows a strong clustering scale at 7y ~ 1 Mm. This scale obviously corresponds
to the average granular scale. With increasing integration time, this scale seem
to fade away and a larger clustering scale seems to rise at rg ~ 8 Mm, for times
longer than 20 minutes, also this scale disappears. In Figure 7.4 the temporal
evolution of < H} . (rs) > / < H},,(r1) >, i.e. the ratio between the < H;_ >
associated to the 8 Mm and 1 Mm scales, is reported. From an exponential
fit to this plot we retrieved 74, = 9.8 * 0.8 min, i.e., the typical grow time
of the contribution of Hj_,(rs) to the whole Hj_ (r) signal. Moreover, the
< Hj,.(rs) >/ < H},,.(r1) > behaviour indicates that the maximum efficiency
in persistent sites clustering is reached at ~ 6 min, i.e. at about 2 - 7, the
granular scale is no more contributing significantly to the H} (r) signal.
There is good consistency between this characteristic time and the time scale as-
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Figure 7.3: The < Hj_, (r) > for integration times from 0 (single images) to 25
minutes.

sociated to exploding granule processes (Hirzberger et al., 1999a; Berrilli et al.,
2002).

7.5 The Pair Correlation Function: g»(r)

In order to investigate the possible topological order (Ziman, 1979) of the struc-
tures present in the images a statistical approach can be applied. We choose
to use a spatial point pattern analysis method, the Pair Correlation Function
g2(r), which is the probability of finding a structure at distance r, conditional
on there being a structure at the origin.

A general correlation function can be defined in terms of the probability
distribution function P®Y) of a distribution of N particles, according to:

1 VNI
7 7 )= — () )=
9n) (F1, ey Tn) pnp (P1y ey ) No (N =)l

/anH...dFNP(N)(Fl, oy TN
(7.13)
where P(N)(7, ..., 7n)dF}...d7"x represents the probability that particle 1 will
be found in a volume element dr; at the point r; , particle 2 will be found in
a volume element dfs at the point rs ,..., particle N will be found in a volume
element dry at the point 7.
and p(™ (7, ...,7,)dF}...d7, is the probability that any particle will be found in
the volume element dry at the point r1 and any particle will be found in the
volume element dry at the point r4 ..., any particle will be found in the volume
element dry at the point rp, since the first particle can be chosen in N ways,

the second chosen in N-1 ways...
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Figure 7.4: The ratio < H;_ (rs) > / < H},,(r1) > between the hexagonal
normalized information entropies associated to 8 Mm and 1 Mm, respectively
and superimposed exponential growth fit (74, = 9.8 £ 0.8 min).

Another useful way to write the correlation function is

o VNI ) )
In) (71, -y Tn) = N7(N —n)! /dﬂ"'dﬂNP(N)(F’l’ s T )0 (F1 =T 0 (P =77, ) =
(7.14)
ViNL .
= = )i 1
N”(N—n)!q;[l&(” T (7.15)

i.e., the general n-particle correlation function can be expressed as an ensemble
average of the product of d-functions, with the integration being taken over the
variables 7, ..., 7}, .

Of particular importance is the case n = 2, or the correlation function
92(71,72) known as the Pair Correlation Function. The explicit expression
for ga(71,72) is

(73 72) = gy O = 787 = %)) = (7.16)
= MO - 750~ ) (7.17)

In general, for homogeneous systems, there are no special points in space, so that
g2 should depend only on the relative position of the particles or the difference
71 — 7. In this case, it proves useful to introduce the change of variables

=y

= — 7 (7.18)

71 + T
2

R=

(7.19)
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Then, we obtain a new function g5, a function of ¥ and R:

N(N —1)

L = = 1, = 1
g2(7, R) = 7 (6(R+ cul 7)0(R — il o)) i, (7.20)

In general, we are only interested in the dependence on 7. Thus, we integrate
this expression over R and obtain a new correlation function defined by

0(r) = 5, [ dfiga(r ) (7.21)

For an isotropic system such as a liquid or gas, where there is no preferred
direction in space, only r = || is of relevance. Thus, as we seek a choice of
coordinates that involves r explicitly, the spherical-polar coordinates are the
most natural choice.

In the bidimensional polar coordinates

T=rn (7.22)

where

7 = (sind, cosd) (7.23)

where 6 is the polar angle. Thus, the Pair Correlation Function that depends
only on the distance r between two particles is defined to be:

T2

1 L
0r) = - [ o)t (724
and, integrating go(r) over the radial dependence, one finds that:
2mp / go(r)dr =N —1~N (7.25)

For the photospheric fields we are investigating, it is convenient to interpret
g2(r) as the probability of finding a target structure, identified by its barycentre,
within an annulus of radius r and thickness dr from a chosen starting structure,
also identified by its barycentre. The total number of structures in the annulus
is N(r):

N(r)dr = 27rpgiga(r)dr (7.26)

where pg; is structure number density. Therefore, the ga(r) can be easily calcu-
lated as 1

92(r) = N(r) Z 6(r —rij) (7.27)

i#]

where the summation is performed over all the structures present in the annulus
of area 27rdr, but only once for each pair. If the system we are investigating
is completely disordered, we would expect to find the same number density of
structures at any distance r. Therefore, we expect g2(r) to be constant. If we
apply a normalization procedure to the function, taking into account the prob-
ability function for a full random distribution, the constant equals unity.

On the contrary, go(r) will show a multi-peak behaviour if we consider an
ensemble of completely ordered structures. Starting from an initial structure we
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will find no other structure in the immediate vicinity. So go(r) will start from
zero at r = 0 and, as soon as r approaches the nearest neighbour structure at dis-
tance r1, a peak will occur. The second peak in the go(r) will correspond to the
most probable location for the next-nearest neighbours and so on. The relative
positions of these peaks depend on the topological ordering of the structures. If
the system is not a perfect lattice, i.e., there are dislocations or it is the result of
a simple packing procedure, the order is present only at small spatial scales and
the amplitudes of this oscillation dampen as r increases. Hence, the position
and height of the g(r) peaks provide information on the topological order of
the system. Particularly, the positions correspond to spatial regularity, while
the amplitude damping is linked to local disorder. Thus, the deviation from
unity of go(r), normalized with respect to the random distribution, provides a
measure of the degree of spatial correlation between structures.

7.5.1 go(r) analysis template

In our implementation of the g»(r) algorithm, the pair distances are computed
using the location of structures barycentres derived from the application of the
first part of the Two-level Structure Tracking (T'ST) procedure (Del Moro, 2004)
to the images. The g2(r) is calculated for each structure in the central region
of the image, normalized to the random distribution with the same numerical
density and then averaged over all the utilized structures.

The computed go(r) functions are analyzed into the physical framework of a
hard sphere random close packing model. This kind of packing has been
recently investigated by Torquato and Stillinger (2002). The authors explored
a family of go(r) models describing random packing of hard spheres of the same
size, that incorporates the known features of core exclusion, contact pairs, and
dampened oscillatory short-range order beyond contact. Since our structures
have a size distribution, we choose to relax the condition (i) of Torquato and
Stillinger (2002), where go(r) is assumed to be equal zero for r < Rgppere.
Consequently we found it suitable to fit the go(r) with the dampened cosine
function,

y(?") = Ae_(r/)“))cos(%rr/Po) + K (7'28)

to derive the characteristic scales at which long-range order is suppressed (Ag)
and short-range order is controlled (Pp). It is worth noting that the dampened
cosine fit assumes a statistically homogeneous and isotropic field.

7.6 Applying g¢»(r) to Granulation and Super-
granulation Datasets

We present here some results obtained by applying TST to a flow-map series
extracted by helioseismology from MDI data and to a broadband granulation
time series acquired at Tenerife. The divergence signal maps used in this analysis
are described in 4.3.2 and in paragraph 2 of Duvall and Gizon (2000).

The granulation image sequence (hereafter THEMIS99) has been acquired at the
THEMIS telescope (Observatorio del Teide, Tenerife, Spain) in IPM observing
mode on 1 July 1999. It was originally made up of 608 broad-band (central
wavelength 538.0 nm, band-pass 4 nm) 30” x 30” images with 0.04 s exposure
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time and 0.13” pixel scale. After the standard correction, the acoustic mode
patterns were removed by a kj — w filter, with a cut-off velocity of 6 km - s~ 1,
and a Wiener filter was applied to the images. A more detailed description
of observations and data reduction procedures can be found in Berrilli et al.
(2002).

In order to directly compare the go(r) functions extracted from the granulation
and supergranulation timeseries, the two datasets should have

(a) the same spatial sampling;
(b) a similar number of structures in the FoV;

(¢) a similar time length and sampling of the series with respect to typical
lifetime of the structures.

Point (a) is already accomplished, as segmented structures in both datasets have
about the same number of pixels. Points (b) and (c) may be accomplished by
reducing the FoV of the THEMIS99 series in order to have an equal mean num-
ber of granular and supergranular structures in analyzed images, and diluting
the time resolution of THEMIS99 series in order to obtain the required time
sampling. We compared the spatial and temporal scales of granulation and su-
pergranulation and suitably rescaled the granulation dataset. For this purpose
we used as 'typical’ cell size of 1 Mm and 30 Mm, respectively, and as ’typical’
lifetime 4 min and 22 hr, respectively. We want to stress that the values used for
the granulation and supergranular cell sizes and lifetimes are derived using the
same TST algorithm (cfr. 5.3). In practice, we condensed the THEMIS99 data
to a 12 image (90 s spaced) time-series with a central sub-field of 28.5” x 28.5”.
To investigate the possible topological order in granular and supergranular struc-
tures, we analyzed the go(r) properties obtained both from single images, which
form the two dataset, and from the time-averaged images. In order to probe
the existence of dislocation order in the persistent patterns, we studied the
image obtained by time averaging the MDI series and the reduced THEMIS
series. To emphasize persistent structures and reduce confusion from bright,
but short-lived features, the averaging procedure is accomplished by summing
up binarized images, i.e., images without intensity information. In fact, in the
binarized images, pixels belonging to structure are set to 1 and all the other
pixels are set to 0. As in 7.4, the binarization has been achieved by applying a
dynamical threshold (cfr. 5.2.1: Eq. 5.2). The computed time-averaged image
for the MDI and THEMIS datasets are shown in Figures 7.5 and 7.6, respec-
tively.

We applied to the MDI average image a threshold to extract structures that were
present in the series for more than 64 hours, i.e., pixels whose value is greater
than 8. We choose this threshold to select recurrent sites, as the probability of
a single supergranule to survive for 64 hours is only ~ 5% (Del Moro (2004) and
cfr. 5.3.2). As the 147 permanent structures in the time-averaged image are
significantly more than 5% of the structures in the single images (about 400),
we infer that most are due to the recurrence of distinct supergranules in the
same site.

Applying the same scheme, the THEMIS average image has been thresholded
with the same value in order to extract structures that were present in the series
for more than 12 minutes.
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On all the images the go(r) has been computed according to the procedure
described in the previous section. Moreover, in order to enhance the statistic
significance of the histogram we found it appropriate to use 10 Mm sliding bins,
spaced by 1 Mm, achieving a running mean of the go(r) signal.

Figure 7.5: The pattern of persistent supergranular structures obtained by time-
averaging the SOHO-MDI helioseismology dataset.

7.6.1 Applying g»(r) to Supergranulation dataset

To investigate the topological order in the single divergence maps, we produced
a < ga(r) > by averaging the go(r) functions extracted from the individual
maps which form the timeseries. The resulting < go(r) > function, shown
in Figure 7.7, presents five well-defined peaks. From the application of the
dampened cosine fit (cfr. 7.5.1) we obtained Py = 28.7 £ 0.6 Mm and
Xo = 23 + 3 Mm, the reduced x? is obtained directly from the fit procedure
and is equal to x% = 0.002.

When the g»(r) analysis is applied to the time-averaged image, we obtain the
signal reported in Figure 7.8. The fitting of the go(r) with the dampened cosine
retrieved Py = 26.5 £ 0.4 Mm and \g = 24 £ 2 Mm (x% = 0.025). This
non-trivial behaviour disagrees with a Gaussian field of structure and supports
our suggestion of a topological order resembling that of a hard sphere random
close packing.

Moreover, a closer look at Figures 7.7 and 7.8 shows that the fits, while properly
matching the first peaks, fail to correspond to the rest of the histograms. We
believe this ensues from the two assumptions, implicit in the dampened cosine
fit, of statistical homogeneity and isotropy of the field. This implies that minor
residual distortions due, for example, to the projection of the solar sphere over
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Figure 7.6: The pattern of persistent granular structures obtained by time-
averaging the THEMIS99 dataset.

the plane, would slightly alter the distances between the structures, with the
consequence of making the fit less accurate in the periphery of the map.

7.6.2 Applying g»(r) to Granulation dataset

In analogy to the go(r) analysis we performed for the MDI time series, we in-
vestigate the order topology of both instantaneous and persistent granulation
patterns using the reduced THEMIS99 time series.

In Figure 7.9 we report the < go(r) > signal computed from 12 single granula-
tion images. The dampened cosine fit procedure applied to this < go(r) > signal,
produced P, = 1.20 & 0.01 Mm and Ay = 0.19 £ 0.02 Mm (x% = 0.005).
In Figure 7.10 we report the go(r) function obtained by applying the go(r) al-
gorithm to the time averaged granulation field. The dampened cosine fit to
this function retrieved P, = 1.20 £+ 0.02 Mm and \y = 04 4+ 0.1 Mm
(x% = 0.06).

A close look at Figure 7.10 reveals that the g(r) of the granulation time av-
eraged image presents a modulation at least to the 5 Mm distance, suggesting
next persistent structures configurations. By excluding the first peak, this mod-
ulation is periodic with P ~ 0.6 Mm. Therefore the granulation persistent
pattern seems to be organized, with a topological order incompatible with the
hard sphere random close packing model. This organization, as suggested by
preliminary numerical simulations, is possibly due to clustering effects in the
pattern.
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Figure 7.7: < go(r) > of 12 single divergence maps from MDI dataset. Error
bars represent the standard error of the sample mean. The superimposed red
solid line is a dampened cosine fit (cfr. Eq. 7.5.1).
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Figure 7.8: go(r) signal extracted from the time-averaged MDI dataset. Error
bars represent the standard deviation from the mean. The superimposed red
solid line is a dampened cosine fit (cfr. Eq. 7.5.1).
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Figure 7.9: < go(r) > of 12 single divergence maps from THEMIS99 dataset.
Error bars represent the standard error of the sample mean. The superimposed
red solid line is a dampened cosine fit (cfr. Eq. 7.5.1).
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Figure 7.10: go(r) signal extracted from the time-averaged THEMIS99 dataset.
Error bars represent the standard deviation from the mean. The superimposed
red solid line is a dampened cosine fit (cfr. Eq. 7.5.1).



Chapter 8

Conclusions

In this work the dynamics, the evolution and the topology of photospheric
plasma features at different spatial and temporal scales has been investigated.
In particular, the characteristics of the three ’classic’ scales of photospheric con-
vection, namely, granulation, mesogranulation and supergranulation, have been
studied.

8.1 Discussion of the Results Presented in This
Thesis

The results presented in this thesis can be recapitulated as follow:

1. In order to describe the granule lifetime distributions, an exponential de-
cay law has been employed by several authors, therefore retrieving a ’typ-
ical’ lifetime for the granulation (Alissandrakis et al., 1987).

This function, when fitted to lifetime distributions obtained by the TST
procedure (Figures 5.3 and 7.2), results inappropriate to represent the dis-
tribution behaviours, either for short or for long granule duration.

In particular, the decay law seems to be at least twofold, indicating differ-
ent regimes for ¢ <~ 2.5 or ¢ >~ 2.5 minutes. This result can be explained
by the existence of a population with an extended range of decay times.
Moreover, comparable distributions were reported by Brandt et al. (1991);
Title et al. (1989), with a similar excess of short lived granules in their
lifetime histograms.

Instead, a stretched exponential decay law (cfr. Eq. 5.5) is much more
suited to describe the granulation lifetime histogram (Figure 5.3).

As a consequence, defining a ’typical’ time for granulation is an oversim-
plification, as a stretched exponential decay law implies a whole range of
decay time, suggesting a dynamic heterogeneity of the granulation phe-
nomenon.

Moreover, this dynamic heterogeneity is detected also in the size distri-
bution of granular structures: the granulation presents a monotonic size
distribution, without a preferential spatial scale.

100
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Therefore, neither a ’typical’ spatial scale can be detected for granulation,
with the notable exception of the upper limit: the size distributions es-
sentially range from the observation resolution limit to 1.5”-2” granular
structures, with the largest structures very often, if not always, associated
to exploding granules.

2. The analysis of persistent sites points out that a mesogranular clustering
scale emerges at time scales typical of evolution of energetic (exploding)
granules.

More in detail, for times shorter than 5 minutes, the hexagonal informa-
tion entropy has a peak in the granulation spatial scale range; successively,
on time scales of about 15-20 minutes, the persistent sites form clusters
characterized by a spatial scale around 8 Mm, classically associated to
mesogranulation (Figure 7.3).

The maximum of large scale entropy is reached after about 15 minutes,
indicating that at this time we attain the maximum efficiency in persistent
sites clustering.

The properties described above appear consistent with the hypothesis that
large-scales structures arise naturally from a collective interaction of many
small-scale features (Cattaneo et al. (2001); Rast (2003b)).

3. To support the hypothesis that clustering occurs mainly under the influ-
ence of granulation dynamics, we investigate the time dependence of the
ratio Hj,,(rs)/H}.,(r1) between the hexagonal normalized information
entropies associated, respectively, to the 8 Mm and 1 Mm length-scales
(Figure 7.4). We retrieved that the typical grow time of the contribution
of Hy, . (rs) to the whole Hj_ (r) signal is 74y, ~ 10 min. Moreover,
the < Hj,,.(rs) > / < H},,(r1) > behaviour indicates that the maximum
efficiency in persistent sites clustering is reached at ~ 6 min, i.e. at about
twice the classic 'typical’ granulation time-scale, the granular spatial-scale
is no more contributing significantly to the Hj () signal.

We remember that the temporal behaviour of H'(r) maximum describes
the time evolution of the mean ordering length scale of long living granular
structures and that in this analysis very small granules are filtered out by
the strict selection rules we imposed. We are confident that small granules
would not modify our results because small granules are statistically short
lived and therefore not important on time scales longer than 1-2 minutes.

4. The results presented in this thesis point towards the interpretation of

mesogranulation as a complex time-scale process involving energetic gran-
ules or as a natural extension of the granulation spatial and temporal
scales (Straus and Bonaccini, 1997).
The analysis of the horizontal velocity field near an exploding granule
seems to support these conclusions, as it shows how an exploding granule
may create a divergence signal on the mesogranular scale by displacing its
neighbours. We conclude that there is a good consistency between these
spatial and time scales and those associated to the exploding granule pro-
cess (Hirzberger et al. (1999a); Berrilli et al. (2002)).
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5. By applying the go(r) analysis to suitably rescaled granulation and su-
pergranulation image series, a comparison of supergranular and granular
order topology is performed.

More in detail, we comput the < g2(r) > signal (Fig. 7.7), obtained av-
eraging the go(r) signals extracted from single divergence maps, and the
g2(r) of the persistent field (Fig. 7.8), i.e., of the image obtained summing
up the single binarized divergence maps (Figure 7.5). These two signals,
both showing dampened oscillatory behaviours, are analyzed in the con-
text of a hard sphere random packing model, detecting no interaction but
the first-neighbourhood one.

The results obtained for single and time averaged maps seem to suggest
that the supergranulation pseudo-organized pattern persists for at least 4
days. This leads us to conclude that the supergranular structures topolog-
ical order is irreconcilable with a completely random field, and is suitably
described by a simple hard sphere model, i.e., a collection of plasma blobs,
mutually impenetrable, close packed and without, or with a very weak,
long-range interaction.

Instead, the analysis of the < go(r) > retrieved by single granulation im-
ages (Figure 7.9) reveals that the topological order of the instantaneous
granulation pattern is not consistent with the hard sphere model, but it
is compatible with a random distribution of soft features with a very wide
distribution in sizes (Ziman, 1979).

Some kind of organization is detected in the go(r) analysis of persistent
granulation pattern, which is still irreconcilable with a hard sphere model,
but more ordered than instantaneous granulation patterns, nevertheless.
It is worth noting that this emerging spatial scale is a sort of correlation
length scale for these structures.

From these analyses, it can be deduced that supergranulation and granu-
lation patterns present a different topological order.

Specifically, the granulation behaves as a quite random distribution of soft
plasma features with a very wide distribution in size, while supergranu-
lation behaves as a random distribution of close packed, coherent stiff
features with a rather defined mean size.

In the case of single fields (Figures 7.9 and 7.7), this fact could be related
to the greater malleability of the granular structures and to the broader
distribution of granules sizes. As already stated, while in the case of su-
pergranulation a mean cell size can be easily defined, the size distribution
of granulation does not show a clear maximum up to the resolution limit of
the used images (Del Moro, 2004). In the case of time averaged fields (Fig-
ures 7.10 and 7.8), a secondary topological organization seems to emerge
only in granulation patterns, while the supergranulation seems to loosen
a bit its spatial coherence.

As a consequence of these results we can state that the analyzed granula-
tion and supergranulation patterns present very different ordering topolo-
gies and that the conclusion that supergranulation and granulation geome-
try is similar, apart from scale (Schrijver et al., 1997), cannot be extended
to the topological location of supergranular and granular structures.
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6. The computation of a mean supergranular lifetime is performed by fitting
an exponential decay function to the lifetimes retrieved by the T'ST proce-
dure when applied to MDI heliotomographic divergence maps. The value
obtained by such a fit (~ 18 hours) is corrected by taking into account the
effect introduced by the limited temporal window. After this correction
the final estimate for supergranule mean lifetime is ~ 22 hours. It is worth
noting that in the case of supergranulation a simple exponential decay is
well suited to describe the retrieved lifetime histogram.

7. The study of the full 3D velocity field of a supergranule shows that strong
downflow are located on the border and in the centre of the supergranular
structure, but also that the mean granular flow regresses from the centre
to the periphery of the SG. Moreover, tracked granules are denser near
the periphery of the SG, denoting a tendency of granular scale structures
characteristic to vary with the relative position in the supergranule. Since
the work of November et al. (1981), several authors have tried to correlate
granular properties with their position in mesogranular cells (see for ex-
ample Brandt et al. (1991)). This seems to occur also with their position
in supergranular cells.

8.2 Future Research

Further studies can improve and verify the results given in this work.

In fact, it is worth remembering that the ordering topology analysis proposed
in this work is far from being a conclusive approach to the study of the complex
topology of convective plasma structures observed on the Sun. Different proxies
for supergranulation and granulation fields and different analytical describers of
topology in such structures are necessary to finally answer the questions about
the actual nature of supergranulation and granulation and completely define the
convective regime of the outer layer of our star.

Additional analysis involving photospheric intensity and velocity fields would be
important in confirming our insights. Polarimetric and photometric high pre-
cision observations, coupled with clever radiative transport models in presence
of weak and strong magnetic features, would be necessary to definitely confirm
or disprove the convective origin of temperature fluctuation associated to large-
scale photospheric features.

The agreement between the computed evolutionary times and typical time scale
associated to energetic granules makes the hypothesis of a collective origin for
mesogranulation more likely, but the hypothesis of a purely convective meso-
granulation can not be completely ruled out.

Nevertheless, this work would represent a first step in the analysis of global
properties of different photospheric plasma structures.
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