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Abstract

High-resolution observations of the Sun are of utmost importance to improve our understanding
of the complex and intricate interaction between plasma and magnetic fields. This doctoral
thesis focuses on photospheric and chromospheric observations of emerging flux regions and arch
filament systems, which were obtained with the Vacuum Tower Telescope and the GREGOR
solar telescope at Observatorio del Teide, Tenerife, Spain. The research project is based on these
two data sets.

Emerging flux regions mark the first stage in the accumulation of magnetic flux eventually
leading to pores, sunspots, and (complex) active regions. These flux regions are highly dynamic,
show a variety of fine structure, and live in many cases only for a short time (less than a day)
before dissolving quickly into the ubiquitous quiet-Sun magnetic field.

The purpose of this investigation is to characterize the temporal evolution of a minute emerg-
ing flux region, the associated photospheric and chromospheric flow fields, and the properties
of the accompanying arch filament system. We explore flux emergence and decay processes and
investigate if they scale with structure size and magnetic flux contents.

This study is based on imaging spectroscopy with the Göttingen Fabry-Pérot Interferometer
at the Vacuum Tower Telescope, Observatorio del Teide, Tenerife, Spain on 2008 August 7.
Photospheric horizontal proper motions were measured with Local Correlation Tracking using
broad-band images restored with Multi-Object Multi-Frame Blind Deconvolution. Cloud model
inversions of line scans in the strong chromospheric absorption Hα λ656.28 nm line yield cloud
model parameters (Doppler velocity, Doppler width, optical thickness, and source function),
which describe the cool plasma contained in the arch filament system.

The high-resolution observations cover the decay and convergence of two micro-pores with
diameters of less than one second of arc and provide decay rates for intensity and area. The
photospheric horizontal flow speed is suppressed near the two micro-pores indicating that the
magnetic field is already sufficiently strong to affect the convective energy transport. The micro-
pores are accompanied by a small arch filament system as seen in Hα, where small-scale loops
connect two regions with Hα line-core brightenings containing an emerging flux region with
opposite polarities. The Doppler width, optical thickness, and source function reach the largest
values near the Hα line-core brightenings. The chromospheric velocity of the cloud material
is predominantly directed downwards near the footpoints of the loops with velocities of up to
12 km s−1, whereas loop tops show upward motions of about 3 km s−1. Some of the loops
exhibit signs of twisting motions along the loop axis.

Micro-pores are the smallest magnetic field concentrations leaving a photometric signature
in the photosphere. In the observed case, they are accompanied by a miniature arch filament
system indicative of newly emerging flux in the form of Ω-loops. Flux emergence and decay take
place on a time-scale of about two days, whereas the photometric decay of the micro-pores is
much more rapid (a few hours), which is consistent with the incipient submergence of Ω-loops.
Considering lifetime and evolution time-scales, impact on the surrounding photospheric proper
motions, and flow speed of the chromospheric plasma at the loop tops and footpoints, the results
are representative for the smallest emerging flux regions still recognizable as such.

The new generation of solar instruments provides better spectral, spatial, and temporal resolu-
tion for a better understanding of the physical processes that take place on the Sun. Multiple-
component profiles are more commonly observed with these instruments. Particularly, the He i
10830 Å triplet presents such peculiar spectral profiles, which give information on the velocity
and magnetic fine structure of the upper chromosphere. The purpose of this investigation is to
describe a technique to efficiently fit the two blended components of the He i 10830 Å triplet,
which are commonly observed when two atmospheric components are located within the same
resolution element. The observations used in this study were taken on 2015 April 17 with the
very fast spectroscopic mode of the GREGOR Infrared Spectrograph attached to the 1.5-meter
GREGOR solar telescope, located at the Observatorio del Teide, Tenerife, Spain. We apply
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a double-Lorentzian fitting technique using Levenberg-Marquardt least-squares minimization.
This technique is very simple and much faster than inversion codes. Line-of-sight Doppler veloc-
ities can be inferred for a whole map of pixels within just a few minutes. Our results show sub-
and supersonic downflow velocities of up to 40 km s−1 for the fast component in the vicinity of
footpoints of filamentary structures. The slow component presents velocities close to rest.

The initial analysis of the He i 10830 Å triplet focused on just a single spectral scan, i.e., a
snaphot. However, the ‘very fast spectroscopic mode’ of the GREGOR Infrared Spectrograph
facilitates time-resolved observations, which have a duration of about one hour and a cadence
of just one minute. These observations were complemented by observations with the GREGOR
Fabry-Pérot Interferometer and the CRisp Imaging Spectropolarimeter at the Swedish Solar
Telescope at Observatorio del Roques de los Muchachos, La Palma, Spain. Additional context
data was provided by the Solar Dynamics Observatory using the Helioseimic and Magnetic
Imager and the Atmospheric Imaging Assembly.

New magnetic flux is still emerging, which leads to an arch filament system connecting both
pores and other small-scale magnetic elements with multiple dark filament strands. The observed
He i supersonic downflows at the footpoints near the pores and upflows up to 5 km s−1 at the
loop tops of arch filaments are in very good agreement with previous observations. Tracking
these velocities along the arch filaments and following their temporal evolution give us a lifetime
of about 25–30 min for rising Ω-loops, which is at the upper end of values given in literature.
The lowest values of chromospheric velocities (2.7 km s−1) are inferred with the Ca ii 8542 Å line
reaching to approaching 0 km s−1 at log τ ∼ 0. Photospheric downflows with lower velocities
were observed cospatial with the supersonic chromospheric velocities at the footpoints near the
pores. These observations are consistent with emerging Ω-loops, where cool material rises to
chromospheric heights and beyond at the loop tops and then drains towards the footpoints of the
loops. In this study we confirmed the link of these supersonic chromospheric downflows in the
footpoints of the arch filament system with downflows observed in the photosphere. This allowed
us to calculate an approximate height distance between the footpoints in the chromosphere and
the photosphere. This distance can be as large as 1100 km. However, the presence of shocks in
the downflowing material potentially affects this value. Regarding the horizontal proper motions
in the photosphere, we found inflows around the newly formed pores. Combining these results
with the photospheric and chromospheric line-of-sight velocities, we conclude that the plasma
likely experiences convective collapse when moving downwards along the arch filaments and
reaching the photosphere at the pore.

Time-resolved spectroscopy revealed temporal evolution of He i spectra in proximity to a pore
with the strong downflows and the presence of dual-component He i spectral profiles. Using 69
locally averaged spectra in every spectral scan allowed us identify significant changes in the
shape of the red component. Initially the slow and fast red component have well-separated
minima but with time they vanish and the fast component only contributes to line asymmetry,
leaving a single-component profile with a deeper line core in the end. At times, when the fast
component becomes dominant, line-core intensities reach Icore/Ic < 0.8.

The height dependence of line-of-sight velocities was inferred with two independent methods,
which were based on bisectors of spectral lines as a function of line depth and on inversions with
the SIR code computing velocities as a function of optical depth. The result was an almost
linear dependence of derived velocities so that line depth and optical depth could be matched.
Deviation from this linear relationship were only found for the line core, which is formed under
non-LTE conditions, and close to the continuum, where broad line wings and noise hamper the
computation of bisectors.

Observations with multiple instruments and spectral lines like in this doctoral thesis improve
our understanding of plasma dynamics in the presence of magnetic fields. Generally, newly
emerging magnetic flux reaches the photosphere, the chromosphere, and the upper atmospheric
layers like the transition region and corona, as many observations and simulations suggested.
Thus, this doctoral thesis a part of the puzzle revealing the physics governing emerging flux
regions and arch filament systems.
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The doctoral thesis is based one two refereed articles (one published, one accepted for publica-
tion), a submitted article for a conference proceedings, and material for a forthcoming refereed
article. Formatting of these articles (including the figures) were adapted to give this doctoral
thesis uniform layout. Some text of the articles was used for the abstract and conclusions of
this thesis deviating from the structure of the original articles. In the following I outline my
contributions and those of the co-authors.

S.J. González Manrique, N. Bello González, C. Denker: 2017, High-Resolution Imaging Spec-
troscopy of Two Micro-Pores and an Arch Filament System in a Small Emerging Flux Region.
Astron. Astrophys., accepted for publication on 2016 December 22 (Abstract and Chap. 2): Drs.
C. Denker and N. Bello González observed the data in 2008 before I started my doctoral thesis.
My contribution to this article were data calibration including image restoration, scientific anal-
ysis of the data, writing the manuscript, and preparing the figures, among others. Dr. C. Denker
provided guidance during this study, critically read the manuscript, and offered comments and
suggestions improving the manuscript.

S.J. González Manrique, C. Kuckein, A. Pastor Yabar, M. Collados, C. Denker, C.E. Fischer,
P. Gömöry, A. Diercke, N. Bello González, R. Schlichenmaier, H. Balthasar, T. Berkefeld, A.
Feller, S. Hoch, A. Hofmann, F. Kneer, A. Lagg, H. Nicklas, D. Orozco Suárez, D. Schmidt, W.
Schmidt, M. Sigwarth, M. Sobotka, S.K. Solanki, D. Soltau, J. Staude, K.G. Strassmeier, M.
Verma, R. Volkmer, O. von der Lühe, T. Waldmann: 2016, Fitting Peculiar Spectral Profiles in
He i 10830 Å Absorption Features. Astron. Nachr. 337, 1057 (Abstract and Chap. 3): I was the
principle investigator (PI) of this research project, which included a three-months research visit
of the Instituto de Astrof́ısica de Canarias organized by Drs. C. Denker and M. Collados who also
provide guidance and critically read the manuscript. During the GREGOR observing campaign
I received help from Drs. C. Kuckein, N. Bello González, R. Schlichenmaier, and C.E. Fischer.
At the same time Drs. A. Pastor Yabar and M. Cubas Armas observed the same active region
with the Swedish Solar Telescope. Dr. A. Pastor Yabar reduced and calibrated these data. Data
of both telescope are also used in Chap. 4. Dr. C.E. Fischer helped aligning the field-of-view of
the high-resolution instruments with the synoptic data in Fig. 4.5. Dr. C. Kuckein assisted me
in the development of the He i line fitting and commented on the manuscript. Dr. P. Gömöry
and A. Diercke helped me downloading the synoptic data and calculating the magnetic flux,
which was ultimately included in Chap. 4. The data were taken during the ‘early science phase’
of the GREGOR telescope in 2014/15 and thus included other co-authors from the GREGOR
consortium who read the manuscript and offered comments and suggestions. In summary, I
wrote the paper, developed the line fitting method, reduced and restored all data from the
GREGOR telescope, and carried out the data analysis.

Chapter 4 expands the studies from Chap. 3, and it comprises the major part of a forthcoming
peer-reviewed article. In this work Dr. C. Kuckein helped me with the SIR code and NICOLE
inversions, teaching me how to use the codes and suggesting appropriate atmospheric models.
Dr. M. Verma calculated the horizontal proper motions and created Figs. 4.1 and 4.8. Contri-
butions to synoptic data and data of the Swedish Solar Telescope are already mentioned above.
Dr. M. Collados provided ideas how to calculate the approximate distance between the chro-
mosphere and the photosphere. Drs. C. Denker and M. Collados guided me during the process
of analyzing these data. I wrote the entire chapter, observed, analyzed, reduced, reconstructed,
and interpreted the data. Just a small part of Chap. 4.4 results from a conference proceedings
(González Manrique et al., 2017). Here, I analyzed the data and created the figures (Figs. 4.9,
4.10, and 4.11). Dr. C. Denker and I collaborated closely to write this more technical pro-
ceedings contribution outlining the ‘very fast spectroscopic mode’ of the GREGOR Infrared
Spectrograph.

Abstracts of peer-reviewed articles and conference proceedings, which were not included in the
doctoral thesis, are presented in Appendix A.
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Chapter 1

Introduction

1.1 Emerging magnetic flux on the solar surface

A very important role in solar physics in general, and in solar activity in particular, is played
by the emergence of magnetic flux from the solar interior through the solar surface layers,
i.e., photosphere, chromosphere, transition region, and eventually the corona. The emergence
of flux becomes possible when high gradients of pressure between different layers of the solar
surface exist, and the modes change from a large value of the plasma β = Pgas/Pmag (where
Pgas is the gas pressure and Pmag the magnetic pressure) to a plasma β smaller than one (e.g.,
Schmieder, Archontis, and Pariat, 2014). In the solar interior between the convection zone and
the radiative region (tachocline region) the magnetic field is strongly concentrates (see reviews
by Schmieder, Archontis, and Pariat, 2014; Cheung and Isobe, 2014). The differential rotation
of the Sun through solar dynamo processes can convert a fraction of the global kinetic energy
of the solar rotation into magnetic energy (Schmieder, Archontis, and Pariat, 2014). The small-
scale magnetic fields emerge from the interior region of the Sun within supergranular cells and
are guided by a radial flow pattern to the boundaries of the cells (Martin, 1988). If the magnetic
fields are strong enough, the processes eventually can lead to pores, sunspots, and complex
active regions (Zwaan, 1985; Rezaei, Bello González, and Schlichenmaier, 2012).

There are three main observational rules for the emergence of large-scale bipolar structures.
These laws are the base of the dynamo models as summarized by Mackay and Yeates (2012),
and van Driel-Gesztelyi and Green (2015). The three laws are (1) Spörer’s law (Carrington,
1858), (2) Joy’s law (Hale et al., 1919) and (3) Hale’s law (Hale and Nicholson, 1925). The
butterfly diagram shows a dependence of the latitude of flux emergence with respect to the
phase of the solar cycle. When the solar cycle starts, the emergence of active regions appears
at higher latitudes, and when the cycle advances, they emerge progressively at lower latitudes.
Joy’s law describes that bipoles are aligned in the east-west direction with the leading pole
always closer to the equator in both hemispheres of the Sun. Hale’s law says that the leading
magnetic polarities have opposite polarities in opposite hemispheres. These polarities change in
the next solar cycle. The tilts and the orientation of the small-scale bipoles do not always follow
these laws, and they are more random (Stenflo, 2014).

1.1.1 Quiet-Sun magnetic fields

Borrero and Ichimoto (2011) summarize the important role of the magnetic field particularly in
the Sun but more generally in other stars of the universe. Some of the fundamental properties
of plasma and magnetic field, which were summarized by these authors are the following:
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� The magnetic field can guide the plasma capturing the charged particles, e.g., the
magnetic field can suppress the plasma convection or can even confine the plasma.

� The plasma can expand due to the magnetic pressure and become buoyant.

� The MHD waves can be guided by the magnetic field, and it can transfer the the energy
to other places.

� Dynamics transient events can be produced by the magnetic field that accumulates and
liberates energy, for example, in flares.

� The polarization properties of the light can be altered or generated by the magnetic
field.

Pieter Zeeman discovered at the end of the 19th century the splitting of spectral lines in the
presence of a magnetic field. This Zeeman effect is the key to the discovery of magnetic fields in
the sunspots (Zeeman, 1897). The Zeeman effect can be described as the splitting of electronic
energy levels and formation of various spectral lines in emission or absorption in the presence of
magnetic field, when only a single spectral line was present in the absence of magnetic the field.
Another consequence is that the magnetic field modifies the polarization properties of photons
depending on the angle between the magnetic field vector and the line-of-sight (LOS) of the
observer (Borrero and Ichimoto, 2011).

George Ellery Hale discovered the presence of the magnetic fields in sunspots based on the
Zeeman splitting of spectral lines (Hale, 1908). He was able to infer the field strength in sunspots
comparing the separation between the spectral components of the spectral lines that he observed
and the spectral lines obtained in a laboratory. To infer the magnetic field various techniques
are used. With time those techniques evolved and became more sophisticated. It is possible to
study the evolution of the LOS component of the magnetic flux, the morphology, and the large-
scale distribution by plotting maps of the Zeeman effect circular polarization (Stenflo, 1989).
These maps are commonly called magnetograms. An example of a solar full-disk magnetogram
taken by Helioseismic and Magnetic Imager (HMI, Scherrer et al., 2012; Schou et al., 2012),
on-board the Solar Dynamics Observatory (SDO, Pesnell, Thompson, and Chamberlin, 2012),
is represented in the Fig. 1.1. The white areas represent the positive magnetic flux directed
towards the observer while the black areas represent the negative flux directed away from the
observer. These kind of maps are good to show, where the footpoints of the magnetic fields are
located, but they do not provide information if the field lines are connected in other heights of
the solar atmosphere below or above (see e.g., Stenflo, 1989).

It is possible not only to calculate the magnetic field strength but the magnetic field vector ~B
by using the radiative transfer equation (RTE) for polarized light and the observed Stokes profiles
I, Q, U, and V. With the help of inversion codes, e.g., ‘the Stokes inversion code based on response
functions’ (SIR, Ruiz Cobo and del Toro Iniesta, 1992) code, the HAanle and ZEeeman Light
(HAZEL, Asensio Ramos, Trujillo Bueno, and Landi Degl’Innocenti, 2008) code, or the Milne-
Eddington Line Analysis using Numerical Inversion Engine (MELANIE, Socas-Navarro, 2001)
code, among others, it is possible to infer physical parameters such as temperature, density, LOS
velocity, and many others. Continuous measurements of the magnetic field vector is required for
the a better understanding of the Sun’s magnetic field (Lites, Martinez Pillet, and Skumanich,
1994). There are some limitations in measuring because low signal-to-noise ratios and the
180◦ ambiguity make things more complicated or require additional information and techniques.
Regular high-resolution spectropolarimetric measurements are taken since the advent of space
missions such as Hinode (Kosugi et al., 2007; Tsuneta et al., 2008) and SDO. Typical values of
the magnetic field strength B for different magnetic features are: around 2900 G for sunspots
with penumbra, near 2200 G for pores, between 1500 – 2000 G the micro-pores, and 1500 G for
flux fibers (Zwaan, 1987). These values can show a very high scatter for individual magnetic
features and may differ significantly from the aforementioned values (Pevtsov et al., 2014).
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Figure 1.1: Full-disk SDO/HMI
LOS magnetogram taken at
21:57 UT on 2015 April 18.

The solar surface is completely covered with different magnetic structures. These magnetic
structures on the Sun can occur on a variety of scales, from active regions that can extend for
more than 100 Mm (see e.g., Stein, 2012) to structures that are progressively smaller such as
single sunspots, pores, micro-pores, magnetic knots, etc. The observed size of the magnetic
structures is limited by the diffraction limit of the largest telescopes (currently around ∼ 60 –
70 km). Depending on the structures the time evolution cover also a wide range. Some active
regions can have a live-time of months while smaller magnetic structures live just for a few
minutes or even only for seconds (Stein, 2012).The magnetic field on the solar surface is broadly
classified according to active regions and the quiet Sun. Both have a clear origin in the global
dynamo (Stenflo, 2014). The magnetic field observed in the quiet Sun is commonly grouped
into network and internetwork. The internetwork quiet-Sun areas cover a very high percentage
of the solar surface while the network has a cell diameter around 30 Mm (Stenflo, 1989). The
main observational results show that there are strong vertical magnetic fields but also weaker
horizontal magnetic fields associated with the quiet Sun (de Wijn et al., 2009). The flux extends
to the intergranular lanes and is concentrated in the strong vertical field. The field strength is
of the order of kilogauss in faculae and bright points (e.g., de Wijn et al., 2009; Stein, 2012;
Stenflo, 2014). The groups of these scattered flux concentrations active regions are called plages
(de Wijn et al., 2009). In the quiet Sun the vertical fields are placed in the magnetic network.
This magnetic field network can be seen in various spectral lines and coincides with the emission
network (Stenflo, 1989). The boundaries of the photospheric velocity cells (supergranulation)
occupies the same space as the network, and have a lifetime around a day. If the magnetic flux
brakes up, it forms smaller cells called mesogranulation with a cell diameter of 1000 km and
a lifetime of around 7 min (Stenflo, 1989). The horizontal magnetic field can be observed all
over the Sun but mainly in the quiet Sun (Trujillo Bueno, Shchukina, and Asensio Ramos, 2004;
Harvey et al., 2007). The strongest horizontal fields tend to align with active regions while the
weaker fields do not have a clear orientation (Stein, 2012).

7



Figure 1.2: Full-disk continuum
image from SDO/HMI taken at
23:45 UT on 2015 April 17.

1.1.2 Flux emergence

The generally accepted theory states that emerging flux regions (EFR) are formed by magnetic
flux tubes that are transported to the solar surface by buoyancy (Zwaan, 1987). The process
forms Ω-loops and can lead to active regions as shown in Fig. 1.2 depicting a full-disk continuum
image with different several active regions containing sunspots and pores. After the flux moves
through the photosphere, the active regions starts to decay (van Driel-Gesztelyi and Green,
2015). Emerging Ω-loops at granular scale were reported, e.g., by Mart́ınez González et al.
(2010), and Gömöry et al. (2010). The mean velocity of such loops in the photosphere can
reach up to 3 km s−1. The upflows’ mean velocities are higher in the chromosphere, i.e., around
12 km s−1 (Mart́ınez González et al., 2010). The magnetic field at the footpoints is practically
vertical when the loops arrive at the upper photosphere. The emerging fields are transported
by supergranular flows migrating towards the network (Orozco Suárez, Katsukawa, and Bellot
Rubio, 2012). Observations of an EFR in the photosphere show many different temporal and
spatial scales. The smallest EFRs can have a lifetime of just a few minutes, while large active
regions have a lifetime from days up to weeks (Archontis, 2012). There are EFRs with many
sizes, e.g., micro-pores with a radius R ≈ 0.5 Mm, pores with a range between R ≈ 0.7 – 1.8 Mm,
or sunspots between R ≈ 2 – 12 Mm. A very wide flux range of all the EFRs are between 1018 Mx
and 3 × 1022 Mx (Zwaan, 1987). The EFRs could also lead to eruptive events such as micro-
flares, surges, jets, coronal mass ejections, etc.

Many different magnetic field elements with diverse polarities emerge or disappear on the
solar surface when the EFRs are forming. In some cases, larger elements evolve into bipolar
structures. Smaller magnetic elements can appear and merge with the main bipole or are
canceled with opposite polarity elements (Archontis, 2012). Even smaller EFRs follow the Hale-
Nicholson law (Tlatov, Vasil’eva, and Pevtsov, 2010) and have the typical magnetic configuration
of the solar cycle. These small-scale bipolar magnetic flux concentrations (ephemeral regions)
arise all over the solar surface and refill continuously every 14 hours the quiet-Sun magnetic field
(Hagenaar, 2001; Guglielmino et al., 2012). The name of ‘ephemeral’ refers to the short lifetime
(∼12 hours) as compared to the active regions (a few days to several weeks). This lifetime

8



is defined as the time, when the region still can be recognized as a bipolar structure (Harvey
and Martin, 1973; Hagenaar, 2001). In many EFRs the magnetic field between two opposite
main polarities can form the well known ‘sea-serpent’ topology (see e.g., Harvey and Martin,
1973; Pariat et al., 2004; Archontis, 2012; Cheung and Isobe, 2014; Schmieder, Archontis, and
Pariat, 2014). Approximately ever 10 min, emerging field lines can form a photospheric pattern
of aligned dark intergranular lanes (Strous et al., 1996). Magnetic loops are visible in Hα
when the emerging fields reach chromopheric layers where they form dark fibrils. The plasma
progressively drains from the loops. Strong downflows can be caused by this and potentially lead
to convective collapse (Cheung et al., 2008). A group of these cool loops are commonly called
an arch filament system (AFS) connecting the two opposite-polarity-footpoints. The loops can
reach to the photosphere, chromosphere, and corona, where the physical conditions can differ
by orders of magnitude in temperature and gas density. In summary, many physical processes
play a very important role in the solar atmosphere, e.g., radiation, convection, magnetic field
generation/decay, and heat conduction among others. Wedemeyer-Böhm, Lagg, and Nordlund
(2009) reviewed the connection between the photosphere, the chromosphere, and the corona.
To fully comprehend and follow the dynamics of the solar fine structures, it is very important
to observe simultaneously different layers of the Sun with multi-wavelengths observations. The
new generation of solar telescopes and their instruments (see Chap. 1.2) allow us the kind of very
high resolution observations necessary to observe the dynamics, magnetic field, size, and with
inversion codes many other physical parameters are determined. The observations will help us
to answer many open solar physics questions related to flux emergence (see the questions raised
in the review by Cheung and Isobe, 2014) (1) What are the observational consequences of the
emerging flux (Bruzek, 1967; Zwaan, 1978), and what are the physical mechanism responsible
(Cheung and Isobe, 2014)? (2) How EFRs evolve with time in the different layers of the solar
surface? How are they linked? (3) Is it possible to measure how big the footpoints of the AFSs
connected in the different layers of the solar surface are?

1.1.3 Pores and micro-pores

The magnetic solar activity in the photosphere is characterized by various magnetic structures
with a wide range of spatial sizes and diameters. When the magnetic field is strong and the value
of the filling factor is high enough, micro-pores are visible in the photosphere. They appear as
a signature of flux emergence (Scharmer et al., 2002; Rouppe van der Voort et al., 2005).It is
the same case for pores, if the convection and thus the plasma motions are inhibited by a strong
magnetic field, pores and eventually sunspots can be formed (Sobotka, 2003). The effective
temperature of pores is still relatively hot, which means that the convective energy transfer is
not fully suppressed. The pores are considered intermediate-sized emerging magnetic features
(Sobotka et al., 2012). They can be isolated features or emerge near sunspots, and not all pores
evolve into sunspots (Keil et al., 1999), as seen in two examples in Fig. 1.3. Micro-pores are
at the very limit part of the statistical size distribution of pores (Verma and Denker, 2014).
Once pores are present, sunspots are eventually formed by coalescence of newly emerged flux
(Schlichenmaier et al., 2010; Rezaei, Bello González, and Schlichenmaier, 2012). Pores normally
are defined based on their continuum intensity. The continuum intensity varies from 20 – 80 % of
the quiet-Sun continuum intensity (Hirzberger, 2003; Sobotka, 2003; Verma and Denker, 2014).
The diameter of pores varies from study to study, but all authors agree that the maximum
diameter is a few megameters, typically less than 4 Mm (e.g., Rucklidge, Schmidt, and Weiss,
1995; Keppens and Martinez Pillet, 1996; Sütterlin, 1998; Hirzberger, 2003; Sobotka et al., 2012;
Quintero Noda et al., 2016) but always a few thousand of kilometers smaller than the sunspots
(Morinaga et al., 2008). The magnetic field radius is always larger than the continuum radius
and implies that a magnetic canopy exists (Keil et al., 1999). The lower limit of pores and some
micro-pores can have the same size as the granules, i.e., a diameter typically smaller than 1′′

(Rouppe van der Voort et al., 2006). As a consequence, observations with a very high-resolution
are needed (Keil et al., 1999). Micro-pores change their appearance between circular magnetic
structures (flowers) and elongated features that are dark in the center and brighter at the borders
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Figure 1.3: Left: Example of an isolated pore observed with a broad filter 5434 Å Fe I on 2014 August 4 at
08:31 UT with the Blue Imaging Channel (BIC) (see Chap. 1.3.1). Right: Example of a pore close to a sunspot
observed with a G-Band 4307Å filter on 2014 August 26 at 08:24 UT with BIC.

(ribbons). The nomenclature is based on G-band data presented by Rouppe van der Voort et al.
(2005).

One of the main characteristics that differentiates between pores and sunspots is the absence
of a filamentary penumbra in pores. Nevertheless, high-spatial resolution revealed diverse bright
features like light-bridges or umbral dots (Sobotka et al., 2012) and may indicate a mechanism
of convective energy transportation (e.g., Sobotka et al., 1999; Keil et al., 1999; Hirzberger,
2003; Rucklidge, Schmidt, and Weiss, 1995). The absence of filamentary structure in pores may
suggest a simple magnetic structure of flux tubes with a vertical magnetic field (e.g., Simon
and Weiss, 1970). However, the magnetic field lines near the borders of the pores are inclined
between 40◦ – 80◦ (Keil et al., 1999). The magnetic field measured across the pores indicates
that it varies between 600 – 1700 G (e.g., Sütterlin, Schröter, and Muglach, 1996; Keppens and
Martinez Pillet, 1996; Sütterlin, 1998). Quintero Noda et al. (2016) found in the center of the
pore strong LOS field strengths larger than 2000 G in the lower parts of the photosphere and
around 1000 – 1500 G in upper layers using a new technique of a spatially deconvolution of a
solar pore. In the case of bigger pores the magnetic field range can reach up to 2000 G (Zwaan,
1987).

The LOS velocities and horizontal motions inside the concentrated magnetic field of pores
are zero for all height layers, and the observed downflows in the surroundings are close to
zero or exhibit small upward velocities at middle layers (Sobotka et al., 2012; Quintero Noda
et al., 2016). Similar results were found for the micro-pores with small fluctuations of around
0.1 km s−1 (Rouppe van der Voort et al., 2006). In contrast, the downward LOS velocities
near the pores have a range around 0.5 – 2 km s−1 (e.g., Brants and Steenbeek, 1985; Leka
and Skumanich, 1998; Hirzberger, 2003). Verma and Denker (2014) calculated the horizontal
velocities of more than 2000 pores. They discussed two examples in detail, one isolated pore
and a pore resulting from a decaying sunspot that they called “residual pore”. Both pores
have inflows in the center and outflows in the surroundings. The mean horizontal velocities for
the isolated pore is vmean = 0.18 km s−1 and for the residual pore vmean = 0.29 km s−1. The
horizontal motion around isolated pores can reach up to 0.7 km s−1.

Simulations by Cameron et al. (2007) of a pore and its surroundings showed downflows up to
1 km s−1. This agrees with observations of not only the LOS velocities but also of the average
magnetic field around 2000 ± 300 G, and of a field inclination larger than 50◦. There are two
main groups of theoretical models that agreed with the observations (Sobotka et al., 2012).
The first model considers a bundle of spagheti-like flux tubes. They are separated by field-free
plasma that can penetrate the layers close to the visible surface (e.g., Severnyi, 1965; Parker,
1979; Choudhuri, 1986). The second theory consists of a inhommogeneous and monolithic flux
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Figure 1.4: The schematic sketch depicts the magnetic field observed within an emerging flux region. The lower
layer represents the photosphere and the upper layer the average chromosphere. The dark and the white circular
refer to negative and positive polarities, respectively. The green arch filament depicts an emerging magnetic loop
connecting two opposite polarities going from the photosphere into the upper chromosphere. The photospheric
footpoints move in opposite directions as indicated by the yellow arrows. The red and blue arrows illustrate the
downflows and upflows commonly observed in the arch filaments in the upper chromosphere. (Fig. 13 in Xu,
Lagg, and Solanki, 2010).

tube with interior magnetoconvection. This model allows a plasma that can be modified by the
magnetic field and vice versa (e.g., Hurlburt and Rucklidge, 2000; Thomas and Weiss, 2004).

1.1.4 Chromospheric response

Compared to the photosphere, the chromosphere is very inhomogeneous (e.g., Contarino et al.,
2009). There are several features that can be observed. Some of the main features are: spicules,
dynamic fibrils, mottles connected by AFSs and quiet-Sun or active-region filaments, among
others. Filaments are also called prominences when observed in emission above the limb (see
Mackay et al., 2010, for a review). Spicules are jet-like structures observed at the solar limb and
also sometimes on the disk as filamentary structures. They appear in regions with high magnetic
flux (Beckers, 1972). These structures can have vertical extensions between 5 – 10 Mm and have
lifetime of around 5 – 15 min (Contarino et al., 2009). In active regions it is possible to see
dynamic fibrils with a very small size of the order of about 1250 km. These fibrils have diameters
is between 100 – 700 km and a lifetime of 3 – 6 min. (Contarino et al., 2009). Elongated dark
structures placed in the quiet Sun are called mottles. Their heights can reach up to 10 Mm
and their widths between 500 – 2000 km. They have very short lifetimes of 5 – 10 min. Another
chromospheric feature are groups of mottles called chains or rosettes (Contarino et al., 2009).
With regard to the topic of this thesis we distinguish between AFSs and filaments. Their struc-
ture depends on the magnetic field configuration, specifically at their photospheric footpoints.
Filaments are formed of cool dense plasma and are located between opposite polarities (e.g.,
Tandberg-Hanssen, 1995; Mackay et al., 2010; Kuckein, Mart́ınez Pillet, and Centeno, 2012a)
along the polarity inversion line (PIL, Babcock and Babcock, 1955). In contrast to filaments,
AFS cross the PIL connecting two opposite polarities of newly emerging flux regions (Bruzek,
1969).

Quiet-Sun filaments have typically a length of 60 – 600 Mm although longer ones exist (cf.,
Kuckein, Verma, and Denker, 2016), reach heights around 100 Mm, and possess lifetimes up to a
few weeks (Tandberg-Hanssen, 1995). Active-region filaments are shorter with a size of around
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10 Mm and lifetimes from a few hours up to several days (Mackay et al., 2010). Several studies
were carried out to investigate the magnetic field in filaments. In particular, Bommier, Rayrole,
and Eff-Darwich (2005) inferred the magnetic field of an active-region filament in the photosphere
with values around 100 G. Higher values of the magnetic field (600 – 800 G), and with the field
lines oriented mainly horizontal, were reported by Kuckein et al. (2009) and Kuckein, Mart́ınez
Pillet, and Centeno (2012a). The latter observed very strong sheared magnetic fields in the
chromosphere and two days after a sheared magnetic field in the photosphere. Xu et al. (2012)
reported a range of magnetic field between 200 – 800 G depending on the region within the
active-region filament. The magnetic fields of the quiet-Sun filaments are mainly horizontal
with range between 3 to 15 G. Supersonic downflows up to 100 km s−1 in the filaments at
the upper chromosphere were found by Sasso, Lagg, and Solanki (2011, 2014), while Kuckein,
Mart́ınez Pillet, and Centeno (2012b) reported supersonic photospheric downflows near the PIL
and very weak upflows below the filament. Horizontal motions and LOS velocities in quiescent
filaments are of the order of 10 – 70 km s−1 (see Mackay et al., 2010, and references therein).

Howard and Harvey (1964) for the first time distinguished between fibrils or arch filaments
and filaments. While filaments lie above the PIL, fibrils cross perpendicularly to it. Martres,
Michard, and Soru-Iscovici (1966) observed fibrils connecting two opposite polarities. Bruzek
(1967) reported these system of fibrils for the first time and called it AFS. The AFSs are
prominently visible in line-core filtergrams of the strong chromospheric absorption line Hα and
also, but less pronounced, in the line core of the Ca ii H & K lines (Bruzek, 1969). More
recently they were observed in the He i 10830 Å triplet (e.g., Solanki et al., 2003; Spadaro et al.,
2004; Lagg et al., 2007; Xu, Lagg, and Solanki, 2010; Vargas Domı́nguez, van Driel-Gesztelyi,
and Bellot Rubio, 2012; Ma et al., 2015). Figure 1.4 illustrates the loop of a theoretical arch
filament connecting the two opposite polarities in the photosphere and the chromosphere. The
arch filaments are normally confined below 10 Mm. Bruzek (1969) determined the length of
the arch filaments up to the size of supergranular network cells (20 – 30 Mm). Typically, the
width of single AFS loops is only a few megameters, and the height of the arches varies between
5 – 15 Mm with a lifetime of about 30 min (Bruzek, 1967). However, some individual loops of the
AFS can reach heights close to 25 Mm and lengths near 20 – 40 Mm (Tsiropoula et al., 1992).
Generally, the appearance of an AFS does not change for many hours. However, significant
changes can occur along with the growth of the sunspot group. The AFS vanishes around three
days after its formation. Spadaro et al. (2004) studied the evolution and dynamics of an AFS.
They reported upflows in the center of the arches and downflows at the footpoints. Downflows
reach velocities in the range of 30 – 50 km s−1. They were observed near both footpoints of the
AFS, whereas loop tops rise with about 1.5 – 20 km s−1 (Bruzek, 1969; Zwaan, 1985; Chou and
Zirin, 1988; Lites, Skumanich, and Martinez Pillet, 1998). Some other studies of AFS based
on the He i triplet reported downflows from 40 – 90 km s−1 (e.g., Teriaca et al., 2003; Aznar
Cuadrado, Solanki, and Lagg, 2005, 2007; Sasso et al., 2007; Lagg et al., 2007).

In the past it was not easy to infer the magnetic field with the spectral lines typically used
to observe an AFS (Socas-Navarro and Uitenbroek, 2004). Studies containing the magnetic
field vectors based on the full Stokes profiles of the He i 10830 Å triplet were reported , for
example, by Solanki (2003) and Lagg et al. (2004, 2007). The He i triplet is a very important
tool to study the magnetic features in the chromosphere, and particularly the AFS (Lagg et al.,
2007; Xu, Lagg, and Solanki, 2010). Solanki (2003) reported magnetic field strengths in the
footpoints between 390 – 500 G while it decreases in both legs down to 50 G. Magnetic field
strength values up to 1200 G were reported by Lagg et al. (2007) in the regions with very high
velocities, typically located at the footpoints. Xu, Lagg, and Solanki (2010) reconstructed the
three-dimensional (3D) magnetic field in an AFS. They assumed that the He i 10830 Å triplet
is formed along the magnetic field loops.

1.1.5 Theoretical models of flux emergence

Magnetohydrodynamics (MHD) simulations are an important to deepen our physical under-
standing of processes on the Sun. We briefly introduce the latest theoretical works , for example
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related to emerging magnetic flux. Commonly, the MHD equations are used to describe the
evolution of the buoyant rise of the magnetic field lines and their interaction with the surround-
ing medium (e.g., Cheung and Isobe, 2014). These equations are nonlinear, and they require
simulations to study the evolution of the entire system. Cheung and Isobe (2014) reviewed the
physical principles of the MHD equations as follows (see also references therein):

� the principle of mass conservation

� the principle of momentum conservation

� the principle of energy conservation

� Faraday’s law of electromagnetic induction

They summarized the MHD equations in the context of continuum mechanics and in a
Lagrangian notation. The Eulerian notation is also used for the implementation of numerical
simulation codes. With the Lagrangian MHD equations it is possible to simulate the evolution
of individual flux tubes going through the solar convection zone, and it describes the magnetic
flux emergence (e.g., Moreno-Insertis, 1997; Fan, 2009).

Stein (2012) mentioned the three different initializations of the simulations of emerging
magnetic flux from the layers of the convection zone. The first initialization assumes a coherent
twisted flux tube. It is forced trough the bottom boundary into the computational domain or
by lowering their density to make it buoyant (e.g., Cheung, Schüssler, and Moreno-Insertis,
2007; Cheung et al., 2008; Mart́ınez-Sykora, Hansteen, and Carlsson, 2008, 2009; Cheung et al.,
2010). The second one assumes that the flux tube emergence produced locally by a dynamo
action (Abbett, 2007; Abbett and Fisher, 2010). The third one assumes that a minimally
structured, untwisted, uniform, and horizontal magnetic field is advected into the domain by
inflows at the bottom (Stein et al., 2011, 2012).

Rempel and Cheung (2014) reported on recent 3D simulations of different features of the
solar surface related to active regions. Sunspots including umbra were simulated by e,g., Rempel
et al. (2009), Rempel (2011), with penumbra e.g., Kitiashvili et al. (2010a), Rempel (2012), and
sunspots including light bridges by Cheung et al. (2010). Simulations including pores were sim-
ulated by e.g., Kitiashvili et al. (2010b), Stein and Nordlund (2012b), including plages Vögler
et al. (2005) and simulating some anomalous features within the solar granulation related to the
emerging flux e.g., Tortosa-Andreu and Moreno-Insertis (2009), Fang et al. (2012).

The aforementioned simulations reveal the following: Cheung et al. (2010) was able to re-
produce some of the observational properties of magnetic flux emergence like mixed polarities in
EFRs, pore formation, or elongated granules. From a depth in the convection zone of 7.5 Mm
they kinematically advected a magnetic semi-torus upward to the photosphere. Rempel and
Cheung (2014) extended this study. They introduced the evolution and emergence of buoyant
flux under the assumption of coherent twisted flux tubes. Stein et al. (2011) simulated flux
emergence that rises through the upper convection zone and penetrates the solar surface. The
initial rise and evolution is based on a uniform, untwisted, and horizontal magnetic flux tube
with the same entropy as the nonmagnetized plasma. The simulation was carried out by upflows
into a domain of 48 Mm wide and a depth of 20 Mm. Concerning the simulations of the pores
Stein and Nordlund (2012b) also used a horizontal magnetic field that rises from a depth of
20 Mm below the photosphere within a 48-Mm-wide box. The bottom and top boundaries were
open and the horizontal boundaries periodic. After two days a pore was formed spontaneously
in some of the vertical flux concentrations of the emerging loops. These simulations included a
magnetic field that slowly increased from 200 G to 1 kG with a time-range of around 5 hours.
The maximum magnetic flux was 2 × 1020 Mx with vertical magnetic field lines in the pore
and field lines inclined by more than 45◦ near the edges. The lifetime of the pores was around
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Figure 1.5: The VTT at Observatorio del Teide, Tenerife. Image courtesy of Christoph Kuckein.

10 hours. As mentioned in Chap. 1.1.3, Cameron et al. (2007) computed radiative MHD sim-
ulations that reproduce many observed properties of solar pores such as density, mean height
profiles of temperature, morphology, continuum intensity, pressure, surrounding flow pattern,
and magnetic field geometry. They used the MURaM code (MPS/University of Chicago RAdia-
tive MHD, Vögler and Schüssler, 2003; Vögler, 2005) to simulate many pores of different sizes
and with diverse boundary conditions. Kitiashvili et al. (2010b) employed realistic radiative 3D
MHD simulations to study the interaction between the turbulent convection and the magnetic
field. They imposed weak a vertical uniform magnetic field in a region with granular convection.
In addition, at the bottom and top boundaries they applied a constant magnetic flux. They
obtained spontaneous formation of stable magnetic structures, and they claim that this sponta-
neous formation is one of the keys to understand the magnetic organization of the Sun and the
formation of pores and eventually sunspots. The maximum magnetic field strength of the pores
obtained at the solar surface reaches up to 1.5 kG while at the solar interior it is around 6 kG.
The simulated magnetic features remained stable for several hours without any sign of decay.

1.2 Solar telescopes

1.2.1 Vacuum Tower Telescope

The 70 cm Vacuum Tower Telescope (VTT) in Fig. 1.5 was designed in 1973 by Dr. J.P.
Mehltretter at the Kiepenheuer-Institut für Sonnenphysik (KIS). The project was funded as the
“Hilfseinrichtung Sonnenphysik” by the Deutsche Forschungsgemeinschaft. It included the for-
mer Gregory-Coudé Telescope (GCT) 2002, the GTC was replaced by the 1.5 meters GREGOR
telescope. The construction of the VTT started in 1983 and finished 1987 and it had the first
light in 1987. It is located at the Observatorio del Teide (OT), Tenerife, Spain. It is located at
coordinates 28◦18′ North and 16◦30′ West at an altitude of 2390 m. The building has a height
of 38 m with the dome closed (Schmidt and Soltau, 1987).

The VTT has a coelostat consisting of two mirrors with a diameter of 80 cm, a 75 cm window
for the evacuated telescope tank with a length of 25 m and a diameter of 2 m. At the end of the
tank is one parabolic primary mirror of 70 cm that it is mounted in an off-axis configuration. Its
focal length is 45.64 m with the possibility to observe a filed-of-view (FOV) of around 10 arcmin
at the primary focus (plate-scale of 4.52′′ mm−1). The VTT has two optical laboratories with
space for large instruments and optical benches for experimental setups (von der Lühe, 1998).
Real-time image correction is provided by the Kiepenheuer Adaptive Optics System (KAOS,
von der Lühe et al., 2003; Berkefeld et al., 2010), developed at KIS, and it became operational
in 2001. With the Adaptive Optics (AO) system, it is possible to observe small-scale solar fea-
tures with a much improved spatial resolution. KAOS is situated near the telescope focus on an
optical bench, containing a camera mirror and a collimator producing a 50 mm diameter pupil
on the deformable mirror.
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Figure 1.6: GREGOR telescope at the Observatorio del Teide, Tenerife. Image courtesy of Christoph Kuckein.

The VTT hosted and still hosts several post-focus instruments. One of them was the
Göttingen Fabry-Pérot Interferometer (FPI) (Bendlin, Volkmer, and Kneer, 1992; Puschmann
et al., 2006; Bello González and Kneer, 2008). The Göttingen FPI was designed for very high
resolution. In the context of this doctoral thesis it was used to study two small micro-pores
in a small EFR in Chaps. 4 and 5. High resolution spectroscopy is one of the key applica-
tions of the VTT. Other post-focus instruments of the VTT are the Telecentric Etalon SOlar
Spectrometer (TESOS, Kentischer et al., 1998), the polarimetric Littrow Spectrograph (PO-
LIS, Schmidt et al., 2003), the high-resolution Echelle spectrograph including a slit-jaw imaging
system (Schröter, Soltau, and Wiehr, 1985), or the HELioseismological Large Regions Interfer-
ometric DEvice (HELLRIDE, Staiger, 2012a,b).

1.2.2 GREGOR telescope

The 1.5-meter GREGOR solar telescope (e.g., Schmidt et al. (2012); Denker et al. (2012);
Kneer (2012) replaced the GCT at Observatorio del Teide, Tenerife, Spain. It is the largest
solar telescope constructed in Europe and one of the largest in the world. Three imaging mirros,
which are called a double Gregory System, are part of the optical design (Soltau et al., 2012).
The overall design is based on concepts for an open telescope, i.e., the Large Earth-based Solar
Telescope (LEST, Andersen, Engvold, and Owner-Pedersen, 2002). The scheme of the optical
train of GREGOR is shown in Fig. 1.7. The dome of the telescope consists of a foldable tent
(Hammerschlag et al., 2012). Information of the mechanical design can be found in Volkmer
et al. (2012).

Much effort went into the design and construction of the primary mirror. It was made from
Zerodur ceramics (Volkmer et al., 2010b,a) and has a diameter of D1 = 1500 mm (clear aperture
1440 mm) and a focal length of f1 = 2500 mm (von der Lühe et al., 2001). An image with a
diameter of 25 mm is formed in the primary focus, where a total power of nearly 2000 W is
concentrated and the flux density of amounts to 6 MW m−2 (Schmidt et al., 2012). Initially, in
the optical design of the primary, secondary, and tertiary mirrors the mirror substrate was Cesic
ceramics (Volkmer et al., 2003a, 2006; Krödel, Luichtel, and Volkmer, 2006). This advanced
material material can be more effectively cooled. In addition, the mirror seeing is reduced and
the weight of the mirror is smaller (Volkmer et al., 2003b). However, the technology was not
evolved enough to create such a large mirror as the primary mirror. Only the secondary (D2 =
400 mm, f2 = 520 mm) and the tertiary (D3 = 300 mm, f2 = 1400 mm) mirrors were made out
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Figure 1.7: Scheme of the optical train of
the GREGOR telescope (Fig. 3 in Soltau
et al., 2012).

of this material. Even these smaller mirrors were replaced or are in the process to be replaced
because their surface quality and roughness was not optimal.

The GREGOR telescope benefits from advanced real-time image correction provided by the
GREGOR Adaptive Optics System (GAOS, Berkefeld et al., 2012). The typical day time seeing
conditions at Observatorio del Teide have a Full-Width-at-Half-Maximum (FWHM) of 1.2′′ for
the seeing disk with a blurring value of σ = 0.5′′ (Brandt and Wöhl, 1982). Therefore, large-
aperture telescopes are almost always seeing limited, especially for observations in the visible
light. As a consequence, powerful AO systems have been developed over past two decades pro-
viding real-time correction. GAOS allows to observe high-spatial resolution images approaching
the diffraction limit of the telescope. The theoretical diffraction limit of GREGOR is 0.07′′ at a
wavelenght of 5000 Å (Berkefeld et al., 2012; Schmidt et al., 2012).

The GREGOR telescope is equipped with the GREGOR Polarimetric Unit (GPU) located
in the light beam between M2 and M3 near F2 (Hofmann et al., 2012). The GPU can be used to
calibrate the data taken with all post-focus instruments for the visible and near infrared (NIR).
There are three operational post-focus instruments at GREGOR. The GREGOR Fabry-Pérot
Interferometer (GFPI, Denker et al., 2010; Puschmann et al., 2012), the Broad-Band Imager
(BBI, von der Lühe et al., 2012), and the GREGOR Infrared Spectrograph (GRIS, Collados
et al., 2012). The GFPI and BBI are completely placed at the fifth floor of the GREGOR
building, whereas GRIS is mainly located on the forth floor (Volkmer et al., 2006). From the
observing room it is possible to control all the instruments thanks to the GREGOR telescope
control system (Halbgewachs et al., 2012). Dichroic pentaprisms are used to split the light
between the NIR and the visible wavelengths. In the near future, the GREGOR telescope will
be capable to perform night observations (Strassmeier et al., 2012; Granzer et al., 2012).
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(a)

(b) (c)

Figure 1.8: Scheme of the main channels of the GFPI (Fig. 1 in Puschmann et al., 2012): (a) the narrow-band
channel, (b) the broad-band channel, and (c) the blue imaging channel. All the distances between optical elements
are shown in millimeters.

The science verification phase started in spring 2012 and the first early science observations
started in spring 2014. The science goals of the GREGOR telescope are summarized in the
GREGOR proposal by Schmidt et al. (2012) and listed by Denker et al. (2012) as:

� The interaction between convection and the magnetic field in the photosphere

� Solar magnetism and its role in driving solar variability

� The enigmatic heating mechanism of the chromosphere

� The search for solar twins during nighttime

1.3 Instruments

1.3.1 The GREGOR Fabry-Pérot Interferometer

One of the significant post-focus instruments of solar telescopes are imaging spectropolatimeters.
Such instruments support image restoration techniques and have a better photon-efficiency than
long-slit spectrographs. For more than 20 years these kind of instruments are used at various
solar telescopes, e.g., the Göttingen FPI (Bendlin, Volkmer, and Kneer, 1992; Puschmann et al.,
2006; Bello González and Kneer, 2008), also TESOS (Kentischer et al., 1998), both at the VTT,
the CRisp Imaging SpectroPolarimeter (CRISP) described by Scharmer (2006) and Scharmer
et al. (2008) at the Swedish Solar Telescope (SST, Scharmer et al., 2003), the Interferometric
Bidimensional Spectrometer (IBIS, Cavallini, 2006) at the Dunn Solar Telescope (DST), the
Visible-light and NIR Imaging Magnetographs (VIM and IRIM, Denker et al., 2003) at the
Big Bear Solar Observatory (BBSO), the Imaging Magnetograph eXperiment (IMaX, Mart́ınez
Pillet et al., 2011) for the Sunrise balloon-borne solar observatory (Barthol et al., 2010), and
finally the GFPI, one of the first-light instruments of the 1.5-meter GREGOR solar telescope.

The GREGOR FPI as the successor of the Göttingen FPI was described in Puschmann et al.
(2007). The Göttingen FPI was originally developed by the Institute for Astrophisics Göttingen.
In 2009 the Leibniz-Institut für Astrophysik Potsdam(AIP) became in charge of the instrument,
and it was installed at the GREGOR telescope and had its first light in 2012.

Just before the light enters the main optical path of the GREGOR FPI as shown in Fig. 1.8,
two pentaprisms placed before the science focus F4 split the light. The infrared light is trans-
mitted to GRIS and the visible light is reflected towards GFPI. The main optical path includes
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the narrow- and broad-band channels. The incoming light is transmitted by a beamsplitter (BS2
in Fig. 1.8), so that 95% of the light is transmitted to the narrow-band channel and the remain-
ing 5% of the light is directed to the broad-band channel (Denker et al., 2010). The etalons
manufactured by IC Optical Systems LtdIn are placed the collimated beam near the pupil. The
free aperture of both etalons is ∅ = 70 mm, and the plates spacing are d1 = 1.101 mm and
d2 = 1.408 mm, respectively. The GFPI covers the wavelength range of 5300 − 8600 Å with a
very high reflectivity R ∼ 0.95 and a FWHM = 28 − 75 mÅ resulting in a spectral resolutions
of the instrument of R ≈ 250.000. The effective finesse is Feff ≥ 40. The two etalons functions
as tunable filters to scan along a previously selected spectral line. For a proper performance
and stability of the GFPI, the environmental conditions should be as stable as possible, i.e.,
humidity, air pressure, and temperature should remain constant. To protect the instrument
from dust contamination the optical tables are enclosed in a black aluminum box. Additionally,
the etalons are covered with a thermally insulated box.

The detectors for the narrow- and broad-band channels are two Imager QE CCDs from La
Vision GmbH with a Sony ICX258A chip, which has 1376 × 1040 pixels. The pixel size is
6.45 µm × 6.45 µm. The instrument has an image scale of 0.0361 ′′ pixel−1 and a FOV of
52.2′′ × 39.5′′. Using the full resolution the frame rate can reach up to 10 Hz, which can be
doubled using 2 × 2 binning.

It is possible to insert a full Stokes polarimeter in the narrow-band channel of the GFPI.
It uses ferroelectric liquid crystal retarders (FLCRs) for modulation. The nominal retardance
of the first FLCR is λ/2 (half-wave) plate and the second one acts as a λ/4 (quarter-wave)
plate. After the modulator a modified Savart plate is placed, which functions as a polarizing
beamsplitter. The Savart plate contains two calcites and a half-wave plate is placed between
them. The polarimeter can measure four modulation states in every wavelength point, thus
representing a linear combination of the four components of the Stokes vector (Denker et al.,
2010; Balthasar et al., 2011; Puschmann et al., 2012). After demodulation it is possible to derive
the full Stokes vector for every spectral scan. The FLCRs were tested and optimized for the
wavelength range 580–660 nm. The FOV is reduced in the polarimetric mode to 24′′ × 38′′.

Another dichroic beamsplitter (BS1 in Fig. 1.8) deflect the light to the Blue imaging channel
(BIC). The wavelengths available in this channels are below 530 nm. An additional beamsplitter
transmits 50% of the light to each of the PCO.4000 cameras. The chip has 4008 × 2672 pixels but
because of the vignetting of the beamsplitters only 2000 × 2672 pixels can be used (Puschmann
et al., 2013). The pixel size is 9 µm × 9 µm, and the image scale is 0.0315 ′′ pixel−1. The FOV of
both cameras is 63′′×84′′ and can record more than 30 images in less than 15 s (Puschmann et al.,
2012). Various interference filters are available for use in BIC, e.g., blue continuum (450.6 nm),
Ca ii (396.8 nm), and Fraunhofer G-band (430.7 nm) (Puschmann et al., 2013). The software
package DaVis from LaVision in Göttingen facilitates the communication between the devices
of the telescope and the devices of the GFPI, e.g, cameras, etalons, filters, etc. (Puschmann
et al., 2012). Soon the software will be upgraded to DaVis 8. Recently, AIP acquired two new
imager sCMOS cameras (repackaged PCO.edge 5.5 detectors) from LaVision for BIC. The new
sCMOS cameras are a major improvement over the old PCO cameras. The camera chip is 2560
× 2160 pixels large, with the pixel size of 6.5 µm × 6.5 µm. The spectral range is between 370–
1100 nm. The frame rate with the maximum resolution of the camera is 50 frames s−1 and thus
much faster than the old PCO cameras. The fast frame rate will allow to acquire more images
and select the best ones to achieve better reconstructions and to improve the spatial resolution
and contrast of the images. The image reconstruction techniques include post-processing with
Multi-Object Multi-Frame Blind Deconvolution (MOMFBD, Löfdahl, 2002; van Noort, Rouppe
van der Voort, and Löfdahl, 2005) and speckle techniques (e.g., KISIP, Wöger and von der
Lühe, 2008; Wöger, von der Lühe, and Reardon, 2008).

1.3.2 The GREGOR Infrared Spectrograph

The GRIS (Collados et al., 2008, 2012) was developed by the Instituto de Astrof́ısica de Canarias
(IAC). Attached to the spectrograph is an infrared camera, which was formerly operated at the
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Figure 1.9: Scheme of the full optical path
of the GREGOR telescope and GRIS
(Fig. 1 in Collados et al., 2012).

VTT under the name Tenerife Infrared Polarimeter II (TIP-II, Collados et al., 2007). The
detector is a Rockwell TCM-8600 and has 1024 × 1020 pixels. It was purchased by the 6.
Max-Planck-Institut für Sonnensystemforschung (MPS). The detector has a pixel size of 18 µm
× 18 µm, and its highest frame rate to acquire images is 30 Hz (Collados et al., 2007).

The spectrograph together with TIP-II is sensitive to the spectral range 1.0–2.3 µm in
spectroscopic mode and in the range between 1.0–1.8 µm using the spectropolarimetric mode.
Within the wavelength range covered by GRIS there are two spectral region commonly used
by observers. The first one is the 1.083 µm spectral region. It comprises the photospheric Si i
1.0827 µm line, the chromospheric He i 1.0830 µm triplet, the photospheric Ca i 1.0834 and
1.0839 µm lines, and several telluric lines. The second one lies around 1.565 µm and comprises
the Fe i 1.5648 µm line (g = 3), the Fe i 1.5652 µm line, the Fe i 1.5662 µm triplet and the
Fe i 1.5665 µm. There are more spectral windows which are less often observed. For instance,
the Ti i spectral region at 2.230 µm. The angular resolution of GRIS is 0.18′′ and 0.26′′ for the
1.083 µm and 1.565 µm spectral ranges, respectively (Collados et al., 2012).

Figure 1.8 shows the full optical path of GREGOR from the primary mirror, through all
optical elements, until the infrared detector attached to the spectrograph. The entrance slit is
the first optical element of GRIS that the light encounters. It is located on the fifth floor of the
building. As described in the Chap. 1.3.1, there are two pentaprisms in front of the GFPI box
and the GRIS entrance slit. The first pentaprism reflects the light to the wavefront sensor with
a wavelength centered at around of 500 nm and the second pentaprism sends the light to the
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GFPI with a wavelength below 660 nm (Puschmann et al., 2012; Collados et al., 2012).
The slit has a length of 50 mm, which correspond to 180′′ on the Sun. However, the FOV

of the camera limits this lenght to 130′′. The width of the slit is 70 µm, which correspond
to 0.25′′ on the Sun. The light that does not passes through the slit is reflected to a slit-jaw
imaging system with three channels, but only two are currently used: continuum (wavelenght
above 660 nm) and a chromospheric channel (where the Hα filter is not yet installed).

The polarimeter is placed just after the slit. It consists of a polarizing beamsplitter and
two ferroelectric liquid crystals. Afterwards, the light is sent to the forth floor with a 45-degree
folding mirror. Once the light arrives there, two flat mirrors send the light to the collimator. The
camera mirror and another folding mirror send the light to the focal plane of the spectrograph.
Lastly, the light enters a collimating doublet lens and camera doublet lens. These adjust the final
focal plane and provide the correct image scale for the detector (0.13′′ pixel−1). As described in
Chap. 1.2.2 the GREGOR telescope is equipped with a GPU. A second polarimetric calibration
unit is placed at the exit of the relay optics of the GREGOR telescope (see Fig. 1.9). Thus,
instrumental polarization introduced by the moving telescope can be calibrated separately from
the stationary AO system and instruments. The GFPI and GRIS were used simultaneously to
study the evolution of an EFR containing two pores, which is described in the Chap. 4.
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Chapter 2

High-resolution imaging spectroscopy of
two micro-pores and an arch filament
system in a small emerging flux region

Solar activity is intimately linked to the presence of magnetic fields on the solar surface. Small-
scale magnetic fields emerge within the interior of supergranular cells, and they are transported
by a radial flow pattern to the boundaries of the cells (Martin, 1988). The stronger magnetic
fields appear in a multi-stage process eventually leading to pores, sunspots, and (complex) active
regions (Zwaan, 1985; Rezaei, Bello González, and Schlichenmaier, 2012). The first indications
of newly emerging flux are ephemeral regions with dimensions of about 30 Mm and a total
magnetic flux of up to 1020 Mx. These small-scale, bipolar magnetic flux concentrations spring
up everywhere on the solar surface to continuously replenish the quiet-Sun magnetic field about
every 14 hours (Hagenaar, 2001; Guglielmino et al., 2012). Emerging Ω-loops at granular scale
were reported by Mart́ınez González et al. (2010). When such loops rise through the photosphere
their mean velocity can reach up to 3 km s−1. Once the loops reach the upper photosphere,
their magnetic field is almost vertical at the footpoints. In the chromosphere, the mean upflow
velocity climbs to 12 km s−1, and the energy contained in the loops system is at least 1.4×106 –
2.2×107 erg cm−2 s−1 in the lower chromosphere (Mart́ınez González et al., 2010). The emerging
fields are transported by supergranular flows migrating towards the network (Orozco Suárez,
Katsukawa, and Bellot Rubio, 2012).

The initial expansion rate of the bipoles is about 2 km s−1 (Harvey and Martin, 1973).
Once the magnetic field becomes sufficiently strong, i.e., the filling factor becomes sufficiently
high, ‘micro-pores’ appear as photospheric signatures of flux emergence (Scharmer et al., 2002;
Rouppe van der Voort et al., 2005). They change their appearance between elongated features,
which are darker in the center and have their maximum brightness at the edges (ribbons), and
more circular magnetic structures (flowers), adapting the nomenclature of Rouppe van der Voort
et al. (2005). The definitions were made based on G-band data. Micro-pores are at the very
low end of the statistical size distribution of pores (Verma and Denker, 2014). Once pores are
present, sunspots are eventually formed by coalescence of newly emerged flux (Schlichenmaier
et al., 2010; Rezaei, Bello González, and Schlichenmaier, 2012).

The dynamics of EFRs are characterized by a transient state (Zwaan, 1985) of magnetic
field lines rising within granular convection. On time scales of about 10 minutes (photospheric
crossing time), emerging field lines form a pattern of aligned dark intergranular lanes (Strous
et al., 1996). When reaching chromospheric heights, the magnetic loops become visible in Hα,
and material gradually drains from the loops. This and convective collapse (Cheung et al., 2008)
at the footpoints of the loops lead to strong downflows.

AFS connecting the two opposite magnetic polarities of newly emerging flux are prominently
visible in line-core filtergrams of the strong chromospheric absorption line Hα and also, but less
pronounced, in the Ca iiH & K lines (Bruzek, 1969). Downflows in the range of 30 – 50 km s−1

occur near both footpoints of dark filaments, whereas loop tops rise with about 1.5 – 20 km s−1
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Figure 2.1: MOMFBD-restored broad-band image (left) at about λ600 nm of micro-pores (white square in the
center in both images) in an EFR observed with the Göttingen FPI at 08:07 UT on 2008 August 7. Hα line-core
intensity image (right) corresponding to the broad-band image. The white rectangle on the left outlines the
region used for computing the average Hα quiet-Sun spectral profile. Crosses ‘;’ and alphabetic labels mark the
locations of six contrast profiles plotted in Fig. 2.5. The black contours indicate the position of the micro-pores.

(Bruzek, 1969; Zwaan, 1985; Chou and Zirin, 1988; Lites, Skumanich, and Martinez Pillet, 1998).
The arched filaments are typically confined below 10 Mm. Bruzek (1969) relates the length of
the filaments (20 – 30 Mm) to the size of supergranular network cells. The height of the arches
is typically 5 – 15 Mm, and the width of individual filaments is just a few megameters with a
lifetime of about 30 minutes (Bruzek, 1967). However, individual loops of the AFS can reach
heights of up to 25 Mm and a mean length of about 20 – 40 Mm (Tsiropoula et al., 1992).
In general, the appearance of an AFS remains the same for several hours, whereas significant
changes occur only along with the growth of the sunspot group, i.e., after about three days the
AFS vanishes.

AFS are mainly observed in Hα, and one method to analyze Hα spectra is cloud model-
ing. The cloud model (CM) assumes that absorbing chromospheric plasma is suspended by the
magnetic field above the photosphere (Beckers, 1964). A broad spectrum of solar fine structure
was investigated using CM inversions, e.g., Hα upflow events (Lee, Chae, and Wang, 2000),
dark mottles in the chromospheric network (Lee, Chae, and Wang, 2000; Al et al., 2004; Con-
tarino et al., 2009; Bostanci, 2011), superpenumbral fibrils (Alissandrakis, Tsiropoula, and Mein,
1990), AFSs (Alissandrakis, Tsiropoula, and Mein, 1990; Contarino et al., 2009), and filaments
(Schmieder, Raadu, and Wiik, 1991). Such inversions are attractive mainly because of the inher-
ent simplicity of the model and the scarcity of other well established inversion schemes for strong
chromospheric absorption lines such as Hα (cf., Molowny-Horas et al., 1999; Tziotziou et al.,
2001). However, refinements of CM inversions have been implemented including the differential
cloud model (Mein and Mein, 1988), the addition of a variable source function and velocity
gradients (Mein et al., 1996; Heinzel, Mein, and Mein, 1999), the embedded cloud model (Chae,
2014), and the two-cloud model (Hong et al., 2014). Bostanci and Erdogan (2010) examined
the impact of observed and theoretical quiet-Sun background profiles on CM inversions and
concluded that synthetic Hα profiles based on non-local thermodynamic equilibrium (NLTE)
calculations perform better than profiles derived directly from the data.

Physical processes including radiation, convection, conduction, and magnetic field genera-
tion/decay play an important and prominent role in the solar atmosphere. To fully appreciate
the dynamics of solar fine structure, simultaneous multi-wavelengths observations at different
layers of the Sun are crucial. Wedemeyer-Böhm, Lagg, and Nordlund (2009) critically reviewed
the links between the photosphere, chromosphere, and corona of the Sun. They affirm that these
atmospheric layers are coupled by the magnetic field at many different spatial scales. Thus loops,
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Figure 2.2: SoHO/MDI time-series of a
small EFR on 2008 August 6 and 7.
Each panel has the same size as the high-
resolution image in Fig. 2.1. The magne-
tograms were scaled between ±100 G and
resampled to a four times finer grid for bet-
ter display. The cross ;’ indicate the po-
sition of the micro-pores in Fig. 2.1 using
the magnetogram closest in time.

as the ones found in AFS, reach from the photosphere to the chromosphere and corona, where
they encounter physical conditions differing by orders of magnitude in temperature and gas
density. The present study strives to contribute to the quantitative description of EFRs and
AFSs. Some of the key questions related to this study are the following: Do morphological evo-
lution and statistical properties of micro-pores imply a specific flux emergence scenario or flux
dispersion mechanism (Chap. 2.3.1)? Which physical quantities are most suitable to restrain
theoretical models? Can the results of CM inversions help to identify distinct chromospheric
features (cluster analysis in Chap. 2.2)?

In Chap. 2.1, we briefly introduce the observations, image processing, and image restoration
techniques. The data analysis is described in Chap. 2.2. Chapter 2.3 puts forward the results,
where we first examine the two micro-pores, then determine the photospheric horizontal proper
motions associated with the EFR, and finally scrutinize the chromospheric response of emerging
flux, which includes Doppler velocities, CM inversions, and parameters characterizing the AFS.
We conclude our study by comparing our results with the most recent findings and synoptic
literature concerning EFRs and AFSs (Chap. 2.4). Initial results were presented in Denker and
Tritschler (2009).

2.1 Observations

A small EFR at heliographic coordinates E28.5◦ and S7.91◦ (µ = cos θ = 0.86) was observed
on 2008 August 7 with the VTT (von der Lühe, 1998) at Observatorio del Teide, Tenerife,
Spain. Imaging spectroscopy in the strong chromospheric absorption line Hα λ656.28 nm was
carried out with the Göttingen Fabry-Pérot Interferometer (Göttingen FPI, Puschmann et al.,
2006; Bello González and Kneer, 2008). The FOV of the instrument is 77.1′′ × 58.2′′ (688× 520
pixels after 2×2-pixel binning) with an image scale of 0.112′′ pixel−1. All data were taken under
good seeing conditions (Fried-parameter r0 > 15 cm for most of the time) with real-time image
correction provided by KAOS (von der Lühe et al., 2003; Berkefeld et al., 2010).

Four short time-series of simultaneous broad- and narrow-band images were acquired with
the Göttingen FPI during the time period from 07:54 – 08:37 UT (see Fig. 2.1). The observations
were paused twice for about six minutes to take flat-field images at solar disk center and con-
tinuum images with an artificial light source. The AO system experienced a few interruptions
while tracking on solar granulation. From the 54 time-series, 17 data sets (08:07 – 08:16 UT)
have been selected for a more detailed analysis because of very good seeing conditions and con-
tinuous AO correction. Post-processing with MOMFBD (Löfdahl, 2002; van Noort, Rouppe van
der Voort, and Löfdahl, 2005) as described in Sect. 4.4 of de la Cruz Rodŕıguez et al. (2015)
further improves the spatial resolution and contrast of the imaging spectroscopic data.

Each spectral scan of narrow-band images covers 61 equidistant (δλ = 3.13 pm) positions
in the strong chromospheric absorption line Hα λ656.28 nm, i.e., a spectral window of ∆λ =
0.189 nm centered on the line core. Eight images were taken at each position to increase the
signal-to-noise ratio in preparation for MOMFBD. With an exposure time of 15 ms, the cadence
of a spectral scan with 61× 8 = 488 single exposures is ∆t = 34 s. Thus, the total duration of
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Figure 2.3: Map of the χ2 goodness-of-fit statis-
tics, where bright regions indicate significant dif-
ferences between the observed and fitted profiles,
in particular near the footpoints of the AFS.

the selected time-series is ∆T ≈ 10 min. In some instances, scans of the other time-series are
used, e.g., when determining the lifetimes of micro-pores.

Finally, we matched our high-resolution observations to 96-minute cadence, full-disk mag-
netograms of the Solar and Heliospheric Observatory/Michelson Doppler Imager (SoHO/MDI
Scherrer et al., 1995). The magnetograms have 1024× 1024 pixels and an image scale of about
2′′ pixel−1. Thus, the image scales of the Göttingen FPI and MDI data roughly differ by a factor
of twenty, i.e., a magnetogram section of just 39 × 29 pixels corresponds to the Göttingen FPI
FOV. The magnetograms selected for the time-series depicted in Fig. 2.2 were chosen taking
into account some data gaps and the noise being present in the magnetograms. The cadence of
the first row is about four hours and about 96 minutes in the other two rows.

2.2 Data analysis

2.2.1 Local correlation tracking

Horizontal proper motions are derived from the time-series of 17 broad-band images using local
correlation tracking (LCT, November and Simon, 1988) as described in Verma and Denker
(2011). However, the data have not been corrected for geometrical foreshortening because of
the small FOV and its proximity to disk center. The input parameters selected for LCT are a
cadence of ∆t = 34 s, an averaging time of ∆T ≈ 10 min, and a Gaussian sampling window
with a FWHM = 600 km (the Gaussian used as a high-pass filter has a FWHM = 1200 km).
The image scale of the Göttingen FPI broad-band and Hinode/BFI G-band (Kosugi et al., 2007;
Tsuneta et al., 2008) images are almost the same, thus facilitating a straightforward comparison
of flow fields derived from these two instruments.

2.2.2 Cloud model inversions

Some characteristics of strong chromospheric absorption lines are easier to discover in intensity
contrast profiles, which are given as

C(λ) =
I(λ)− I0(λ)

I0(λ)
, (2.1)

where I(λ) and I0(λ) denote the observed and the average quiet-Sun spectral profiles, respec-
tively. Beckers (1964) assumes in his model a cloud of absorbing material suspended by the
magnetic field above the photosphere, and he provides a relationship between the intensity con-
trast profile C(λ) and four free fit parameters describing the cloud material, i.e., the central
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Figure 2.4: Map of the absolute contrast for
each spectral profile. The highest (posi-
tive) contrasts correspond to the bright re-
gions in the Hα line-core intensity image
shown in Fig. 2.1.

wavelength of the absorption profile λc, the Doppler width of the absorption profile ∆λD, the
optical thickness τ0 of the cloud at the central wavelength, and the source function S:

C(λ) =

[
S

I0(λ)
− 1

](
1− exp

[
− τ(λ)

])
with (2.2)

τ(λ) = τ0 exp

[
−
(
λ− λc

∆λD

)2
]

(2.3)

The LOS velocity vLOS of the cloud can be derived, once λc is known, according to

vLOS = c
λc − λ0

λ0
, (2.4)

where λ0 is the central wavelength of the strong chromospheric absorption line averaged over a
quiet-Sun area and c is the speed of light.

The quiet-Sun profile I0(λ) is computed within an about 10′′-wide region to the East of the
EFR (see white rectangle in Fig. 2.1). The selection of I0(λ) has a strong impact on the results of
the CM analysis (Tziotziou, Tsiropoula, and Mein, 2003), e.g., lateral radiative exchange affects
the conditions of the cloud material. The selected quiet-Sun region is at the periphery of AFS, it
does not show any features with strong absorption in Hα, and chromospheric velocities are low.
Therefore, this quiet-Sun region is the best choice within the available FOV. We carried out some
tests using different samples within this region to create different quiet-Sun profiles. The results
from CM inversions were basically identical, which is not the case for other ‘quiet’ settings within
the FOV, which contained either absorption features or exhibited high chromospheric velocities.
Line shifts are corrected by linear interpolation before averaging the profiles. Assuming that
up- and downflows in the quiet Sun are balanced and that the convective blueshift of spectral
lines is negligible in the chromosphere, the mean velocity is set to zero and used as a reference
for the entire FOV. In this study, the quiet-Sun profile I0(λ) is computed from the data itself.
However, Bostanci (2011) demonstrated that theoretical profiles from NLTE calculations may
compare favorably to profiles derived directly from observations.

Two steps are required in the CM inversions to efficiently analyze the millions of spectral pro-
files obtained with imaging spectroscopy: (1) Contrast profiles are computed for 50 000 random
CM input parameters, which are restricted to the intervals τ0 ∈ [0, 3], vLOS ∈ [−90,+90] km s−1,
∆λD ∈ [0, 70] pm, and S ∈ [0, 0.4], where the source function S is given in quiet-Sun intensity
units. In addition, the histograms of the parameters have to closely match those of the obser-
vations. This requires some a priori knowledge acquired by dropping the last assumption for a
representative sample of contrast profiles. Each observed profile is then compared against the
50 000 templates, and the CM parameters of the closest match (smallest χ2-values) are saved.
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Figure 2.5: Observed contrast profiles C(λ)
(dotted) and results of CM inversions C′(λ)
(solid). The CM parameters (omitting the
commonly used units) of the inversions are
given in the lower right corner of each
panel. The alphabetical labels correspond
to the locations marked in Fig. 2.1.

(2) The saved CM parameters are the initial estimates to perform a Levenberg-Markwardt least-
squares minimization (Moré, 1977; Moré and Wright, 1993) using the MPFIT software package
(Markwardt, 2009). The quiet-Sun spectral profile is handed to the fitting routine as private
data avoiding common block variables, and MPFIT’s diagnostic capabilities provide the means
to easily discriminate between successful fits and situations, where the iterative algorithm does
not converge.

Mediocre fits result in high χ2-values (Fig. 2.3), which are cospatial with the Hα line-core
brightenings at the footpoints of the dark filamentary features of the AFS. In addition, for much
of the area covered with granulation, the χ2 goodness-of-fit statistics is low. Good CM inversions
correspond in general to regions, where the contrast profiles exhibit enhanced contrast as is
evident in Fig. 2.4 for the AFS. Only for regions with high positive contrasts, i.e., the footpoint
regions, CM inversions fail.

Typical examples of observed C(λ) and fitted contrast profiles C ′(λ) are shown in Fig. 2.5
to illustrate the quality of the CM inversions (positions of the profiles marked in Fig. 2.1).
The contrast profiles labeled ‘a’ and ‘b’ have low and high values of the optical thickness τ0,
respectively. Profile ‘a’ is taken from the quiet-Sun region with an optical thickness τ0 ≈
1.0, while profile ‘b’ belongs to a prominent dark filamentary feature with τ0 ≈ 2.3. In both
cases, the velocity vLOS is close to zero. Contrast profiles ‘c’ and ‘d’ correspond to a dark
filamentary feature and a location near the right Hα brightening, respectively. They differ
mainly in the direction of the velocity vLOS and source function S. The other two CM fit
parameters are very similar. The last two examples ‘e’ and ‘f’ are related to counter-streaming in
a dark filamentary feature (see Chap. 2.3.3) exhibiting blue- and redshifts, respectively. Counter-
streaming is evident in time-lapse movies of Hα line-core images. The blueshifted profile is
characterized by a very high value of ∆λD = 51.3 pm and a relatively low value of τ0 = 1.3.

A fit of an observed Hα profile can be derived by solving Eqn. 2.1 for I(λ) using the respective
fitted contrast profile C ′(λ) and the quiet-Sun profile I0(λ). The Hα profiles corresponding
to Fig. 2.5 are shown in Fig. 2.6. Generally, observed and fitted Hα profiles are in very good
agreement. Only for Hα profiles with lower line depths fits and observations significantly deviate,
i.e., in regions with high χ2-values in Fig. 2.3. This test lends additional credibility to the results
of the CM inversions.
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Figure 2.6: Observed normalized Hα inten-
sity profiles I(λ) (dotted) and converted re-
sults of CM inversions I ′(λ) (solid). The
profiles correspond to the contrast profiles
C(λ) in Fig. 2.5.

2.2.3 Cluster analysis

The four fit parameters of the CM inversion are available for all pixels within the FOV, where
the least-squares minimization algorithm converged and where the χ2-values are acceptable.
However, the presence of different features (arch filaments, bright footpoint regions, quiet Sun,
etc.) within the FOV raises the question if these populations can be characterized by distinct
CM parameters. Cluster analysis (Everitt et al., 2011) is a powerful tool to identify populations
in an n-dimensional parameter space and to locate them in the FOV. These populations might
be hidden in histograms of CM parameters (see Chap. 2.3.5), which can only provide hints of
their presence due to a particular shape of the distributions. Since n = 4 for the CM parameter
space, cluster analysis only delivers meaningful results for less than four populations, where two
is the most likely number of clusters given the histograms of CM parameters in Chap. 2.3.5). The
cluster finding algorithm, a built-in function of the Interactive Data Language (IDL),1 maximizes
the Euclidean distance of the cluster centers while minimizing the intra-cluster distances in the
CM parameter space. The algorithm does not deliver the number of clusters. Thus, a priori
knowledge is required about the number of clusters.

2.3 Results

The broad-band image in Fig. 2.1 contains two micro-pores (see Rouppe van der Voort et al.,
2006) within the quiet Sun, which are indications of a small EFR close to disk center. As seen
in MDI magnetograms, a small, compact negative-polarity feature emerges first at 8:00 UT on
2008 August 6 (not shown here). In the next 96-minute magnetogram (see Fig. 2.2), the positive
polarity emerges, more extended and with a faint halo-like structure. The positive-polarity patch
splits in several kernels while the bipole evolves. The more stable negative-polarity region hosts
the two micro-pores. Tracking the EFR was possible until 23:58 UT on 2008 August 7, when a
data gap of 14 hours prevented us from reliably identifying the EFR, i.e., only (isolated) small-
scale magnetic features were present at the predicted location. Therefore, we conclude that the
lifetime of the EFR was at least 40 hours and at maximum 54 hours. Even though the EFR
is small, it follows the Hale-Nicholson law (Tlatov, Vasil’eva, and Pevtsov, 2010) and possesses
the typical magnetic configuration for the 23rd solar cycle. The dipole emerged around 24 hours
before the observations were taken, and the total magnetic flux increased until the beginning
of our observations (see Chap. 2.3.1). Although the total magnetic flux in the EFR remained

1www.harrisgeospatial.com
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Figure 2.7: Temporal evolution of micro-pores shown at 34-second intervals starting at 08:07 UT (top-left to
bottom-right). The ROI is 6′′ × 6′′ as indicated by the white square in Fig. 2.1. Major tick marks are separated
by one second of arc. All images are from the reconstructed broad-band channel and are displayed in the same
intensity range of 0.75 – 1.35 I0.

constant for some time after our observations, we use the term EFR throughout the article
because of its bipolar structure and the presence of the small AFS.

2.3.1 Temporal evolution of micro-pores

A region-of-interest (ROI) with a size of 6′′ × 6′′ centered on the micro-pores (white square
in Fig. 2.1) is chosen to illustrate the temporal evolution of these structures in Fig. 2.7. The
time sequence starts at 08:07 UT, the cadence is ∆t = 34 s, and the total duration of the time
sequence is about ∆T ∼10 min.

Initially, two micro-pores are present with diameters of less than 1′′, which evolve with time
in intensity, size, and shape. The right micro-pore is circular, whereas the left micro-pore ex-
hibits some star-like extrusions. The intensity of both micro-pores gradually increases, and
at the same time the area decreases. Besides the term ‘micro-pore’, Rouppe van der Voort
et al. (2005) introduced the nomenclature ‘ribbon’ and ‘flower’ for elongated and more circu-
lar magnetic structures, respectively, to capture their morphology at sub-arcsecond scales. The
transition from flower to ribbon begins for the left micro-pore early-on in the time-series, whereas
the right micro-pore maintains its perceptual structure for about three minutes and then makes
the transition from flower to ribbon. Small-scale brigthenings and signatures of abnormal gran-
ulation (de Boer and Kneer, 1992) are present everywhere in the vicinity of the micro-pores
(e.g., near the coordinates (30′′, 30′′) and (29′′, 21′′) in Fig. 2.1).

The 10-minute time-series in Fig. 2.7 displays the two micro-pores under the best seeing
conditions. However, the other three time-series also contain moments of good seeing, thus
allowing us to study the evolution of the micro-pores more quantitatively over a period of
about 40 minutes. Smoothing using anisotropic diffusion (Perona and Malik, 1990), intensity
thresholding (< 0.9 I0), and standard tools for ‘blob analysis’ (Fanning, 2011) yield the area of
the micro-pores, their intensity distribution, and their center coordinates, which in turn provide
the distance between the micro-pores. A more detailed description of this procedure is given in
Verma and Denker (2014). The temporal evolution of the total area Amp of the micro-pores,
their average intensity Imp given in terms of the quiet-Sun intensity I0, and the center-to-center
distance smp are presented in Fig. 2.8. Because the micro-pores evolve in a dynamic environment,
being constantly jostled around by granules, they change shape and sometimes even seem to
merge or split (mediocre seeing also affects the feature identification). Therefore, only data
points are included for the distance, where the two micro-pores can be clearly identified. In
addition, some restored broad-band images were omitted because of mediocre seeing conditions.

All aforementioned parameters indicate the photometric decay of the system of micro-pores;
the total magnetic flux of the EFR, however, remains constant but its distribution within the
region changes. At the beginning of the sequence the micro-pores are about 1.1 Mm apart, have a
total area of around 0.8 Mm2, and their average intensity is just 0.75 I0. Linear least-squares fits
establish that the two micro-pores approach each other with a speed of dsmp/dt = −0.11 km s−1,
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Figure 2.8: Chronological sequence of pa-
rameters describing the decay process of
the micro-pores starting at 07:54 UT, i.e.,
center-to-center distance of the micro-pores
smp, total area Amp, and average intensity
Imp/I0 (top to bottom). The gray back-
ground indicates the 17 sequences with the
best seeing conditions. The solid lines are
linear fits to the parameters, and the dash-
dotted lines represent the 3σ-error margins.

shrink at a rate of dAmp/dt = −0.22 km2 s−1, and approach quiet-Sun intensity levels at
dImp/dt = 0.033 I0 s−1.

Measuring the magnetic flux and thus the growth and decay rates is hampered by the low
cadence (96 min), the varying noise level as a function of the heliocentric angle, the geometric
foreshortening of the pixel area, the angle of the magnetic field lines (assumed to be perpendicular
to the surface) with the LOS, and the small number of pixels having a flux density of more than
20 G. Therefore, we conservatively report only the total unsigned magnetic flux of 2.2×1020 Mx
(the negative magnetic flux is 1.2 × 1020 Mx) at 08:00 UT on 2008 August 7, which attains
a maximum right at the time of the high-resolution Göttingen FPI observations. The flux
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Figure 2.9: Horizontal proper motions in
the vicinity of the two micro-pores. Color-
coded arrows indicate magnitude and di-
rection of horizontal flows for each pixel
of the first broad-band image shown in
Fig. 2.7, an enlarged version of which serves
as the background. Major tick marks are
separated by one second of arc. The FOV
6′′× 6′′ as indicated by the white square in
Fig. 2.1.

contained in the EFR is slightly larger than the upper limit for ephemeral regions (see van
Driel-Gesztelyi and Green, 2015), i.e., much too small to form larger pores or even sunspots.
Even though the time resolution is too coarse to provide a growth rate for the magnetic field,
our measurements agree with a rapid rise time (already significant changes between the first
two magnetograms) and a much slower decay rate (total unsigned flux of 1.3 × 1020 Mx at
22:24 UT on 2008 August 7). However, we cannot use the MDI continuum images to determine
the lifetime of the micro-pores because their size is only a small fraction of an MDI pixel.

The 3σ-errors given in Fig. 2.8 demonstrate that a linear model for the decay process of the
micro-pores is in general appropriate – at least for the time interval under study. However, there
are some deviations, in particular during the time with the best seeing (highlighted gray area in
Fig. 2.8), where a more detailed inspection is warranted. The two micro-pores start to separate,
while becoming darker. During this period the left micro-pore almost vanishes while the one on
the right changes its shape from roundish to more elongated. Towards the end of the sequence
shown in Fig. 2.7, the left micro-pore slowly recovers. A linear least-squares fit for just this time
period yields an increased intensity gradient of dImp/dt = 0.045 I0 s−1. The increase in total
area towards the end of the sequence is caused by newly forming and merging micro-pores. A
slight decrease in intensity accompanies this emergence process, as expected for a small-scale
magnetic flux kernel with increasing magnetic flux. Taking the temporal derivatives dsmp/dt,
dAmp/dt, and dImp/dt at face value leads to the conclusion that the decaying micro-pores will
vanish before merging.

2.3.2 Horizontal flow field around micro-pores

Magnetic field concentration are known to influences horizontal proper motions. We used LCT
(Verma and Denker, 2011) to investigate if even micro-pores potentially impact the surrounding
plasma motions. The mean flow speed is v̄ = 0.59± 0.41 km s−1 across the entire FOV and v̄ =
0.49± 0.31 km s−1 in the ROI shown in Fig. 2.9. In both cases, the standard deviation refers to
the variation within the observed field rather than to a formal error estimate. The corresponding
10th percentiles of the speed distributions are v10 = 1.15 and 0.93 km s−1, respectively. These
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Figure 2.10: Chromospheric Doppler veloc-
ity map corresponding to Fig. 2.1 derived
with the center-of-gravity method. Blue
and red colors represent up- and down-
flows, respectively.

values are slightly higher than those provided in Fig. 7 of Verma, Steffen, and Denker (2013).
However, considering the shorter averaging time of ∆T ≈ 10 min as compared to ∆T = 60 min
for Hinode G-band images, the LCT results are in good agreement.

Neither in- nor outflows surround the two micro-pores. The flow field is still dominated by
the jostling motion of the solar granulation. As already noted in Verma and Denker (2011),
much longer averaging times are needed to clearly detect persistent flows. However, the flow
speed is significantly reduced in the immediate surroundings of the micro-pores (±1′′). Detecting
(micro-) pores at spatial scales of one second of arc or below is a formidable task. In their ex-
tensive statistical study based on Hinode data, Verma and Denker (2014) consequently required
an area of at least 0.8 Mm2 for pores to be included in the sample, which would exclude the two
micro-pores depicted in Fig. 2.9. Therefore, this case study provides additional information for
the smallest features that can still be considered a pore.

2.3.3 Chromospheric fine structure and Doppler velocity

Both the Hα line-core intensity (bottom panel in Fig. 2.1) and the Hα Doppler velocity maps
(Fig. 2.10) reveal the rich fine structure of the solar chromosphere. The center-of-gravity method
(Schmidt, Stix, and Wöhl, 1999) is very efficient and robust in retrieving the Hα Doppler
velocities. Repeating the white rectangle and square already drawn in Fig. 2.1 facilitates easy
comparison with the photospheric observations – in particular, the rectangle validates the choice
of the quiet-Sun region as the Doppler velocity reference, because this region is free of any
chromospheric filamentary structure and does not exhibit any peculiar chromospheric flows;
and the square illustrates the association of the micro-pores with Hα brightenings and strong
downflows in excess of 6 km s−1 near the footpoints of small-scale Hα loops belonging to the
AFS. However, the Doppler velocities are close to zero at the exact location of the micro-pores.

The AFS consists of two regions with Hα line-core brightenings. Some small-scale loops
connect these areas containing the bipolar EFR. Other loops rooted in the bright patches connect
to the outside of the EFR. Some bright fibrils are interspersed among the dark filaments. The
width of the loops is just a few seconds of arc, and their length is about 6′′ – 8′′. Typical
aspect ratios for the dark filaments are 1 : 4 to 1: 5. The morphology of the micro-pores, the
EFR, and the small AFS closely resembles structures reported in other studies (e.g., Strous
et al., 1996; Tziotziou, Tsiropoula, and Mein, 2003; Wedemeyer-Böhm, Lagg, and Nordlund,
2009; Zuccarello et al., 2009). The cross-shaped markers labeled ‘a – f’ identify the locations of
some exemplary Hα contrast profiles, e.g., labels ‘c’ and ‘d’ refer to a dark arch filament and a
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Table 2.1: Mean value and standard deviation of CM parameters for the quiet Sun, the dark filamentary features,
and all fitted contrast profiles.

quiet Sun dark filaments all profiles

S 0.14± 0.07 0.12± 0.02 0.15± 0.05
∆λD [pm] 30.44± 10.36 41.62± 7.17 33.96± 10.74
τ0 0.44± 0.30 1.19± 0.45 0.85± 0.53
vLOS [km s−1] −1.41± 10.16 −0.94± 3.84 0.41± 8.61

Table 2.2: Gaussian and log-normal fit parameters of the normalized histograms of the CM parameters shown in
Fig. 2.14.

µ1 σ1 µ2 σ2 P1

S 0.14 0.02 0.18 0.01 0.83
∆λD [pm] 25.92 6.81 42.09 6.35 0.54
τ0
† 0.17 3.50 1.00 2.60 0.50

vLOS [km s−1] 0.61 9.77 0.39 3.45 0.76

†Two Gaussians are fitted to the normalized histograms
of the CM fit parameters with the exception of τ0, where
the fit consists of a two log-normal distributions.

footpoint, respectively. Properties and parameters derived from CM inversions of the contrast
profiles are discussed in Chap. 2.3.5.

Hα Doppler velocities v are computed for the dark filaments of the AFS and the bright foot-
point areas. Intensity and size thresholds in combination with morphological image processing
of the Hα line-core intensity maps yield binary masks of bright and dark features. Indexing of
pixels belonging to these areas facilitates computing histograms for dark filamentary features
(n = 7009 pixels) and bright footpoints (n = 2827 pixels) shown in the left and right panels
of Fig. 2.11, respectively. The histogram of the dark filamentary features is characterized by
a median value of vd,med = −0.10 km s−1, a mean value of v̄d = −0.13 km s−1, and a stan-
dard deviation of σd = 1.31 km s−1. The corresponding values for the bright footpoints are
vb,med = 3.77 km s−1, v̄b = 3.97 km s−1, and σb = 1.86 km s−1.

Both up- and downflows occur in the dark filaments with a small imbalance towards blueshifts.
Notwithstanding, the bright footpoint regions almost exclusively harbor downflows with veloci-
ties as high as 12 km s−1. Interestingly, blue- and redshifted Hα profiles appear in close proximity
along the loops (see labels ‘e’ and ‘f’), which can be interpreted as up- and downflows. However,
counter-streaming and even rotation along the filament axis are possibilities depending on the
specific three-dimensional loop topology. The typical mean upflow velocity at the loop tops is
v̄lt = −1.13 km s−1, and extreme values approach vlt,max = −3 km s−1. In general, the ratio of
the area between up- and downflowing cloud material is Aup/Adown = 0.22.

2.3.4 Cloud model inversions

The rms-deviation between observed and inverted contrast profiles is taken as an additional
criterion to select only the best-matched profiles (60% of the entire FOV) as shown in Fig. 2.12,
where mediocre fits are excluded and indicated as light gray areas. Rejected regions include
much of the quiet Sun and the micro-pores including the surrounding regions with Hα line-core
brightenings. In all cases, the underlying assumption of CM inversions is not valid, i.e., the
premise of cool absorbing plasma suspended by the magnetic field above the photosphere does
not apply. Mean values and standard deviations of the CM fit parameters are summarized in
Table 2.1 for the quiet-Sun region indicated by the white rectangles in Figs. 2.1 and 2.10, the
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Figure 2.11: Normalized histograms of the
chromospheric Doppler velocities vd for
dark filamentary features (left) and vb for
bright footpoints (right) of the small AFS
in Figs. 2.1 and 2.10. The variable n in-
dicates the number of Hα line profiles on
which the distributions are based.

dark filamentary features, and all fitted profiles. The dark filamentary features represent just
2% of all contrast profiles in the image. In all three case, the source function S is virtually the
same, except for the lower standard deviation of the dark filamentary features. The Doppler
width ∆λD and the optical thickness τ0 are significantly larger in the dark filamentary features
as compared to quiet-Sun regions. The dark features show on average a small upflow similar
to the quiet Sun. The quiet-Sun LOS velocity vLOS is not zero like the Hα Doppler velocity
v, which is likely a selection effect because CM inversions are not available for all pixels of the
reference region. The LOS velocity vLOS for the entire FOV is slightly redshifted because of
the downflows encountered in the EFR and AFS. The small standard deviation of all CM fit
parameters for the dark filamentary features indicates that they belong to a specific class of
absorption features.

2.3.5 Properties of the arch filament system

The results of the CM inversions are presented in Fig. 2.12 for the parameters source function S,
Doppler width ∆λD, optical thickness τ0, and LOS velocity of the cloud material vLOS, which is
not the same as the Doppler velocity v obtained with the center-of-gravity method. The linear
correlation coefficient between these two quantities is ρ(vLOS, v) = 0.80. The linear regression
model can be written as v = c0 + c1 · vLOS with the constants c0 = 0.20 km s−1 and c1 = 0.15.
The linear correlation of vLOS and v reduces to ρlt = 0.73 and ρqs = 0.64 for specific features
such as loop tops and the quiet Sun.

The parameters S, ∆λD, and τ0 reach their largest values in proximity to the Hα line-core
brightenings. In regions, which are free of any filamentary structure, the values for this set of
parameters are much lower. The velocity vLOS within the EFR and the AFS is predominantly
directed downwards with the exception of the loop tops of the dark filamentary features, where
significant upflows arise, which are clearly in excess of the Hα Doppler velocity v (compare with
Fig. 2.1).

The temporal evolution of selected CM parameter maps is shown in Fig. 2.13 for the central
ROI containing the EFR and AFS as indicated in the top-left panel of Fig. 2.12. The first
row corresponds to Fig. 2.12 at 08:07 UT, whereas the other rows display maps at 136-second
intervals (every fourth image in Fig. 2.7). The CM inversions and the quiet-Sun selection follow
the same procedure as for the first CM map. The backgrounds of source function S and optical
thickness τ0 remain very stable but changes of their extreme values closely track the evolution
of the dark arch filaments. The Doppler width ∆λD of the arch filaments reaches a maximum in
the third map. The velocity vLOS at the loop tops reveals upflows in the first three maps while
in the last two maps downflows appear at the same position. This points to the very dynamic
nature of AFSs. Despite individual active features, in particular the loop tops, on the whole
the AFS is very stable over the 10-minute time-series, which is consistent with the results of
Tsiropoula et al. (1992).

Normalize histograms for all CM parameters are given in Fig. 2.14. The distributions for
source function S and optical thickness τ0 show a conspicuous ‘shoulder’ on the right side, the
one for the Doppler width ∆λD is double-peaked, and the one for the velocity vLOS possess an
extended base. All these characteristics are indicative for a sample with two (or more) distinct
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Figure 2.12: Maps of CM parameters for the inverted Hα contrast profiles corresponding to Fig. 2.1, i.e., source
function S, Doppler width ∆λD, optical thickness τ0, and LOS velocity vLOS (top-left to bottom-right). Light
gray areas indicate regions, where the CM inversions did not deliver good fits. The two white vertical lines in the
upper-left panel enclose the ROI, which was selected to show the evolution of the AFS in Fig. 2.13. The FOV is
the same as shown in Fig. 2.1.

populations, e.g., quiet Sun and AFS. In general, the frequency of occurrence is well represented
by two Gaussians (S, ∆λD, and vLOS). Only in case of the optical thickness τ0, two log-normal
distributions are a more appropriate model. The mean values µ1,2 and standard deviations σ1,2

of the fit parameters (or the parameter’s natural logarithm for τ0) are given in Table 2.2 along
with the normalized frequency of occurrence P1 of the dominant population.

The histograms provide indirect evidence that two features with distinct CM parameters are
present within the observed FOV. However, they do not offer hints, where these features are
located, because the distributions strongly overlap. Cluster analysis offers a variety of statistical
tools to identify distinct populations in an n-dimensional parameter space, i.e., in our case the
4-dimensional space of CM parameters (see Figs. 2.14 and 2.12). The number of samples in
each histogram is m = 200 188. The k-means clustering algorithm implemented in IDL (Everitt
et al., 2011) requires a priori knowledge about the number of clusters k. The histograms favor
k = 2. However, the cases k = 3 and k = 4 are also investigated to validate that two distinct
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Figure 2.13: Temporal evolution of CM
parameters (top to bottom) for the ROI
containing the EFR and AFS. The
maps are depicted at 136-second inter-
vals starting at 08:07 UT (see Fig. 2.12)
and show source function S, Doppler
width ∆λD, optical thickness τ0, and
LOS velocity vLOS (left to right). The
two white vertical lines in the upper-left
panel shown in Fig. 2.12 enclose the FOV
of this figure.

populations are indeed sufficient to represent the data. The clustering algorithms assigns the
samples to a cluster such that the squared distance from the cluster center is minimized and the
distance between the cluster centers is maximized. The clustering algorithm provides additional
information to explain the different shapes observed in the histogram of Fig. 2.14, i.e., two peaks
for the Doppler width ∆λD, the halo for the LOS velocity vLOS and the shoulders for the optical
thickness τ0 and the source function S.

Cluster centers or weights wi are not necessarily the same as the mean values µi of the
clusters because of the above optimization scheme. In addition to the mean values µi, we list in
Table 2.3 the respective standard deviations σi to illustrate the extend and potential overlap of
the clusters. The size of each population is given by the cluster fraction ci, and the normalized
histograms for all the CM parameters are given in Fig. 2.15 for the case k = 2.

In the case of just two populations, the Doppler width of the absorption profiles ∆λD has
the strongest discriminatory power. These broad absorption profiles also have a higher optical
thickness τ0. On the whole, the mean values and standard deviations of the other CM parameters
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Figure 2.14: Normalized histograms of
the CM parameters (dotted) depicted in
Fig. 2.12. The dashed and dash-dotted
curves are double Gaussian fits with an ex-
ception for τ0, where two log-normal dis-
tributions replace the two Gaussians. The
solid curves correspond to the sum of the
fitted distributions.

are very similar with the exception of the larger standard deviation σ1 for the velocity vLOS. This
broader distribution is also easily perceived in Fig. 2.15. In general, there is a good agreement
between the distributions in Figs. 2.14 and 2.15. Only a secondary peak for the source function S
of cluster c1 and the strong deviation from a log-normal distribution of the the optical thickness
τ0 of the cluster c2 point to the presence of more than two populations. The cluster fractions
of c1 = 43.3% and c2 = 56.6% are very similar, which however might be related to the k-means
clustering algorithm’s tendency to produce clusters of similar size.

Increasing the number of clusters to k = 3 splits the population according to the velocity
vLOS into up- and downflows, while at the same time populations 1 and 2 maintain a similar
Doppler width ∆λD as before. Increasing the number of clusters to k = 4, population 3 for
the case k = 3 separates into populations 3 and 4 according to the Doppler width, which is
still significantly larger than for populations 1 and 2. In summary, increasing successively the
number of clusters from k = 2 to k = 4, first forks population 1 into up- and downflows and
then branches population 2 into contrast profiles with narrower and broader Doppler width
∆λD. However, we conclude that two populations are sufficient to represent the distributions of
the CM parameters, which are most easily distinguishable by the Doppler width ∆λD and to a
lesser extend by the optical thickness τ0 of the cloud material. More than two populations likely
overinterpret the data because they cannot be associated with any particular chromospheric
feature.

The locations of the two populations are depicted in Fig. 2.16 in blue and red colors, whereas
the gray areas indicate the same regions as in Fig. 2.12 with mediocre CM fits. The background
of the figure is the Hα line-core intensity image presented in Fig. 2.1 to assist in matching the two
populations to chromospheric features. Population 1 (blue) marks the transition to the quiet Sun,
where the cloud material turns more transparent, i.e., ∆λD and τ0 become increasingly smaller.
Population 2 (red) is thus more representative for the small AFS, and the corresponding CM
parameters in Tables 2.2 and 2.3 should be used in comparisons to values provided in literature.
To ensure that these two populations are not some artifacts of the CM inversions, we examine
their χ2-statistics. The mean values along with their standard deviations are χ2

1 = 0.064±0.040
and χ2

2 = 0.048± 0.033, which are essentially the same.

2.4 Discussion

In this study, we analyze a short period in the evolution of the photospheric and chromospheric
signatures belonging to a small EFR containing two micro-pores and a small AFS, where sig-
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Figure 2.15: Normalized histograms of the
CM parameters based on cluster analysis
with the same data as in Fig. 2.12. The
dashed and dash-dotted curves refer to the
two clusters c1 and c2, respectively.

nificant changes take place in just a few tens of minutes. These micro-pores with sizes of less
than one second of arc, as seen at photospheric level, are evolving with time in intensity, shape,
and size. Their average intensity increased and concurrently the total area decreased, which
we interpret as a signature of a local decaying process. Fade-out and disintegration of strong
magnetic elements is also supported by the presence of small-scale continuum brigthenings and
transient signatures of abnormal granulation (de Boer and Kneer, 1992) in the vicinity of the
micro-pores. The shape of the micro-pores evolves as first reported by Rouppe van der Voort
et al. (2005), i.e., alternating between ribbons and flowers. These authors ascribe the dynamics
of micro-pores to a fluid-like behavior of magnetic flux, which they relate to magnetic features
evident in magneto-hydrodynamic simulations (e.g., Carlsson et al., 2004; Vögler et al., 2005),
see also Beeck et al. (2015) for more recent simulation results. At very high spatial and temporal
resolution, the present study confirms the overall picture of the evolution of magnetic concen-
trations as presented by Schrijver et al. (1997), among others, in which (micro-)pores can split,
merge, or vanish.

The temporal derivatives of the mean total area (dAmp/dt = −0.22 km2 s−1) and the average
intensity (dImp/dt = 0.033 I0 s−1) can be boundary conditions of magnetohydrodynamic sim-
ulations on flux emergence in general and particularly in solar pore formation (e.g., Cameron
et al., 2007; Stein et al., 2011; Stein and Nordlund, 2012a; Rempel and Cheung, 2014). Even
if the statistical values in the present study only represent the evolution of one set of micro-
pores, the initial mean intensity 0.75 I0 and size 0.8 Mm2 are consistent with other observations
and simulations. The size dependence of the brightness was reported before in observations
and simulations (e.g., Bonet, Sobotka, and Vazquez, 1995; Keppens and Martinez Pillet, 1996;
Cameron et al., 2007; Mathew et al., 2007). Small pores are not as dark as larger ones. The
brightness increases when pores decay, and they contract and lose flux (Cameron et al., 2007).
These authors suggest that increasing lateral radiative heating reduces the pore’s size. This
effect is compounded by the irregular shape of decaying pores.

The LCT results of horizontal flow field around the micro-pores agree quantitatively with
Verma and Denker (2011). However, the short averaging time implies that the flow speeds more
closely reflect motions of individual granules, dark micro-pores, and small-scale brightenings.
Persistent flows become only apparent with longer averaging times (Verma, Steffen, and Denker,
2013). Yet, the significantly reduced flow speed in the micro-pores clearly indicates that the
magnetic field is sufficiently strong to suppress the convective motions in close proximity to
the micro-pores and to cancel horizontal motions inside the two Hα line-core brightenings (see
Fig. 2.9).
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The statistical description of micro-pores is still inadequate and limited to pores with diam-
eters of about 1 Mm, even when resorting to high-resolution Hinode data (Verma and Denker,
2014). In addition, advanced simulations of emerging bipolar pore-like features (e.g., Stein et al.,
2011) use larger boxes (about 50 Mm wide) with larger pores (about 10 Mm diameters) and
larger separations of the bipoles (about 15 Mm), i.e., they do not necessarily capture the physics
and dynamics of micro-pores at sub-arcsecond scales. The observed micro-pores are ‘isolated’
pores, which represent about 10% of the pore population (Verma and Denker, 2014). Isolated
pores may have their origin in a solar surface dynamo (Vögler and Schüssler, 2007). Therefore,
(micro-)pores in the quiet Sun and in active regions are potentially due to different dynamo
actions.

The Hα line-core intensity, Doppler velocity maps and MDI magnetograms reveal a chromo-
spheric arch filamentary structure with two regions of Hα line-core brightenings and small loops
connecting these two areas in a bipolar region with opposite polarities. A similar region was
also described in Harvey and Martin (1973). The width of the dark filaments is a few seconds
of arc, and their length is around 6′′ – 8′′, which is smaller than the mean lengths reported by
Tsiropoula et al. (1992). We find typical aspect ratios of the loops of 1 : 4 to 1: 5. Overall, but
with smaller spatial dimensions, the morphology of the observed AFS agrees with the findings
reported in several studies (e.g., Strous et al., 1996; Tziotziou, Tsiropoula, and Mein, 2003;
Wedemeyer-Böhm, Lagg, and Nordlund, 2009; Zuccarello et al., 2009).

The Hα Doppler velocity v at the bright footpoints is mainly downwards with a flow speed
of up to 12 km s−1. The up- and downflows in the dark filamentary system possess an imbalance
towards blueshifts with typical mean upflow velocities of v̄LT ≈ −1.13 km s−1 at the loop tops,
but some upflows reach values close to −3 km s−1. Furthermore, the close proximity of some up-
and downflows taken together with their appearance in time-lapse movies support the presence
of twisting motions along the loop axis. Many other spectroscopic or spectropolarimetry studies
have observed AFS in the chromospheric absorption line Hα and in the Ca iiH & K lines (Bruzek,
1969; Zwaan, 1985; Chou and Zirin, 1988; Lites, Skumanich, and Martinez Pillet, 1998). The
range of the downflow Doppler velocities v near the footpoints spans 30 – 50 km s−1, whereas
upflows of about 1.5 – 22 km s−1 are observed at the loop tops.

In general, the velocities in the present study are much lower than those reported by the
aforementioned authors. This can be attributed to the smaller size of the loop system as com-
pared to previous studies. The higher the velocities, the higher the size of the loop systems.
The small and isolated upflow patches in the present study are closer to the Doppler velocities
reported in Lites, Skumanich, and Martinez Pillet (1998) with observations near the disk center.
They suggest that the observed AFS is not caused by a monolithic flux rope but the result
of the dynamical emergence of a filamentary flux bundle. The most accepted flux emergence
scenario suggests that the EFRs are formed by magnetic flux tubes that are transported from
the base of the solar convection zone (tachocline) to the solar surface by buoyancy (Zwaan,
1987). Normally, these emerging field appears on the solar surface in form of bipolar regions
as in our observations known as EFR. The two polarities are commonly the footpoints of an
Ω-loops system rising to the solar surface even up to the solar corona (e.g., Strous et al., 1996;
Strous and Zwaan, 1999; Schmieder et al., 2004). Furthermore, at chromospheric level, flows
occur within the AFS accompanied by draining material from the Hα loops towards the foot-
points, where the higher downflows reside. In the case of Lites, Skumanich, and Martinez Pillet
(1998), this occurs where pores and sunspots form. In our case, only one footpoint shows an
intensity signatures, i.e., micro-pores evolving in the photosphere. Another explanations of the
physical processes in loops connecting the two footpoints is an upflow that starts in the middle
of two regions with opposite magnetic flux, in our case, in the middle and upper part of the two
footpoints (magnetic configuration of the case C in Fig. 12 of Lee, Chae, and Wang (2000)).
The origin of the upflow events is then explained by magnetic reconnection. The mass moves
upward through the small loops and falls down in other areas far away.

We have presented maps of four CM parameters and the corresponding normalized his-
tograms based on CM inversions of Hα contrast profiles (Figs. 2.14 and 2.12), i.e., source func-
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Figure 2.16: Two-dimensional map contain-
ing the locations of the two clusters c1
(blue) and c2 (red), which were identified
in the cluster analysis assuming that the
histograms of the CM parameters contain
only two distinct populations. The Hα line-
core intensity image of Fig. 2.1 serves as the
background. The gray/transparent areas
indicate the same regions as in Fig. 2.12,
where the CM inversions result in mediocre
fits.

tion S, Doppler width ∆λD, optical thickness τ0, and velocity of the cloud material vLOS. The
inversion scheme provided well matched profiles for around 60% of the entire FOV. The popula-
tion of the inverted AFS contrast profiles covered only about 2% of the entire FOV. Failed CM
inversions are mainly related to much of the quiet-Sun regions and the Hα line-core brightenings,
where the underlying assumptions of the model are violated.

The inversion results for quiet-Sun regions, dark filamentary features, and the ensemble
average show in general similar values. However, the Doppler width and the optical thickness
of the dark chromospheric filaments are much larger than in the quiet-Sun regions, and the
velocity vLOS possesses, similar to the quiet-Sun regions, a small upflow on average. Note that
the average quiet-Sun Doppler velocity is based on the center-of-gravity methods not the CM
inversions. Furthermore, the velocity vLOS of the entire FOV is on average redshifted because
of the downflows being present in the EFR and the AFS, with the exception of the loop tops.
In the CM maps it is clearly seen that the parameters S, ∆λD, and τ0 reach the largest values
in proximity to the Hα line-core brightenings. In regions lacking any filamentary structure, the
values are much lower. The results of the CM parameters in Table 2.2 are very similar to the
ones presented by Bostanci (2011) for dark mottles. They are also close to the results of AFSs
investigated by Alissandrakis, Tsiropoula, and Mein (1990), whereas the source function S and
optical thickness τ0 deviate from the results presented by Lee, Chae, and Wang (2000); Bostanci
and Erdogan (2010).

The AFS in the present study certainly belongs to the smallest observed chromospheric
filaments. Only mini-filaments (Wang et al., 2000) are smaller. Interestingly, the CM inversion
results are similar as compared to a giant filament investigated by Kuckein, Verma, and Denker
(2016). As expected, their mean optical thickness τ0 is larger than our average inferred values.

The normalized histograms suggest that the CM parameters represent two different popu-
lations, which is corroborated by the cluster analysis and the computed absolute contrast that
clearly distinguishes between features with higher contrast belonging to the AFS and those be-
ing part of quiet-Sun regions or the interface between the quiet Sun and the AFS. We expect
that for similar observations of AFSs two populations appear again all over the solar disk and
that we can distinguish between dark AFS, the regions of the quiet-Sun, and the transition to
the quiet Sun (note that in several studies the authors just select a region of interest, i.e., the
features with high contrast and they do not invert the any other region, (e.g., Contarino et al.,
2009; Kuckein, Verma, and Denker, 2016). For larger FOVs that may contain different features
like active regions, filaments, quiet-Sun, rosette structures, etc., we foresee that CM inversions
together with cluster analysis will separate these chromospheric features in different populations
as well based on the four CM parameters.
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2.5 Conclusions

Photospheric and chromospheric structures like sunspots and pores cover a broad range of spa-
tial scales. Sunspots come into existence as pores, grow, and potentially assemble into large
(complex) active regions. In the chromosphere, cool plasma is suspended by the magnetic field
in structures ranging in size from mini-filaments (a few megameters) to giant and polar crown
filaments (several hundred megameters). This raises the questions if scaling laws exist charac-
terizing the physical properties of these phenomena. In EFRs with AFSs both photospheric and
chromospheric properties are relevant. Exploring the lower end of their spatial scales requires
large-aperture solar telescopes with dedicated instruments. As a consequence the observed FOV
is small, time-series cover at most a few hours, and synoptic observations building up a database
are often impracticable. Therefore, case studies are the only means of advancing our knowledge
about EFRs and AFSs at sub-arcsecond scales.

In the present study, we used the Göttingen FPI to investigate a very small EFR with its
accompanying AFS. It is hardly conceivable that even smaller systems exist, which still have a
clear bipolar magnetic structure. Mini-filaments are not considered in this context because they
reside at the PIL between opposite magnetic polarities (Wang et al., 2000), thus representing
a different magnetic field topology. In our observations, the AFS connects the micro-pores to
a quiet-Sun region of opposite polarity flux, i.e., the small-scale filaments are perpendicular to
the PIL. The filaments or dark fibrils are a clear indication of a newly emerging flux in the
form of Ω-loops. The magnetograms represented in Fig. 2.2 show that the trailing polarity is
formed earlier than the leading polarity and that it is formed earlier than the leading polarity.
However, the leading polarity is more compact and survives longer. This asymmetry is a typical
property of EFRs, also for larger ones (van Driel-Gesztelyi and Petrovay, 1990). The decay of the
EFR is characterized by flux cancellation and fragmentation. The flux system emerged and then
submerged as a whole similar to a larger EFR studied by Verma et al. (2016). Flux fragmentation
indicate that several Ω-loops and not just one monolithic loop connects the opposite polarities,
which is also reflected in the multiple dark fibrils constituting the AFS.

The statistical description of micro-pores and flux emergence at spatial scale below 1 Mm
remains challenging. We presented, among others, evolution time-scales for the area of micro-
pores, their mean intensity, and the separation of footpoints, which match previous observations
and simulations, when taking into account the size of the observed EFR and AFS. In the
chromosphere, upflows are mainly observed at the loop tops and from there the cool plasma
drains towards the footpoints. Generally, the LOS velocities inferred in the loops are two to four
times lower than for larger AFSs. Buoyancy and curvature of the rising/submerging Ω-loops are
here the determining factor but a statistically more meaningful sample is clearly needed to derive
scaling laws. Pores occur on spatial scales ranging from sub-arcsecond to about ten arcseconds.
Thus, comparing observations of EFRs and AFSs in this spatial domain with simulations of flux
emergence and decay will be very beneficial for our understanding of the dynamic interaction of
magnetic fields with the surrounding plasma.

A shortcoming of the present study was the lack of high-resolution spectropolarimetric ob-
servations, which motivates follow-up observations with the GFPI (Puschmann et al., 2012)
and GRIS (Collados et al., 2012) at the 1.5-meter GREGOR solar telescope (Schmidt et al.,
2012). Both instruments are capable of full-Stokes polarimetry and allow multi-wavelength ob-
servations of multiple spectral lines (e.g., Hα s with the GFPI and the spectral region around
the He i triplet at 1083 nm with GRIS). In addition to magnetic field information, the height
dependence of physical properties in EFRs and AFSs becomes thus accessible.
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Chapter 3

Fitting peculiar spectral profiles in He I

10830 Å absorption features

The spectral window around the He i 10830 Å triplet has often been used to study the magnetic
properties and dynamics in the solar chromosphere. The height of formation of this triplet lies
in the upper chromosphere (Avrett, Fontenla, and Loeser, 1994). It comprises three transitions,
which take place between the lower 23S1 level and the upper 23P2,1,0 level. However, two
transitions are blended and therefore only two spectral lines are observed. Generally, the blended
line at ∼10830.30 Å is called “red” component, while the non-blended line at 10829.09 Å is called
the “blue” component. The wavelengths were taken from the National Institute of Standards
and Technology (NIST).1

Of special interest are the strongly redshifted He i profiles, which have been reported by
several authors (e.g., Penn and Kuhn, 1995; Muglach, Schmidt, and Knoelker, 1997; Muglach
and Sütterlin, 1998). Commonly observed are two atmospheric components located within the
same resolution element (Lagg et al., 2007). These “dual flows” were reported for the first time
by Schmidt, Muglach, and Knölker (2000) and have an easyly recognizable spectral pattern with
two or more peaks next to the red component of He i. One of the peaks is often subsonic while
the other reaches supersonic velocities. At the average formation temperature of the He i triplet,
velocities close to 10 km s−1 correspond to the sound speed (Lagg et al., 2007). From now on we
will label the profiles, which clearly show dual flow components of the He i triplet as the slow
(the one close to rest) and fast (redshifted with respected to the slow one) components.

Several studies reported on dual or multiple-peak He i profiles in different phenomena on
the Sun, e.g., Teriaca et al. (2003) in two ribbon flares, Sasso et al. (2007) and Sasso, Lagg, and
Solanki (2011) during a C2.0 flare, Lagg et al. (2007) during an emerging flux process in an active
region, or Aznar Cuadrado, Solanki, and Lagg (2005, 2007) in active and quiet-Sun regions. All
of them reported supersonic velocities of the fast component between 40 and 90 km s−1. Lagg
et al. (2007) suggested that these dual flows are formed in extremely filamentary structures and
that their origin might be related to the magnetic field. It is expected that these profiles provide
information on two different heights in the atmosphere.

Several inversion codes are able to synthesize and invert the Stokes profiles of the He i
10830 Å triplet, for example, the He-Line Information Extractor code (HELIX+, Lagg et al.,
2004, 2009), the HAZEL code (Asensio Ramos, Trujillo Bueno, and Landi Degl’Innocenti, 2008),
or the MELANIE code (Socas-Navarro, 2001). These codes infer physical parameters such as the
LOS velocity and the vector magnetic field, among others. Usually these inversion codes require
considerable computation time. In this paper, we present a simple and very fast technique to
infer the LOS velocities for single and double-peaked profiles. Thus, the information present in
the polarized Stokes parameters is for the moment disregarded. In particular, we adapted the
technique to fit the slow and fast components of the He i 10830 Å triplet.

1www.nist.gov
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Figure 3.1: Overlap of the FOV of the three
instruments: GRIS (green), GFPI (red),
and CRISP (blue). The background con-
tinuum image is from SDO/HMI taken at
08:47 UT on 2015 April 17.

3.1 Observations

Our two-component fitting code was applied to one data set acquired with the 1.5-meter GRE-
GOR solar telescope (Schmidt et al., 2012; Denker et al., 2012) at Observatorio del Teide, Tener-
ife, Spain. An EFR located at heliographic coordinates S19 and W4 (µ ≡ cos θ = 0.97) was
observed on 2015 April 17 between 08:16 UT and 09:18 UT. Several instruments and telescopes
were involved in this campaign. We will concentrate on GRIS (Collados et al., 2012).

For the first time the instrument was operated in the very fast spectroscopic mode (no
polarimetry) in the He i 10830 Å spectral region. Typically, in polarimetric mode several
integrations reduce the noise in the spectra but also prolongate the cadence of the scans. The
fast mode relies on a single integration and accepts higher noise in exchange for an improved
cadence. The standard deviation σ = 3.3% of the normalized quiet-Sun continuum in the
wavelength range 10835.8 – 10837.1 Å for all spectra in the scan gives an estimate of the noise
level, which will slightly increase for darker features like pores.

The spectral window of about 18 Å comprised the photospheric Si i 10827 Å line, the
chromospheric He i 10830 Å triplet, the photospheric Ca i 10834 and 10839 Å lines, and several
telluric lines among other weaker spectral lines. The spectral sampling was δλ = 18.03 mÅ
pix−1, and the number of spectral points was Nλ = 1010. The slit was by chance in parallel to
two small pores belonging to the EFR (see Fig. 3.1). The pixel size along the slit was ∼0.′′136,
thus covering a length of 66.′′3. For each position of the slit, the integration time was t = 100 ms
with only one accumulation. This allowed for very fast spectroscopic scans covering an height
of 24.′′12 (with 180 steps and a step size of ∼0.′′134) in only ∼58 s. During roughly one hour of
observations (62 min), the GREGOR’s altitude-azimuthal mount introduced an image rotation,
which had to be corrected (Volkmer et al., 2012). The total rotation angle for the period of
observation was 22.3◦. However, the image rotation for each map is small (never larger than
0.4◦) and therefore negligible.

In total 65 scans were taken covering an area of 66.′′3 × 24.′′1. Nevertheless, only one map
(08:42–08:43 UT) with abundant two-component profiles will be presented in this work (see
Fig. 3.2). The data were taken under good seeing conditions with real-time corrections provided
by GAOS (Berkefeld et al., 2012). Simultaneous multi-wavelength observations were carried out
with additional instruments including the GFPI (Denker et al., 2010; Puschmann et al., 2012) at
the GREGOR telescope and CRISP (Scharmer et al., 2008) installed at the SST (Scharmer et al.,
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Figure 3.2: GRIS slit-reconstructed images
on 2015 April 17 at 08:42 UT of the ob-
served region. From top to bottom: con-
tinuum intensity, line core intensity of the
red component of the He i triplet, equiv-
alent width, and the one-component LOS
velocity. The LOS velocity was inferred us-
ing a single Lorentzian fit. The labels “a”
to “f” mark the locations of six He i pro-
files shown in Fig. 3.3. The contours en-
compass only clearly discernible dual-flow
components in He i profiles. The rainbow-
colored bar marks in all maps the location
of the profiles plotted in Fig. 3.4.

2003) located at Observatorio Roque de los Muchachos, La Palma, Spain. An overview of all the
involved FOVs is shown in Fig. 3.1 after alignment with a continuum image of HMI (Scherrer
et al., 2012; Schou et al., 2012) on-board the SDO (Pesnell, Thompson, and Chamberlin, 2012).
The analysis of the full data set and an investigation of the dynamics related to the EFR are
deferred in Chap. 4.

3.2 Data reduction

Dark and flat-field corrections were applied as part of the data reduction. The proper continuum
of the GRIS spectra was derived by comparing the average quiet-Sun spectrum Iqs(λ) with that
of a Fourier Transform Spectrometer (FTS, Neckel and Labs, 1984), which was convolved with
a Gaussian to take into account the degradation of the observed spectrum by straylight (see
Allende Prieto, Asplund, and Fabiani Bendicho, 2004, for a description of the procedure). The
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Figure 3.3: The dots represent the observed
He i red-component profiles and the best
Lorentzian fit is shown with a solid red
line. When dual-flow He i profiles are
present, the fit (solid red line) is a super-
position of two individual Lorentzians (blue
and green solid lines). Labels ‘a’ to ‘f’ show
the locations of the profiles in the map of
Fig. 3.2. The grey background marks the
fitting range.

average quiet-Sun profile was computed in an area where the He i absorption was almost absent.
Common fringes were removed by multiplying every spectrum by the ratio between the equivalent
quiet-Sun mean profile and the quiet-Sun mean profile I ′/Iqs. Dust particles along the slit and
other bright artifacts had to be removed from the data by using an additional flat field based on
the science data assuming that the granulation was uniform and isotropic. Abnormal intensity
peaks were found along some spectra due to the bad pixels on the detector chip. The peaks were
detected by calculating the wavelength derivative of the spectrum of each pixel and searching
for absolute values above a suitable threshold. Abnormal intensities were then replaced by an
interpolated value between the previous and the next pixels.

The wavelength calibration was carried out using the two telluric lines located next to the
He i 10830 Å triplet. An area of the quiet Sun was chosen to compute an average intensity
profile. A direct comparison between the separation of the two telluric lines of the averaged
intensity profile and the atlas profile of the Fourier Transform Spectrometer (Neckel and Labs,
1984) provided the dispersion (18.03 mÅ pixel−1). The first telluric line at 10832.108 Å was
then used as the wavelength reference. In addition, the wavelength scale was corrected for solar
orbital motion and rotation, Earth’s rotation, and the solar gravitational redshift (see appendices
A and B in Kuckein, Mart́ınez Pillet, and Centeno 2012b).

The fast component is blended by a telluric line for high LOS velocities. Therefore, the
telluric line was removed from our spectra. To accomplish this task we averaged all spectral
profiles from the map to compute a mean intensity profile. We assumed that the telluric line
has a constant wavelength, i.e., it does not shift along the wavelength axis at any time. The
telluric line was fitted in the spectral range of 10831.48–10832.56 Å with a single Lorentzian
profile. Hence, we have computed a synthetic telluric profile. The telluric line was then removed
by dividing each spectrum by the synthetic profile. A smooth transition of the spectrum at the
location where the telluric line started was assured by forcing the continuum in the line wings of
the telluric line to be Ic = 1. Therefore, each spectrum was normalized to the local continuum
before removing the telluric line.

Figure 3.2 shows a slit-reconstructed continuum intensity map in the top panel and a line-
core intensity map of the red He i component in the panel below (using the minimum of the line
for each spectrum), which was normalized to the local continuum intensity Icore/Ilc.
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Figure 3.4: Top: synthetic He i dual-flow
profiles using the fit parameters retrieved
from the double-Lorentzian fits. The color-
coded bar extends over a distance of ∼6′′

(see Fig. 3.2) linking profiles and positions.
Note that dual-flow components are hardly
discernible in the first (violet) and last
(red) profiles. Bottom: decomposition of
the dual-flow profiles into two Lorentzian
(blue and red) components.

3.3 Method

Most of the He i 10830 Å intensity profiles show the expected two spectral lines, which comprise
the blue and red components. However, a few percent of these profiles, around 3% in our data
set, shows a clear signature of a fast component in the He i triplet (see the contours in Fig. 3.2).
As a first approach we assume that all profiles have only one component. Hence, we use a single
Lorentzian profile to fit all He i profiles:

F = 1− A0

u2 + 1
with (3.1)

u =
x−A1

A2
, (3.2)

where A0 is the amplitude, A1 the peak centroid, A2 the half-width-at-half-minimum (HWHM),
and the equation implements spectral profiles with a normalized continuum intensity that is
set to unity. The profiles were fitted using the Levenberg-Marquardt least-squares minimization
(Moré, 1977; Moré and Wright, 1993), where the MINPACK-1 software package was implemented
in IDL by Markwardt (2009). An advantage of using this routine is that it is possible to impose
independently upper and lower boundaries for each free parameter of Eq. 3.1. As a first approach,
we retrieved suitable limits by fitting the mean quiet-Sun profile. The limits were then modified
to increase the accuracy of the fits. The fitted wavelength range is automatically adjusted
depending on the amplitude of the spectral profile. The larger the amplitude of the line the
broader the spectral range. Since the dual-flow profiles are systematically redshifted we did not
include the blue component in the analysis.

The LOS velocities inferred with the single Lorentzian fits are shown in the bottom panel
of Fig. 3.2. Positive velocities are related to downflows (red) while negative velocities (blue)
represent upflows. Note that double-peaked profiles, i.e., dual-flow He i profiles, are not well
fitted with a single Lorentzian profile. Since the wavelength is given on an absolute scale,
the wavelength reference for the LOS velocities was set to 10830.30 Å, which corresponds to
the average laboratory wavelength of the He i red component (10830.25 Å and 10830.34 Å
respectively, from the NIST database). The second panel from the top of Fig. 3.2 also shows
the equivalent width obtained from the single-Lorentzian fits.
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The next step concerns fitting the dual-flow profiles with double-Lorentzian profiles:

F = 1− A0

u2
1 + 1

− A3

u2
2 + 1

with (3.3)

u1 =
x−A1

A2
and u2 =

x−A4

A5
, (3.4)

where A0,3 are the amplitudes, A1,4 are the centroids, and A2,5 are the HWHM of each Lorentzian,
respectively. Due to the very short computation time (a few minutes), all spectral profiles were
fitted again with two Lorentzians. However, in the future we will adapt the code to only fit the
two-component profiles.

An adaptive wavelength range was not used this time. We chose two different wavelength
ranges depending on the position of the line core of the He i red component. This ignored the
He i blue component in the selected wavelength range. Therefore, if the line core of the He i red
component was located below 10830.49 Å, then the wavelength range was [−0.83,+1.73] Å with
respect to the line core. Otherwise, if the position of the line core was larger than 10830.49 Å,
then the wavelength range was [−1.37,+1.73] Å with respect to the line core.

The initial estimates of the fit parameters A0–A5 were based on the single-Lorentzian fits
and on the location of the deepest line core of the dual-flow components. The peak centroid
of the fast component is always more redshifted than the slow component. The peak centroid
of the slow component is always at rest. The amplitudes A0 and A3 are both initially set to
the amplitude inferred from the single-Lorentzian fit but they are allowed to vary in the course
of the fitting. The parameters A2 and A5 have a fixed value of the HWHM of 0.32 Å (mean
HWHM values of all the profiles fitted with a single Lorentzian).

In order to localize the dual-flow profiles, different types of these profiles were manually
selected and then correlated with all the profiles of the map. The wavelength range for this
correlation was between [10829.50–10832.56] Å. In our particular case, we have selected more
than 70 clearly distinguishable dual-flow profiles. Weak dual-flow profiles like, for instance,
the first violet and red (too small amplitude) synthetic profiles shown in Fig. 3.4, were not
selected because they are too weak to clearly identify the fast component. The median value
of the correlation of all profiles were used as a threshold. Hence, only profiles which showed a
larger linear correlation than 0.98% were considered as two-component profiles. The contours
in Fig. 3.2 encompass these profiles. Developing an automatic algorithm to select the dual-flow
profiles remains as future work.

3.4 Results

Some examples to illustrate the quality of the fitting method are shown in Fig. 3.3. All profiles
are also marked in Fig. 3.2. Profile ‘a’ represents a common quiet-Sun profile with a LOS velocity
close to zero (−0.01 km s−1). An example of a profile with a large equivalent width (472.4 mÅ)
is shown in panel ‘b’. It arises from a dark filamentary structure in the chromosphere (see
Fig. 3.2). However, the LOS velocity is rather small and only reaches −0.3 km s−1 (upflow).
Profiles ‘c’–‘f’ represent different types of dual-flow profiles. In particular, profile ‘c’ was selected
because of its deep line core, i.e., higher absorption. The LOS velocity of the fast component
(solid green line) was about 14.8 km s−1 while the slow component (solid blue line) only showed
about 2.2 km s−1. Profiles ‘d’ and ‘e’ are located near the footpoints of the filamentary structure.
The latter had one of the largest inferred velocities of the fast component (∼28.1 km s−1). The
remaining profile ‘f’ presents two components with similar amplitudes. The fast component
reached a LOS velocity of about 21.5 km s−1.

The normalized frequency distribution of the LOS velocities belonging to the He i fast
component is shown in Fig. 3.5. Velocities are in the range of 1–32 km s−1. The distribution
is clearly double-peaked. The maxima are located close to 7 km s−1 (subsonic) and 16 km s−1

(supersonic), respectively. However, two distinct populations cannot be identified in the FOV,
either because the statistical sample is too small or sub-/supersonic flows are transitory in a
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confined space. Our normalized frequency distribution is similar to the one reported by Aznar
Cuadrado, Solanki, and Lagg (2007) in magnetic field-free areas.

We traced the distribution of the dual-flow profiles along a given slit position. The slit
position was chosen close to the footpoints of the filamentary structure and next to the pore.
The rainbow-colored bar in Fig. 3.2 shows the location of the profiles. For an easy inspection,
the colors in the color bar are associated to the colors of the 44 profiles shown in Fig. 3.4.
We do not plot the observed profiles to avoid a crowded display. Instead, Fig. 3.4 shows the
synthetic profiles computed from the inferred parameters of the double-Lorentzian fits. One
interesting observational feature seen in the top panel of Fig. 3.4 is that the first profiles (violet
profiles) only have the slow component. However, once we enter the area of the footpoints
(turquoise-green profiles), clearly a fast component appears. The shifted profiles next to the
pore exhibit the strongest redshifts (green-yellow profiles) but possess the smallest amplitudes.
The bottom panel of Fig. 3.4 shows the individual Lorentzian profiles, which yield the dual-flow
profile shown in the top panel. Blue colors always show the slow component while red colors show
the fast component. The slow component is always stationary around the reference laboratory
wavelength 10830.30 Å, whereas the fast component is always redshifted reaching values of up
to 10831.40 Å in the line core.

Random and systematic errors can influence the measurements. Using the noise estimate
(σ = 3.3%) based on continuum intensity variations (see Chap. 3.2) and the fit parameters
from Eqs. 3.1 and 3.2 for single Lorentzian profiles, mock spectra are created and analyzed
in the same way as the observed data. The linear correlation coefficient for amplitude and
HWHM is ρ = 0.99 and that for the velocity is ρ = 0.94. However, higher Doppler speeds are
underestimated. The 3σ-uncertainties for amplitude, velocity, and HWHM are 2.2%, 210 m s−1,
and 1.17 pm, respectively, whereas the mean values and the shape of the distributions are barely
affected. These random errors also apply to the double-Lorentzian fits, which are however
additionally influenced by systematic errors. Dual-flow profiles imply high velocities for the fast
component. Therefore, the slow component of the He i red component will be blended with the
fast component of the He i blue component.

Using the fit parameters of Eqs. 3.3 and 3.4 for the red He i doublet and scaling them
appropriately for the blue line of the He i triplet, mock spectra are generated to obtain an
error estimate. The aforementioned blend mostly impacts the blue wing of the slow component
of the He i red component, which leads on average to a −300 m s−1 zero point offset for the
velocity and a 3σ-uncertainty of 1.24 km s−1. On average the amplitude of the slow component
is overestimated by 8% with a 3σ-uncertainty of about 27%. In principle, these systematic errors
can be reduced either by fitting the entire He i triplet or by appropriately modeling the He i
triplet’s blue line when fitting the red doublet. In summary, random and systematic errors are
sufficiently small to allow a scientific interpretation of the 2D maps of physical parameters (for
example those in Fig. 3.2) and of dual-flow He i spectral profiles.

3.5 Conclusions and outlook

In this paper we introduce a simple and rapid technique for determining the velocity of multiple
atmospheric components within a single spatial pixel. This technique produces good fits and
gives reasonable velocity values, suggesting that after some further tests it can be applied to
additional data. For example, an implicit assumption is that the He i line is always optically
thin in the wavelength range of the telluric line and has to be tested.

We presented GRIS observations of an EFR containing two small pores. The observations
were complemented with simultaneous imaging spectropolarimetry acquired with the GFPI in
the photospheric Fe i 6302 Å line. The FOV for the broad-band images is shown in Fig. 3.1
(red box). In addition, simultaneous observations with CRISP were carried out. Several full
spectropolarimetric scans of the photospheric Fe i 6173 Å line and the chromospheric Ca ii
8542 Å line were taken with a FOV of 54′′×54′′ (blue box in Fig. 3.1).
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Figure 3.5: Normalized frequency distribu-
tion of the LOS velocities of the redshifted
He i component obtained with dual-flow
fitting using two Lorentzians. The variable
n is the total number of pixels which were
used for the histogram. The pixels belong
to the areas encompassed by the contours
shown in Fig. 3.2.

The remaining task will be to extract all the information of the available data sets to under-
stand the physical processes that lead to the formation, evolution, and disappearance of these
filamentary structures. The photospheric Fe i 6302 Å and 6173 Å lines from GFPI and CRISP
will be used to study the dynamics and temporal evolution of photospheric structures. In addi-
tion, the former data will be complemented by the photospheric lines acquired with GRIS, e.g.,
Si i 10827 Å, Ca i 10834 Å, and Ca i 10839 Å, in order to track the dynamics along several
heights within the photosphere. The dynamics in the chromosphere will be covered by the He i
10830 Å triplet as well as with the Ca ii 8542 Å line. By analyzing all available GRIS scans
we will be able to further characterize the dual-flow profiles seen in the He i triplet and thus
elucidate the origin of the two populations shown in Fig. 3.5. The link between the chromo-
spheric filamentary structures and the underlying photosphere is still an open question. Does
the plasma of the chromospheric structures, which exhibit supersonic LOS downflows near the
footpoints, reach the photosphere? Are the loops also seen in the corona and if yes, what is their
behavior? SDO can provide such information (e.g., in the quiet corona and upper transition
region with Fe ix 171 Å EUV images) to study the evolution of the loops in the corona. The
magnetic field information of the photosphere and the chromosphere will be obtained based on
high-resolution imaging spectropolarimetric data observed with CRISP.

Regarding the method to fit the dual flows, we need to expand our study to different data
sets. The goal is to build a database, which includes many different types of He i 10830 Å
profiles to automatically detect the ones with dual-flow components. This database will include
profiles extracted from (more mature) active regions, sunspots, arch filament systems, and quiet-
Sun regions. The χ2-statistics of the fit can provide hints, where a single component fit is not
sufficient. However, noise and the strength of the He i absorption feature potentially obfuscate
such a simplistic approach. Therefore, an automatic detection of dual-flow profiles has to rely on
easily measured line properties as, for example, the line asymmetry. Additional improvements
of the algorithm concern the blue component of the He i triplet. In double-peaked profiles, the
fast blue component blends with the slow red component, thus affecting the accuracy of the
double-Lorentzian fitting method.
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Chapter 4

Tracking photospheric and chromospheric
high-velocity features in an arch filament
system

This chapter contains a more detailed scientific analysis of the data already introduced in
Chap. 3. A new generation of solar instruments provides high spectral, spatial, and tempo-
ral resolution for a better understanding of the physical processes that take place on the Sun.
Multiple-component spectral profiles are commonly observed with these instruments. Particu-
larly, the He i 10830 Å triplet presents such peculiar spectral profiles, which give information on
the velocity and magnetic fine structure of the upper chromosphere. Here, we present observa-
tions of an EFR, including two small pores in the photosphere and an AFS in the chromosphere,
taken on 2015 April 17 with the very fast spectroscopic mode (∼1 min) of GRIS. Simultaneous
observations of the photospheric 6302 Å line were taken with the GFPI. These data were taken
at the 1.5-meter GREGOR solar telescope, located at Observatorio del Teide, Tenerife, Spain.
On the island of La Palma, the SST observed the same EFR using CRISPcarrying out spec-
tropolarimetry of the photospheric 6173 Å and the chromospheric 8542 Å lines. The aim of this
work is to track locations of high velocities within the footpoints of the arch filaments down to
the photosphere. The dynamics of the chromosphere will be covered by the He i 10830 Å triplet
as well as by the Ca ii 8542 Å line. The photospheric Si i 10827 Å and Ca i 10839 Å lines will
be used to study the dynamics and temporal evolution of photospheric structures. In addition,
the former data will be complemented by the broad-band images from the GFPI.

4.1 Observations

A small EFR, containing two principal pores with opposite polarities and an associated AFS in
the chromosphere, was observed between 08:16 UT and 09:20 UT on 2015 April 17. The ROI
is located at heliographic coordinates S19 and W4 (µ ≡ cos θ = 0.97). Three instruments and
two telescopes were involved in this coordinated observing campaign: (1) the GRIS (Collados
et al., 2012) and the GFPI (Puschmann et al., 2012; Denker et al., 2010) located at the 1.5-meter
GREGOR solar telescope (Schmidt et al., 2012; Denker et al., 2012) at Observatorio del Teide,
Tenerife, Spain and (2) the CRISP (Scharmer et al., 2008) located at the SST (Scharmer et al.,
2003) located at Observatorio Roque de los Muchachos, La Palma, Spain. The overview of the
EFR/AFS in Fig. 4.1 contains all the different FOV of the high-resolution observations, which
are superposed on continuum and EUV images and a photospheric magnetogram obtained with
the HMI (Scherrer et al., 2012; Schou et al., 2012) and the AIA (Lemen et al., 2012) on-board
the SDO (Pesnell, Thompson, and Chamberlin, 2012) at 9:00 UT on on 2015 April 17.

GRIS was operated in the very fast spectroscopic mode (no polarimetry) in the He i 10830 Å
spectral region (González Manrique et al., 2017). With the fast mode, it is possible to scan the
ROI with only a single integration with higher cadence while accepting a higher noise level than
in the standard polarimetric mode with several integrations. Preliminary results, discussing noise
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Figure 4.1: Overview of the EFR at
09:00 UT on 2015 April 17: SDO HMI
continuum image (top-left), HMI magne-
togram (top-right), AIA 1600 Å image
(bottom-left), and NAFE-corrected AIA
Fe ix 171 Å image (bottom-right). The col-
ored rectangles delineate the FOV covered
by three instruments GRIS (green), GFPI
(red), and CRISP (blue).

level and fitting procedures for dual-components He i 10830 Å spectral profiles were presented
in González Manrique et al. (2016).

The observed spectral region covers a wavelength range in the NIR of about 18 Å containing
the photospheric Si i 10827 Å Ca i 10834 Å, and Ca i 10839 Å lines, the chromospheric He i
10830 Å triplet, and other spectral and telluric lines. The dispersion is δλ = 18.0 mÅ pixel−1,
and the number of spectral points along the wavelength axis is Nλ = 1010. The spatial step
size and the pixel size along the slit are very similar, i.e., 0.′′134 and 0.′′136, respectively. The
integration time is t = 100 ms for one accumulation. A spatial scan consists of 180 steps in total.
Thus, the FOV is 66.′′3 × 24.′′1, and it takes about 58 s to cover it. This time interval includes
overhead for reading out the camera and writing the data to disk. The observations continued
for about one hour resulting in 64 spatio-spectral data cubes. The NIR spectra were taken
under good seeing conditions. The GAOS (Berkefeld et al., 2012) provided real-time correction
ensuring a better quality of the spectral data cubes. In this observing period, the GREGOR’s
alt-azimuthal mount (Volkmer et al., 2012) introduced an image rotation of 22.3◦, which had to
be corrected in the data reduction shrinking significantly the common FOV (González Manrique
et al., 2016).

At around 09:00 UT the seeing conditions were good to very good at the GREGOR telescope
and fair at the SST. Therefore, the 45th scan at 09:00:56 UT (see Fig. 4.2) was selected as a
reference for the GRIS data. The corresponding data sets of GFPI and CRISP were taken at
09:00:54 UT and 09:01:08 UT, respectively. However, there are GRIS scans recorded under
better observing conditions. If not otherwise noted in the text, all data refer to this time frame.

GRIS was operated in parallel with GFPI, which scanned the photospheric Fe i 6302 Å line.
In this study, only time-series of broad-band images are included (see Fig. 4.3), which were
observed with an interference filter (FWHM = 105 Å) centered at 6327 Å. In total 72 data sets
with 432 images are available covering the one-hour observing period at a cadence of about 53 s.
The FOV of the instrument is 55.′′7 × 41.′′5 (688 × 512 pixel using the 2×2-pixel binning) with
an image scale of 0.′′081 pixel−1. The image rotation is corrected with the same method already
employed for the GRIS data cube.

Five time-series were recorded with CRISP consisting of ten data sets with full-Stokes mea-
surements in the photospheric Fe i 6173 Å line and in the chromospheric Ca ii 8542 Å line. The
observations cover the evolution of the region between 08:47 UT and 9:20 UT with a FOV of
54′′ × 54′′. The spectral sampling of the Fe i line consist of 19 wavelength positions with an
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Figure 4.2: Slit-reconstructed GRIS images at 09:00:56 UT on 2015 April 17 of the EFR centered on the pore
with negative polarity shown in Fig. 4.1: continuum intensity, line core intensity of the red component of the
He i triplet, equivalent width, and He i LOS velocity calculated assuming only a single flow component (top to
bottom).
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Figure 4.3: MFBD-restored broad-band im-
age at around 6302 Å of the EFR centered
on the pore with a negative polarity shown
in Fig. 4.1. The image was observed with
the GFPI at 09:00:54 UT on 2015 April 17.

equidistant step of 25 mÅ. Thus, the spectral range extends from −225 mÅ to +225 mÅ with
respect to the central wavelength of the Fe i line at solar disk center, which was measured at
the time of the etalon calibration at around 07:30 UT. In addition, the spectral scan includes a
continuum position at +525 mÅ. The scanning sequence consists of four different modulations
states at every spectral position with 12 accumulations. The exposure time amounts to 18 ms
for a single image, and a full spectral scan takes about 32 s.

Spectral scans of the photospheric Fe i line are followed by sweeps across the chromospheric
Ca ii line. Here, the spectral sampling comprises 21 wavelength positions, where the sampling
is equidistant in the core (70 mÅ) but becomes coarser in the line wings. The exact wavelength
positions are [0, ±70, ±140, ±210, ±280, ±350, ±455, ±595, ±735, ±945, and ±1750] mÅ. The
scanning sequence consists again of four different modulations states at every spectral position
but with only six accumulations. The exposure time amounts to 100 ms for a single image,
and a full spectral scan takes about 17 s. Sequentially observing both lines leads to a total
cadence of about 50 s. The seeing conditions during the observing campaign at the SST were
variable. Thus, only the best data set at 09:01:08 UT (see Fig. 4.4) was selected using the
Median Filter Gradient Similarity (MFGS, Deng et al., 2015) method and applying it to the
continuum images of the Fe i spectral line scans. The MFGS image quality metrics is almost
independent of the observed solar feature and thus helps to quantify the seeing conditions. The
image scale with this wavelength is 0.059′′ pixel−1 (e.g., Esteban Pozuelo, Bellot Rubio, and
de la Cruz Rodŕıguez (2015)). The reflectivity R of the dual etalon Fabry-Pérot amounts to
84.5% for the low resolution etalon and 93.5% for the high resolution etalon, with a FWHM of
181.7 mÅ and 49.2 mÅ respectively.1

Context data is provided by SDO, where HMI takes full-disk filtergrams at six wavelength
positions at [±34, ±103, and ±172] mÅ around the center of the photospheric Fe i 6173.3 Å
line. The filtergrams are combined to form continuum intensity images, LOS magnetograms,
and Dopplergrams at a 45 s cadence, and the image scale is 0.′′5 pixel−1. The longitudinal
magnetograms are obtained with a precision of 10 G and allow us to track the temporal evolution
of the magnetic flux contained within the active region. The response of upper atmospheric
layers, i.e., the transition region and corona, is monitored at different plasma temperatures with
EUV and UV images provided by AIA at a cadence of 12 s and 24 s, respectively. The image
scale of 0.′′6 pixel−1 is slightly larger as compared to HMI because explosive events like coronal
mass ejections, filament eruptions, and flares extend beyond the solar limb. Thus, a larger

1dubshen.astro.su.se/wiki/index.php?title=CRISP
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Figure 4.4: Restored CRISP images at
09:01:08 UT on 2015 April 17 of the EFR
centered on the pore with negative polar-
ity shown in Fig. 4.1: continuum intensity
of the photospheric Fe i 6173 Å line (top-
left), core of the negative polarity Stokes V
of Fe i 6173 Å line (top-right), blue wing
of the chromospheric Ca ii 8542 Å line
(bottom-left), and line core intensity of the
chromospheric Ca ii 8542 Å line (bottom-
right).

FOV is required accommodating an image size up to 1.3 R�. The EUV images are beneficial
establishing the topology of low-lying filamentary structures and overarching loops, which are
indicative of the magnetic connectivity within the active region and its surroundings.

4.2 Data reduction

Reduction and calibration of the GRIS data cube includes standard dark and flat-field corrections
(González Manrique et al., 2016). Wavelength calibration comprises orbital motions and solar
gravity redshift corrections, as described by Kuckein, Mart́ınez Pillet, and Centeno (2012b).
Hence, the LOS velocities refer to an absolute scale. Common fringes, dust particles along the
slit, and abnormal intensity peaks are removed, and the proper continuum of the spectral line
is determined. In addition, the telluric line at 10832.108 Å was eliminated from the spectra.
This telluric line interferes in some cases with the fast component of the He i 10830 Å triplet
González Manrique et al. (2016). The slit-reconstructed continuum and the line-core intensity
map of the red component are depicted in the first and second panel of Fig. 4.2, respectively.

The data reduction of the GFPI broad-band images was carried out with the data reduction
pipeline sTools (Kuckein et al., 2017). Dark and flat-field corrections were applied to the broad-
band images. The seeing conditions were monitored using the MFGS image quality metrics. This
gives also a feedback, which data set of the time-series has the best data quality. However, the
broad-band images were restored with Multi-Frame Blind Deconvolution (MFBD, Löfdahl, 2002)
without frame selection. Figure 4.3 shows a restored broad-band image taken at 09:00:54 UT
under very good seeing conditions.

The CRISPRED data pipeline (de la Cruz Rodŕıguez et al., 2015) was used for the CRISP
imaging spectropolarimeter. We decided to just destretch the data and to do without image
restoration. Standard data reduction includes, among others, bias subtraction, flat-field cor-
rection, data demodulation, prefilter correction, and in the case of the Ca ii line ‘backscatter’
correction (de la Cruz Rodŕıguez et al., 2013). In addition, further data reduction steps are
needed in preparation for data analysis: (1) Residual fringes in the spectra hamper the analysis
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Figure 4.5: Temporal evolution of the mag-
netic flux covering the entire EFR. The
red and blue solid lines represent the mag-
netic flux of the positive and negative po-
larity, respectively. The dashed vertical
lines mark the time of the high-resolution
observations with GREGOR.

of polarimetric data. These fringes were removed. (2) The remaining residual cross-talk is cor-
rected using the technique described by Schlichenmaier and Collados (2002), i.e., the cross-talk
from Stokes I to Q, U , and V as well as that from V to Q and U . (3) The last step is to
normalized the Ca ii spectral line to the local continuum intensity. The corresponding average
Stokes I profile was compared to an atlas spectrum obtained with the FTS (Brault and Neckel,
1987).

The AIA and HMI data were downloaded form the Virtual Solar Observatory (VSO) in
level 1.0 and 1.5 format, respectively. The AIA data have already been partially processed
including bad-pixel removal, depiking, and flat-fielding but they are not exposure time corrected.
The HMI data were also photometrically corrected. Moreover, maps of physical observables
were already created from individual filtergrams, i.e., continuum images, magnetograms and
Dopplergrams. All data were processed with the instrument-specific data pipeline, which is
a part of the SolarSoft software library (Bentley and Freeland, 1998; Freeland and Handy,
1998) mainly implemented with the IDL. This adjusts different AIA filtergrams and HMI data
products to a common image scale and coordinate system. Finally, all data were compensated
for differential rotation with respect to the central meridian. The reference images was taken at
00:00:57 UT on 2015 April 17 because at this time the EFR was exactly at the central meridian.
As the plasma parameters can evolve fast in an EFR, the observing times have to be stated
very precisely when comparing data from different instruments. Therefore, we always use the
midpoint of the particular AIA or HMI exposure given in universal time.

4.3 Data analysis

4.3.1 Temporal evolution of emerging magnetic flux

The temporal evolution of the emerging magnetic flux is based on time-series of HMI magne-
tograms compensated for solar differential rotation. We assume that the magnetic field is mostly
perpendicular to the solar surface, which is justified because the FOV only contains pores but
no sunspots with more horizontal fields in the penumbra. The data cover both flux emergence
and decay, and the high-resolution data were recorded roughly in the middle of the flux emer-
gence period. The rectangular ROI includes the entire EFR. Rise and decay the magnetic flux
is tracked for both magnetic polarities as shown Fig. 4.5, where the red and blue curves corre-
spond to the positive and negative magnetic polarities, respectively. The pre-existing magnetic
flux was determined as the median value of a two-hour time-series just before onset of the flux
emergence and was subtracted separately for each polarity.
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Figure 4.6: Temporal evolution of the
center-to-center distance between pores P1

and P2. The distance was calculated us-
ing the time-series of 64 slit-reconstructed
continuum images.

4.3.2 Center-to-center distance of pores

The center-to-center distance of the two pores is derived from the time-series of 64 slit-recon-
structed GRIS continuum images. The continuum images are smoothed by convolving them with
a two-dimensional Gaussian of 32 × 32 pixels and a FWHM = 16 pixels. A two-dimensional
Gaussian fit (25× 25 pixels) centered on the intensity minimum of the pore yields the position
of the pore’s midpoint with sub-pixel accuracy. The separation of the two pores is given as the
Euclidean distance between their centers, which evolves as depicted in Fig. 4.6.

4.3.3 Line-of-sight velocities of NIR lines

Spectral line fitting was applied to the Si i 10827 Å (Gaussian) and the Ca i 10839 Å (Lorentzian)
spectral lines to infer the respective LOS velocities. The profiles were fitted using the Levenberg-
Marquardt least-squares minimization as implemented in the MPFIT IDL software package
Markwardt (2009). The wavelength ranges were ±0.36 Å and ±0.45 Å for the Si i and Ca i
lines, respectively. The wavelength references for the LOS velocities were set to the laboratory
wavelengths 10827.09 Å (Ritz wavelength) and 10838.97 Å (observed wavelength) for the Si i
and Ca i lines, respectively, which were taken from NIST data base. The Ritz wavelengths,
derived from the transition probabilities of the lower and upper levels, are potentially more
precise than the observed wavelengths, specially in the vacuum UV spectral band.

Generally, the He i 10830 Å triplet in the observed data cube consists just of the blue and
blended red components. Nevertheless, a small percentage of spectral profiles reveals clear sig-
natures of “dual flows” (Schmidt, Muglach, and Knölker, 2000), which splits the red component
into a slow and fast component. An approach to fit the two parts of the red component is de-
scribed by González Manrique et al. (2016) based on a subset of the current data set. Initially,
all profiles are fitted with a single Lorentzian profile using a Levenberg-Marquardt least-squares
minimization implemented in the MPFIT IDL software package (Markwardt, 2009). The wave-
length range automatically adjusts to the line depths, i.e., it is broader for strong lines, to
enhance the accuracy and stability of the fits (González Manrique et al., 2016). The wavelength
reference for the LOS velocities is the average laboratory wavelength 10830.30 Å of the blended
red component given by the NIST data base.

In a second step, only dual-flow profiles are fitted with a double-Lorentzian profile. This
deviates from the approach in González Manrique et al. (2016), where all profiles were fitted
with a double-Lorentzian followed by an evaluation, whether single- or double-peaked profiles are
more appropriate. In the current implementation dual-flow profiles are automatically detected
based on the single-Lorentzian fits. Their locations are indicated by the red and black contours
in all panels of Fig. 4.2. Selection criteria for dual-flow profiles are: (1) strong asymmetry of the
blue and red line wings at half the line depth, (2) presence of two clearly defined minima, where
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Figure 4.7: Magnetic field inclination γ in-
ferred with SIR at an optical depth of
log τ = −1 corresponding to the CRISP
data of the photospheric Fe i 6173 Å line
in Fig. 4.4.

the line depths is deeper in the fast component, (3) very large FWHM of the line profiles, and
(4) line core is strongly redshifted with respect to the mean central wavelength.

4.3.4 Bisectors and spectral inversions of the Si I line

The bisectors (e.g., Stix, 2004) of the Si i line were computed for the full time-series of spatio-
spectral data cubes. The wavelength positions of the bisectors were calculated in 10%-steps of
the line depth using linear interpolation in both line wings. Maps of the LOS velocity were
derived for each point on the ordinate (0%, 10%, . . ., 80%) because bisector points closer to
the (local) continuum did not deliver reliable velocity maps (see Chap. 4.4.3). The value of 0%
refers to the line core. The velocities were measured with respect to the laboratory wavelength
of 10827.09 Å taken from the NIST data base.

Two different LOS velocity maps taken at 08:42:22 UT and 09:00:56 UT were inferred from
the Si i spectral line using the height-dependent SIR (Ruiz Cobo and del Toro Iniesta, 1992) code.
These velocity maps based on spectral line inversion were then compared with those originating
from the bisector method. The height dependence in SIR is expressed in logarithmic units of
the optical depth log τ . The Harvard-Smithsonian reference atmosphere (HSRA, Gingerich
et al., 1971) was chosen as an initial guess for the solar atmosphere. This atmospheric model
was iteratively perturbed to match the observed and computed Stokes I profiles. However,
the perturbations are only calculated in a few nodes in the atmosphere to reduce both the
computation time and number of free parameters. The remaining points along the optical depth
are obtained by a linear or cubic-spline interpolation. For these particular inversions we used
up to two nodes for the LOS velocity.

4.3.5 Inversion of the photospheric Fe I line

The inversion of the Fe i 6173 Å line was carried out with the SIR code but only for the
best map of the time-series (see Fig. 4.4). The observed Stokes profiles can be affected by
a significant amount of stray-light. The stray-light level was determined based on the mean

58



0 4 8 12 16 20 24 28 32 36

x−direction   [arcsec]

0

4

8

12

16

20

24

28
y
−

d
ir

e
c
ti

o
n

  
 [

a
rc

se
c
]

Figure 4.8: Horizontal flow field around the
pore P1 computed with LCT using GFPI
broad-band images. The rainbow colored
vectors are superposed on the average im-
age of the time-series. Red vectors indicate
flow speeds in excess of 1.2 km s−1.

quiet-Sun spectrum. In principle, the stray-light correction could be implemented as a free
parameter in the SIR code. However, in the inversion of the Fe i 6173 Å line, only a fixed value
of 23% of the continuum intensity was used. This fixed value was derived and validated by
inspecting 20 profiles with strong Stokes V signals. In this case, stray-light was a free parameter
of the inversion. The HSRA served again as a first guess for the solar atmosphere, and the
height-dependent model was iteratively perturbed to match the computed Stokes I, Q, U , and
V profiles with the observations. The computational effort increased significantly as compared
to the inversions presented in Chap. 4.3.4 because the perturbations were calculated with a
maximum of four nodes for the temperature and up to three nodes for other parameters. Linear
or cubic-spline interpolation was used for the remaining points along the optical depth.

4.3.6 Inversion of the chromospheric Ca I line

The information encoded in the chromospheric Ca ii 8542 Å spectral line was analyzed using
the non-LTE synthesis and inversion code NICOLE (Socas-Navarro et al., 2015). The inversion
process is especially complex and very time-consuming for non-LTE lines. Hence, we concen-
trated only on a small ROI of 49 pixels at coordinates (30′′, 23′′) in one snapshot taken at
09:01:08 UT (see Fig. 4.4). In this region, the polarization signals in Stokes Q, U , and V were
small. However, the region coincided with one of the footpoints of the AFS which showed the
second-strongest velocities beyond those close to pore P2. Since the aim is to retrieve the LOS
velocities, we focused on the inversion of the Stokes I profiles inside this region.

For the inversions, we took into account the isotopic splitting of the Ca ii NIR line (Leenaarts
et al., 2014) and used the FALC quiet-Sun model (Fontenla, Avrett, and Loeser, 1993) as an
initial guess for the atmosphere. The observed Stokes I profiles were convolved with the instru-
mental profile of CRISP. In a first attempt, we carried out standard inversions with one initial
atmosphere. Up to eight and twelve nodes were used for the LOS velocity and temperature,
respectively. However, after testing with different nodes in all physical parameters the fit results
of the synthetic intensity profiles were not satisfactory. Therefore, we opted for inversions with
two atmospheric components. All parameters of both model atmospheres were the same except
for the LOS velocities. One model had a small and constant positive velocity, i.e., redshift,
while the other one was at rest. We used up to five nodes for the temperature and four for
the LOS velocity. Micro- and macroturbulence were allowed to change by giving them only one
node. The filling factor was set as a free parameter. This setup yielded reliable inversions of the
chromospheric Ca ii NIR line.
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Figure 4.9: Space-time diagram of the He i line-core intensity Icore (normalized to the continuum intensity Ic)
taken at the footpoint (top) and loop top (bottom) of the AFS. The positions are marked in Fig. 4.2 by vertical
lines.
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Figure 4.10: Space-time diagram of the He i LOS velocity (single-component fit) taken at the footpoint (top) and
loop top (bottom) of the AFS. The positions are marked in Fig. 4.2 by vertical lines.

4.3.7 Horizontal proper motions

To compute the horizontal proper motions around the central pore, we applied LCT (November
and Simon, 1988) to the GFPI time-series of MFBD-restored broad-band images. The imple-
mentation of the LCT algorithm is described in Verma and Denker (2011) and a comparison
with radiation hydrodynamics simulations of granulation is given in Verma, Steffen, and Denker
(2013). The images of the time-series were aligned, and the signature of the five-minute oscilla-
tion was removed using a subsonic Fourier filter, where the photospheric sound speed was chosen
as the cut-off velocity. The LCT technique computes for each pixel local cross-correlations over
48×48-pixel image tiles with a Gaussian kernel having a FWHM = 1200 km Thus, the sampling
window is adapted to track features with sizes corresponding to granules. The time cadence was
∆t = 53 s, and the flow maps were averaged over ∆T = 63 min. The resulting average flow map
is displayed in Fig. 4.8, where the FOV is much smaller than in Fig. 4.3 because of misaligned
image, image rotation during the time-series, and the width of the sampling window.

4.4 Results

The high-resolution observations cover a short period in the lifetime of the EFR, which is
marked by dashed horizontal lines in Fig. 4.5. At the time, when the observations started, flux
emergence was roughly halfway finished. Thus, the outcome of this study primarily addresses
questions related to continuous flux emergence. The lifetime of the EFR is about three days
as observed with the SDO data (see Fig. 4.1). The EFR has two main pores with opposite
polarities, and they become visible in the SDO/HMI magnetograms at around 20:08 UT on
2015 April 16. In the HMI continuum images the pores become visible around two hours later.
Many small magnetic features with positive and negative polarities emerge between the two
main pores. Some of them are canceling but others moves until they merge with the main pore
of the same polarity. Approximately one day after emergence at 20:00 UT on 2015 April 17, the
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Figure 4.11: Temporal evolution of spectral profiles (normalized to the local continuum intensity Ilc) for the red
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pores reached their maximum size and magnetic flux. The leading pore with positive polarity
seems more fragmented while the negative pore is bigger and has a diameter of around 5′′. The
negative flux reaches values up to 3.8×1020 Mx and the positive polarity up to 5×1020 Mx (see
Fig. 4.5). The distance between the pores was obtained during the observing time (see Fig. 4.6)
with an initial value of about 31.4′′. The distance was increasing during 40 min. After this time
the distance between the pores stabilized around 33′′.

An AFS is visible in the chromosphere. The arch filaments connect both pores with opposite
polarities and other small-scale magnetic elements that are emerging mainly between them. The
individual arch filaments change with time during the observations on time-scale of minutes (see
Chap. 4.4.2). The inversions of the photospheric Fe i 6173 Å line inferred with SIR (optical
depth of log τ = −1) gives values of the magnetic field B in the central pore (negative polarity)
of about 2500 Gauss. While the magnetic field values B of the small-scale magnetic elements
around the main pare have values up to 1500 Gauss. Comparing the values of the inclination γ
(see Fig.4.7) with respect to the LOS at the same optical depth and the line core intensity of
the chromospheric Ca ii 8542 Å line (see Fig. 4.4), it is evident that the footpoints of the arch
filaments are placed where the magnetic field lines are nearly vertical as expected. Note that
180◦ refers to downward field lines, and 0◦ indicates the upward direction.

4.4.1 Inflows associated with the central pore

The central pore P1 in all ROIs of the high-resolution instruments possesses negative polarity. It
also served as the lock point for the AO systems. Therefore, the highest image and data quality
is expected in the vicinity of the central pore. To quantify the horizontal proper motions in and
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Figure 4.12: Slit-reconstructed GRIS im-
ages at 08:16:57 UT (bottom), 08:40:23 UT
(middle), and 08:49:16 UT (top) on 2015
April 17.The contours outline different arch
filaments at different times.

around this pore in the EFR, we computed an LCT map (see Fig. 4.8). The mean velocity was
v̄ = 0.48 km s−1 with a standard deviation of σv = 0.25 km s−1. As expected in the pore’s
surrounding we find many diverging centers with the size of granulation and mesogranulation.
Additionally, in the LCT map we capture flows associated with expanding granules. The sig-
nature of such expanding granules can be seen at coordinates (12′′, 8′′) in Fig. 4.8. The mean
velocity in the expanding granule was v̄ = 1.2 km s−1. Recently, similar expanding granules were
observed by Verma et al. (2016), who interpreted the striking flow pattern and the exceptional
size of the expanding granule as an indicator of ongoing flux emergence. Another prominent
horizontal flow feature are the inflows associated with the central pore. According to Verma and
Denker (2014) the inflows signify the coalescence of the small-scale flux tubes forming a larger
magnetic feature like a solar pore. Furthermore, converging velocity patterns are also present
in the region above the pore, where small dark features resembling magnetic knots are located.

4.4.2 Temporal evolution

The fast cadence of GRIS offers access to the highly dynamic chromosphere, which is monitored
in this study using the red component of the He i 10830 Å triplet. The time-series of slit-
reconstructed He i line-core intensity images (see example in Fig. 4.2) affirms the good to very
good seeing conditions and demonstrates the stable performance of the AO system. Moments
of mediocre seeing conditions are rare but become more frequent towards the end of the time-
series. They appear in the line-core intensity maps as elongated stripes with low contrast
and correspond typically to time intervals of about 10 s. However, for most of the time, the
granulation pattern and chromospheric He i absorption features with sub-arcsecond fine structure
are very prominently visible.

Spectral scan No. 45 at 09:00:56 UT (see Fig. 4.2) serves as reference for alignment and
rotation correction of all spectral data cubes. The ROI contains two pores of opposite magnetic
polarity, one in the center of the ROI at the AO lock-point and the other one at the right edge
of the ROI. New magnetic flux is still emerging, which leads to an AFS connecting both pores
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Figure 4.13: LOS velocities inferred from
the He i triplet’s red component. The ve-
locities are calculated along three arch fil-
aments shown in Fig. 4.12. The colours of
the plot symbols correspond to the contour
lines in that figure.

and other small-scale magnetic elements with multiple dark filament strands. Individual arch
filaments change significantly on time-scales of minutes or less. Time-lapse movies reveal motions
along the arch filaments, which are consistent with continuously emerging Ω-loops, where cool
material rises to chromospheric heights and beyond at the loop tops and then drains towards
the footpoints of the loops.

The most interesting features in the ROI are the loop tops and footpoints of the arch fil-
aments. Two vertical lines in Fig. 4.2 mark the positions, where space-time diagrams display
the temporal evolution of the He i line-core intensity and LOS velocity in Figs. 4.9 and 4.10,
respectively. Light gray areas indicate missing information in the ROI. The majority of LOS
velocities results from single-component fits to the observed line profiles unless dual-component
fits are more appropriate. In this case, the LOS velocity refers to the fast component. The
bottom panel of Fig. 4.9 tracks the rising loop top of a thin dark arch filament (y ≈ 17′′), which
becomes darkest about 30 min after the start of the time-series and abruptly vanishes after just
over 40 min. A second, more persistent footpoint of a different loop exists at y ≈ 8′′, which
shows more substructure streaming rapidly past the crosswise line. The associated LOS veloci-
ties (bottom panel of Fig. 4.10) of the former arch filament show upflows approaching 5 km s−1,
which are typical for a rising Ω-loop, whereas the latter absorption feature near the footpoint
of a loop exhibits strong variations of downflows in excess of 10 km s−1. The top panels of
Figs. 4.9 and 4.10 are dedicated to a small kernel with a diameter of 2 – 3′′, where strong persis-
tent downflows are present exceeding 20 km s−1, sometimes even reaching more than 40 km s−1.
These downflows intensify just before the kernel vanishes at t ≈ 50 min. At this location He i
absorption is moderately strong and does not change much in time. This downflow kernel is
pointed out by filled circles with diameters of about 1.4′′ at coordinates (63.2′′, 7′′).

The temporal evolution of He i spectra within this downflow kernel deserves further scrutiny.
In Fig. 4.11, the time since the start of the time-series is color coded. The displayed spectra
arise from 69 locally averaged spectra contained within the filled circles. They were slightly
smoothed for better display but still contain some high-frequency oscillations due to fringes
in the NIR spectra. The region was specifically selected because of the strong downflows and
the presence of dual-component He i spectral profiles. The rainbow color code immediately
reveals time intervals, where the shape of the red component significantly changes. Initially,
the slow and fast component form w-shaped profiles with well separated minima of roughly the
same intensity. Their line-core intensities are in the range Icore/Ic ≈ 0.80 – 0.85. At around
08:41 UT, the combined profile of the slow and fast component becomes more ‘bathtub’-like,
i.e., the minima are no longer well separated. Starting at 08:50 UT, the fast component becomes
dominant reaching line-core intensities of Icore/Ic < 0.8, and the difference in line-core intensity
between the slow and fast component can be as large as ∆I ≈ 0.1. The transition to single-
component profiles begins abruptly at 09:08 UT resulting in profiles with extended wings towards
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Figure 4.14: Temporal evolution of the LOS
velocity along a single arch filament (blue
and green contours in Fig. 4.12) based on
the He i triplet’s red component.

higher wavelengths and in deep line cores of the slow component.

It is also possible to track in time the LOS velocities along a single arch filament. Figure 4.12
contains three slit-reconstructed GRIS images at three different times. The contours depict three
arch filaments at 08:16:57 UT (red contour), 08:40:23 UT (green contour), and 08:49:16 UT (blue
contour) on 2015 April 17. Note that the green and the blue represent the same arch filament at
different time. We inferred the LOS velocities along the contours and calculated the mean values
of five pixels in the y-direction for every position in the x-direction. The mean LOS velocities
for every single arch filament are shown in Fig. 4.13. As expected the loop-tops show upflows
up to 5 km s−1 in the case of the green arch filament because it is the same as in Fig. 4.10.
As mentioned before they are the loop-top of new emerged loops transporting relatively cool
material to the chromosphere. Then the material drains down towards the two opposite polarities
where the footpoints are placed. Thus, as expected we find supersonic downflows velocities in
the footpoints of these arch filaments. The speeds are higher as we approach the footpoints.
Similar results are presented, for example, by Xu, Lagg, and Solanki (2010) and Lagg et al.
(2007). The distance between the fooponits of these three arch filaments are up to 20′′ in the
case of the one outline by the red contour.

It is also possible to track the temporal evolution of a single arch filament and to calculate
the LOS velocities along the arch filament. We selected the arch filament outlined by blue and
green colours in Fig. 4.12. This arch filaments is interesting because the single arch filament
emerged and disappeared during the observing time. Figure 4.14 shows the temporal evolution
of the LOS velocities along the arch filament at six different moments. The life-time of the arch
filament is about 25–30 min, which is at the upper end of values given in literature of 10–30 min
(Chou, 1993). Initially, the velocities are near 0 km s−1 at the loop-tops, and there are also
small downflows near the footpoints. After approximately 10 min the loop-tops exhibit strong
upflows (up to 5 km s−1) and supersonic downflows at the footpoints (pp to 31 km s−1). Near
the end, the velocities approach 0 km s−1 in the whole arch filament. In addition, the distance
between the footpoints increases with time. At the beginning the distance is around 15′′ and at
the end of the time-series the distance amounts to 20′′.
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Figure 4.15: Mean He i (top) and Si i (bottom) velocities within the main footpoint near the right pore in Fig. 4.1.
The region used to calculate the mean velocities is described in Chap. 4.4.3.

4.4.3 Height dependence

The time-series of GRIS data covers about one hour. Averaging various quantities over this
time interval (see Fig. 4.16) reveals persistent chromospheric (top-left panel) and photospheric
(bottom-left panels) downflows. The white contour in the top-left panel outlines the common
FOV of all 64 maps in the time-series. Outside this region the averages are based on fewer values.
A distinct kernel with downflows near pore P2 is present in both maps of the photospheric Si i
and the chromospheric He i LOS velocity. The kernel is marked by downward arrows in all
panels. The maximum speed of the persistent chromospheric downflow is 13 km s−1, which is
supersonic in contrast to the 0.8 km s−1 measured in the upper photosphere. Other regions
with high downflow velocities exists (marked by two parallel arrows in all panels), where the
He i LOS mean velocities reach up to 10 km s−1. The less pronounced appearance of these
flow kernels suggests that the flows evolve on time-scales of less than one hour. These downflow
kernels are in proximity to the footpoints of arch filaments, which terminate near pore P2.
The region between pores P1 and P2 is characterized by ongoing flux emergence of small-scale
opposite-polarity magnetic features. The loop tops of the arch filaments have mean upflows
up to 0.8 km s−1 in the chromosphere, clearly separating the footpoint regions with supersonic
downflows in the He i LOS velocity map of Fig. 4.16. Note that all velocities mention in this
paragraph are average velocities for the sum of all 64 velocity maps. The values for single maps
can be significantly higher.

In Chap. 4.3.3, we described a method to automatically identify dual-flow profiles in the He i
triplet as indicated by contours in Fig. 4.2. For each data set of the time-series we created a
binary mask containing the locations of dual-flow profiles, which were added to obtain a map
with their frequency of occurrence shown in the bottom-right panel of Fig. 4.16. Gray areas refer
to regions, where dual-flow profiles are absent, and red colors indicate that more than 60 dual-
flow profiles are present at the same location throughout the time-series. Dual-flow profiles are
mainly associated with the AFS, and they are most common near the footpoints of arch filaments.
However, at the location of pore P1 they are almost absent, near the weak downflow kernels
marked by parallel arrows they are encountered more frequently, and they are almost always
present in proximity to pore P2, which exhibits the strongest downflows. One of the region with
dual flow profiles has a circular shape, whereas the other one is elongated extending a distinct
and persistent arch filament with strong He i absorption. The two-dimensional histogram of
dual-flow profiles also provides guidance, where to find regions worthwhile for investigating
temporal changes of flow speeds and spectral line shapes.

The mean LOS velocity maps only show persistent up- and downflows but they do not provide
any clues about their dynamics, i.e., onset and cessation of up- or downflows – in principle
periods with upflows could even be followed by periods with downflows and vice versa leading
to an average velocity of zero. Single chromospheric LOS velocity maps display supersonic
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Figure 4.16: Average LOS velocities of all 64 GRIS maps for the chromosphere (top-left) and photosphere (bottom-
left). A map with the frequency of occurrence of the dual-flow profiles is shown in the bottom-right panel. A
mean map of the He i line depression is displayed in the top-right panel. The white contour in the top-left panel
marks the common FOV of all 64 maps in the time-series. Kernels with persistent photospheric downflows are
identified with arrows. The contours of these persistent flows are also plotted in red in the top-right panel.

downflows of up to 40 km s−1 at footpoints of arch filaments, and there is a tentative connection
to photospheric downflows derived from the Si i line. To establish a more definitive link, we
need to find a balance between persistent and dynamic flows. The evolution time-scale of
photospheric features, e.g., granules, is generally a few minutes, sometimes up to 12 min near
the pores (Darvann and Kusoffsky, 1989). In addition, solar p-modes can affect the LOS velocity
measurements so that they have to be filtered. Ultimately, we created a set of 48 average flow
maps with a sliding average, where each maps is the mean of 16 consecutive Si i LOS velocity
maps. The corresponding time interval of 16 min is three to four times longer than the mean
lifetime of granules so that their intrinsic velocity pattern is smeared out and reduced. We
obtained mean LOS velocity maps similar to the one in Fig. 4.16 for the Si i line. To select
the velocity kernels, which we will track in time, we focused on regions with LOS velocities
exceeding the mean LOS velocity v by at least three times the standard deviation σv within the
entire map, i.e., v + 3σv.

Three regions exhibit mean velocities above the threshold mentioned above at some moments
during the observations. Two small regions near the left footpoint are marked by two parallel
arrows and with red contours in the map of the He i line depression (see Fig. 4.16). The
downflow kernel belonging to the upper-left arrow shows elevated velocities in the first nine
maps between 08:16:57 UT and 08:40:23 UT. The bottom-left arrow points to higher downflow
velocities between 08:27:39 UT and 08:48:15 UT. The red contours encircle an area, where the
downflows surpass the velocity threshold at least once in a single LOS velocity map comprising
the 16-minute-average maps. The largest and strongest downflow kernel denoted by the right
arrow is located near pore P2. It is present throughout most of the time-series, i.e., between
08:40:23 UT and 09:18:33 UT. Applying the same technique to the LOS velocity maps of the
Ca i 10839 Å line did not reveal any regions above the velocity threshold of v+ 3σ. The method
for selecting flow kernels also provides the means to study the evolution of photospheric Si i
and chromospheric He i LOS velocities and their correlation with time. Of particular interest
is the strong downflow kernel near pore P2. The contours referring to the velocity threshold
were computed separately for each line and each map. Thus, the number of data points changes
from map to map and is not the same for pairs of Si i and He i maps. The temporal evolution
for both spectral lines is represented in Fig. 4.15. The chromospheric velocities within the
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Figure 4.17: Comparison between Si i LOS
velocity maps of the height-dependent bi-
sectors method and SIR inversions. The
study was carried out for the map shown in
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between both methods, and the filled cir-
cles indicates the highest correlation. The
correlations were computed for the full
FOV excluding the regions with pores, thus
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tions.

downflow kernel are fairly constant for approximately the first 34 min of the time-series with
a mean velocity around 20 km s−1. Subsequently, the mean velocities rise up to 26 km s−1

within just 10 min, before declining to 11–12 km s−1 over the remainder of the time-series.
During the entire time-series the mean velocities were supersonic. The sound speed in the
chromosphere is about 10 km s−1. The temporal evolution of the photospheric mean LOS
velocities follows a similar trend. The mean velocities in the first 34 min are in a range between
−0.1 and +0.6 km s−1. However, the rise to higher mean velocities reaching up to 1.5 km s−1

starts already 15 min earlier than in the chromosphere. The maxima of chromospheric and
photospheric LOS velocities coincide but the decline starts later in the photosphere by a few
minutes. At the end of the time-series downflows are higher in the photosphere and lower in
the chromosphere than in the beginning. The common trend of the temporal evolution of the
velocities in the downflow kernel suggests a strong coupling between both atmospheric layers at
the footpoint of the arch filament near pore P2.

The LOS velocities at the footpoint near pore P2 show a maximum in Fig.4.15 around 22–
26 km s−1 in the chromosphere and around 1.0–1.5 km s−1 in the photosphere. In the following,
we provide an approximation of the flux tube geometry for the arch filament and determine the
height difference between chromospheric and photospheric flows. We assume that the plasma
moves from the chromosphere to the photosphere along the flux tube. The cross-sectional area
S of the tube is decreasing in the downward direction, and the plasma also gets denser.

The plasma motion is governed by equations of continuity, motion, and energy. The conser-
vation of mass is given by the differential form of the continuity equation

∂ρ

∂t
+∇(ρv) = 0, (4.1)

where ρ is the mass density and the Lagrangian derivative d/dt ≡ ∂/∂t + v · ∇ was applied. If
we also assume that the fluid is stationary ∂ρ/∂t = 0, the the dynamic equilibrium is given by

∇(ρv) = 0. (4.2)

If in addition the fluid moves along the field lines, then the equation simplifies to

ρvS = c1, (4.3)

where S is the area enclosing the field lines, and c1 is a constant. Similarly, one of Maxwell’s
equations simplifies

∇B = 0, (4.4)

where B is the magnetic field if the magnetic flux is conserved

BS = c2, (4.5)
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where S is again the area enclosing the field lines and, c2 is another constant. Dividing both
Eqs. 4.3 and 4.5 yields

ρv

B
= c3, (4.6)

where c3 = c1/c2 is a constant. The observations provide neither the density ρ nor the magnetic
field B. Assuming that the density ρ is close to hydrostatic equilibrium and an isothermal
atmosphere, we get an approximation for the density

ρ ∼ e−z/H , (4.7)

where z is the distance between the footpoint in the chromosphere and the photosphere. The
pressure scale-height H is derived from the ideal gas law H = RT/µg, where R is the ideal gas
constant, µ is the mean molecular weight, g is the gravitational acceleration, and T refers to a
constant temperature. Typically, the pressure scale-height H is 100–150 km in the photosphere
(Priest, 2014).

In an isothermal atmosphere, the magnetic field B is given in the thin flux tube approxima-
tion as

B ∼ e−z/2H , (4.8)

see Eqs. 4.7 and 4.8 in Spruit (1981). Substituting these equations into the Eq. 4.6 yields

v(z) ∼ ez/2H , (4.9)

where v(z) ∼ v(z1)/v(z2), v(z1) is the mean LOS velocity measured at the footpoint in the
photosphere, and v(z2) is the mean LOS velocity inferred at the footpoint in the chromopshere.
Thus, z = z1 − z2 is the distance between the photospheric and the chromospheric footpoints.
If we consider that v(z1) ∼ 1.25 km s−1, v(z1) ∼ 24 km s−1, and H = 100–150 km, the distance
between the photospheric and chromospheric cross-section of the flux tube, i.e., the footpoint of
the arch filament, is z ≈ 600–900 km. Larger separations up to z = 1100 km are also plausible
because some downflow velocities are weaker (∼0.7 km s−1) at the photosphere. Note that
shock waves were not taken into account, which can be produced between photospheric and
chromospheric layers (see Chap. 4.5).

Line-of-sight velocities based on the Ca II 8542 Å line

The height sensitivity of the Ca ii line was studied by Quintero Noda et al. (2016) who used the
NICOLE code studying the dependence of response functions to LOS velocity perturbations.
They concluded that the line wings are sensitive to heights between 0< log τ <−4 and the line
core to heights between −4.5< log τ <−5.5. Hence, this line covers the photosphere as well as
the middle chromosphere complementing the other lines involved in our study.

After a revision of the two-component inversions from NICOLE (see Chap. 4.3.6), we dropped
20% of the profiles because their fits were not satisfactory. The LOS velocities inferred from the
remaining 80% (39 profiles) were averaged for each component in order to provide an overall
estimate of the velocities inside the footpoint at a specific height. The decision of using two
component inversions was supported by the fact that the two components show significantly
different results. Moreover, the filling factor was close to 0.5 with a standard deviation of about
0.07, i.e., the weight of both atmospheric components within the resolution element is balanced.

For the first component, the highest velocities were found in the mid-chromosphere at an
optical depth of log τ ∼ −4.9 with a mean velocity of 2.7 km s−1 and a standard deviation of
about 0.8 km s−1. The velocities diminish with decreasing in height until they reach a mean
velocity of 0.3 km s−1 with a standard deviation of 1.1 kms −1 at log τ ∼ 0. This component
coincides with the locations of the high redshifts found in the He i triplet. In contrast, the
second component shows a larger dispersion in the LOS velocities and even oppositely directed
flows, i.e., upflows of −1.3 km s−1 (σ ∼ 1.6 km s−1) and −0.6 km s−1 (σ ∼ 0.6 km s−1), at
log τ ∼ −4.9 and 0, respectively.
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Figure 4.18: LOS velocity maps inferred
from the Si i line using two different meth-
ods: SIR code (top) and bisectors (bottom).
The maps refer to the same time and FOV
as shown in Fig. 4.2. The highest linear
correlation between both methods is 97.8%
and corresponds to the bisector velocity at
20% and a log τ = −2.6 from SIR. The con-
tours outline the pores in the continuum
image (≤ 0.89Ic).

Comparison of bisectors with Stokes inversions based on response functions

The LOS velocities retrieved from the bisector method described in Chap. 4.3.4 were compared
to the LOS velocities inferred from the height-dependent Stokes inversions based on SIR. As
mentioned in Chap. 4.3.4, the height dependence in SIR is expressed in logarithmic optical
depth units (log τ). This allows us to associate the bisectors for a specific line depths to a
specific optical depth.

The comparison was performed for the map at 9:00:56 UT shown in Fig. 4.2 and another
map taken earlier at 08:42:22 UT to confirm the results. The selected spectral line was the
photospheric Si i line. We determined nine LOS velocity bisector maps in 10% steps of the
line depth starting from the lower value at 10% and ending at the upper value of 80%. The
extreme wings of the Si i line near the continuum are almost flat and contain small intensity
perturbations producing large bisector shifts. Therefore, bisector maps close to the continuum
are strongly affected by noise and are consequently discarded leading to our choice for the upper
value. The LOS velocity map corresponding to the line core was calculated by a Gaussian fit
(see Chap. 4.3.3).

The bisector and SIR velocity maps were compared using Pearson’s linear correlation coef-
ficient. We excluded areas with strong magnetic field concentrations, i.e., where the Si i line
exhibited Zeeman splitting, by creating a mask which eliminated the darkest pixels from the
continuum image. Each of the LOS velocity bisector maps was compared and correlated with
the 55 SIR LOS velocity maps. The height stratification of SIR covers the optical depth from
1.4 ≥ log τ ≥ −4.0, in steps of 0.1 logarithmic units.

Figure 4.17 shows the results of this correlation analysis for both maps. The vertically aligned
circles represent the three SIR velocity maps with the highest correlation for each bisector map at
a given line depth, while the filled circle marks the highest correlation. The blue circles indicate
the results from the map at 08:42:22 UT and the black circles those at 9:00:56 UT. The black
and blue circles are slightly shifted to the left and right along the x-axis for clarity. Henceforth,
we only refer to the map at 9:00:56 UT because the results of the other maps are very similar.
High linear correlations in the range of 95–98% (see Tab. 4.1) are found for all values depicted
in Fig. 4.17. As expected, bisector velocities obtained deeper in the line correspond to lower
optical depth. As an example, the bisector at 10% above the line core shows correlations of
97.8%, 97.7%, and 97.3% with SIR maps at log τ = [−2.6, −2.7, −2.8], respectively. The circle
at 10% in Fig. 4.17 deviates from a linear relationship mainly because of the departure from
local thermodynamic equilibrium (LTE) at the Si i line core. However, the SIR code assumes
LTE conditions. Hence, in layers, where log τ < −3, the inferred velocities are not reliable.
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Table 4.1: Linear correlation between velocity maps derived with the bisector method and with SIR inversions.

Bisector [%] log τ Correlation [%]

10 −2.8 97.2
20 −2.6 97.8
30 −2.3 97.8
40 −1.9 97.2
50 −1.5 96.7
60 −1.0 97.0
70 −0.8 96.9
80 −0.6 95.1

The two LOS velocity maps for which the best correlation was achieved (97.8%) are shown
in Fig. 4.18. The top panel shows the results from the SIR inversions at log τ = −2.6 while
the bottom panel depicts the results from the bisector method at 20%. Visually, both maps are
very similar except in the area of the pores (inside the black contours). However, these areas
were not included when computing the correlation between the bisector and SIR velocities.

4.5 Discussions and conclusions

The primary goal of this study is to link supersonic chromospheric downflows in the footpoints
of the AFS with downflows observed in the photosphere. In particular, we want to answer
the question if it is possible that plasma motions in photospheric layers are fed by supersonic
chromopsheric downflows – a question raised in previous studies that made an effort to connect
both atmospheric layers of the Sun, for example, by Lagg et al. (2007) whose observations
resemble ours. The magnetic field information is obviously missing in very fast spectroscopic
mode but can be provided in the future with polarimetric GFPI observations (e.g., Balthasar
et al., 2011). The observed He i supersonic downflows (up to 40 km s−1) at the footpoints of
arch filaments near a pores of the EFR are in very good agreement with previous observations,
for example, by Schmidt, Muglach, and Knölker (2000), Lagg et al. (2007), and Xu, Lagg, and
Solanki (2010).

Uitenbroek, Balasubramaniam, and Tritschler (2006) observed supersonic downflows near
the edge of a single solar pore in the chromospheric Ca ii 8542 Å NIR line. In this study, we
did not find supersonic velocities in the chromospheric Ca ii 8542 Å line (see Chap. 4.4.3). The
first component of the two-component inversions shows the highest velocity of 2.7 km s−1 in the
mid-chromosphere with log τ ∼ −4.9, and the velocity is decreasing towards the photosphere
reaching velocities close to 0.3 km s−1 at log τ ∼ 0. This component is consistent with the high
downflows found in the He i triplet. The second component exhibits small upflow velocities of
−1.3 km s−1 and −0.6 km s−1 at log τ ∼ −4.9 and 0, respectively. This second component is
also consistent with the small upflow velocities observed in the photospheric Si i line. Clearly, in
this region at coordinates (30′′, 23′′) in Fig. 4.4 and (46′′, 11′′) in Fig. 4.18 the plasma does not
reach the photosphere. Chromospheric upflows velocities inferred with the He i are also found
at the loop tops with velocities up to 5 km s−1, which is in agreement with other studies, for
example, by Solanki (2003) who observed upflows up to 4 km s−1 or by Spadaro et al. (2004)
who observed upflow velocities between 3–9 km s−1.

Small photospheric velocities were observed by Hirzberger (2003) with the Göttingen FPI,
but next to pores he detected downflow channels with velocities between 0.4 and 1.4 km s−1.
A downflow in pores was also seen by Giordano et al. (2008) with velocities of 0.2 km s−1

surrounded by ring-like downflows of 0.3 km s−1. Xu, Lagg, and Solanki (2010) observed photo-
spheric downflows up to 1.5 km s−1 cospatial with supersonic chromospheric downflows. Lagg
et al. (2007) also inferred photospheric LOS velocities of a few 100 m s−1 based on the Si i line at
the location of the chromospheric supersonic downflows. Initially, they measured photospheric
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downflows of around 0.6 km s−1, which increased to around 1.3 km s−1 at the end of their 73-
minute time-series. These flow speeds are similar to the values presented in Fig.4.15. However,
the photospheric downflows where not attributed to the chromospheric supersonic downflows.
Establishing this link is challenging as also stated by Schad, Penn, and Lin (2013) who observed
a bipolar active region. Their observations were hampered by poor temporal resolution so that
flows along the filament fibrils could not be tracked reliably. Tracking the temporal evolution of
AFS loops with a lifetime of about 30 min (Bruzek, 1969) requires the very fast spectroscopic
mode of GRIS, which offers a one-minute cadence and covers a significant part of the EFR/AFS
(see Chap. 4.4.2).

Regarding the horizontal proper motions in the photosphere, the most striking horizontal
flow feature are inflows around newly formed pores. Wang and Zirin (1992) noticed these inflows
associated with pore and concluded that the pores are formed by the concentration of already
existing magnetic field. However, Hirzberger (2003) in their LCT study did not confirm inflows in
pores. In a detailed statistical study based on Hinode G-band images Verma and Denker (2014)
found converging flows towards the center of pores. Recently, Li, Yang, and Zhang (2015) noticed
inflows of moving magnetic features during the pore’s growth phase. In the present case study
we also see clear indications of inflows in the time-averaged LCT map. The average horizontal
velocities presented here are in agreement with values computed by Verma and Denker (2011,
2012). Taken together with the photospheric and chromospheric LOS velocities, we conclude
that plasma is moving vertically downwards along the arch filament and horizontally from the
photosphere towards the pore, i.e., the footpoint of the filament. Another prominent horizontal
flow feature of EFRs are large, elongated, and expanding granules (e.g., Rezaei, Bello González,
and Schlichenmaier, 2012; Guglielmino et al., 2010), which are also present in the surroundings
of our EFR but not directly between two pores (cf., Verma et al., 2016). Nevertheless, the
presence of these granules near the pores is a clear indication of ongoing flux emergence.

Several physical processes have been proposed to explain downflows along the magnetic field
lines. The physical properties of the EFR are summarized by Chou (1993). Lagg et al. (2007)
suggested that strong downflows can be explained by a flux tube. This flux tube is emptied as a
consequence of the pressure balance between the flux tube that it is rising from the photosphere
and the neighboring atmosphere. As a consequence, the hydrostatic support is lost and the
material moves downwards to the solar surface. In the present study, our observations agree
with the findings of Lagg et al. (2007) were the upflows are placed on the loop tops and the
downflows are along the legs of the arch filaments. Another concept to explain the appearance
of the photospheric footpoints of the flux tubes is convective collapse (e.g., Spruit, 1979; Parker,
1978; Grossmann-Doerth, Schüssler, and Steiner, 1998; Lagg et al., 2007), which also offers an
explanation for the converging horizontal proper motions around pores measured with LCT.

In this study, we found a clear connection between the chromospheric supersonic and photo-
spheric velocities thanks to the very fast spectroscopic mode of GRIS, which offered the required
cadence to track the velocities in both the chromosphere and the photosphere. The highest mean
chromospheric LOS velocities were up to 26 km s−1 near the pore P2, while the highest mean
photospheric velocities approached 1.5 km s−1 (see Fig. 4.15). The analogue temporal evolution
of the photospheric and chromospheric footpoint velocities presented in Fig. 4.15 confirms this
link.

The height distance between the footpoint at the chromosphere and the photosphere near
pore P2 was estimated in Chap. 4.4.3 reaching values up to 1100 km. The He i triplet is formed
under non-LTE conditions in the chromosphere with a height exceeding 1500 km (e.g., Lagg
et al., 2004). Our assumptions did not take into account shock waves that can be produced in
the chromosphere. The supersonic chromospheric downflows and the subsonic downflows in the
photosphere suggest shocks between both layers. Lagg et al. (2004) proposed the ‘uncombed
model’ with the field lines of the fast component being more horizontal than the field lines of the
slow component. These components are generated in a single chromospheric layer, where the
shocks originate. The other proposed model is the ‘cloud model’, where the fast component lies
above the slow component, and the shock is produced between these two components. If these
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models are correct, our assumptions made to calculate the distance between the photosphere
and the chromosphere may not be valid. However, the results of Xu, Lagg, and Solanki (2010)
do not reveal any sign of He i emission suggesting that the shock is constrained to layers below
the formation height of the He i line.

In this study we also conclude that the bisectors method is suitable to infer LOS velocities
from the Si i line at different heights. In addition, using the SIR code, we have associated
the bisectors for a specific line depth to a specific optical depth of the atmosphere. We have
demonstrated this with the data shown in Fig. 4.4 and achieved correlation values above 95%
between the bisector maps and the inferred SIR maps. The advantage of using the bisector
method instead of the SIR code is the much faster computing time. The velocity maps from all
64 maps were computed in just one hour.
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Chapter 5

Conclusions and outlook

In Chap. 1 of this thesis we introduced many physical properties of the EFR and it accompanying
AFR in the chromosphere. We raised several questions that we were able to answer based on
observations, analysis, and discussion of two small bipolar EFRs investigated in this thesis: (1)
uni-polar micro-pores and (2) two small pores with opposite polarities.

Generally, photosperic and chromospheric structures like pores or sunspots cover a wide
range of spatial scales. Pores can vanish after a few days like those of the EFRs discussed in
this doctoral thesis or grow into sunspots and potentially assemble into complex active regions.
In the chromosphere many structures can be observed with different sizes. The cool plasma
is suspended by the magnetic field forming structures from mini-filaments (a few megameters)
to giant filaments (several hundred megameters) The properties of the chromosphere and pho-
tosphere are important to understand EFRs with AFSs. To explore the smaller spatial scales
requires large-aperture solar telescopes and dedicated instruments to observe magnetic features
in multiple wavelengths. As a consequence the observed FOV is small, and time-series cover
only a couple of hours at most. Synoptic observations are often impracticable due to the small
spatial scales. Hence, only a small number of studies are available to increase our knowledge
about EFRs and AFSs at sub-arcsecond scales.

Several techniques were applied in this thesis to infer different physical parameters, e.g.,
SIR and NICOLE inversions using various spectral lines, cloud model inversions, inferring the
LOS velocity using the center-of-gravity method, developing a new and rapid technique for
determining the velocity of multiple atmospheric components within a single spatial pixel using
the He i triplet, and some other techniques.

The CM inverted parameters offer the opportunity to distinguish between features with
higher contrasts belonging to the AFS and other regions of the quiet-Sun or the interface between
the quiet Sun and the AFS. The method used to obtain the LOS velocity of the He i red
component produced good fits and reasonable chromospheric velocities, which agree well with
similar investigations of EFRs. This method assumes that the He i triplet is always optically thin
in the wavelength range of the telluric line, an assumption that should be tested in the future.
Improve the method to fit the red components of the He i triplet is also required because in some
cases not only two components but three and even four components were visible. This technique
should include multiple component fitting because this type of spectral profiles appears more
frequently in active regions, which exhibit often higher velocities than in our observations (e.g.,
Aznar Cuadrado, Solanki, and Lagg, 2005, 2007).

In this doctoral thesis, we used the Göttingen FPI to analyze a very small EFR with micro-
pores and its accompanying AFS, and the GFPI, GRIS, and CRISP to investigate a small EFR
also with an AFS. In both observing campaigns the AFS connects the two opposite polarities:
in one case coupling two main pores and in the other case connecting micro-pores to a quiet-
Sun region of opposite polarity. In both cases the small-scale arch filaments are perpendicular
to the PIL. These arch filaments are a clear indication of a newly emerging flux in the form
of Ω-loops. In the case of the small EFR with micro-pores the magnetograms show that the
trailing polarity is formed earlier, while in the EFR containing two pores the leading polarity

73



is formed earlier. In the first case the observations were taken during the declining phase of
the 23rd solar cycle (southern hemisphere) with the leading part possessing polarity negative.
In the second case, the observations were just after the maximum of the 24th solar cycle (also
southern hemisphere) with the leading polarity being positive. Thus, the Hale-Nicholson law
applies to both EFRs. The leading polarity containing the micro-pores is more compact and
survives longer, while in the second case the leading pore of the EFR vanished first, and the
magnetic field is more fragmented. In both cases the negative polarity survived longer, and the
magnetic field is more compact. These asymmetries are typical properties of EFRs, even for
larger ones (van Driel-Gesztelyi and Petrovay, 1990). In both cases flux cancellation is the likely
cause of the EFR’s decay. The flux fragmentation suggest that several Ω-loops are connecting
the opposite polarities. Thus, several dark arch filaments comprise the AFS.

A statistical description was presented for both observations but the description of micro-
pores and of flux emergence at very small spatial scales (below 1 Mm) remains challenging. In
the case of the micro-pores the study focused on the temporal evolution of their area, their
mean intensity, and the separation of footpoints. In the case of the two pores, the center-to-
center distance evolution was also followed in time. All of these properties match with previous
observations and simulations describing EFRs and AFSs on similar spatial scales.

The two observed EFRs show very much the same behaviour as those of previous observations
and simulations. In the AFS upflows are commonly observed at the loop tops, and the cool
plasma drains towards the footpoints along the flux tube connecting the opposite polarities.
The LOS velocities of the EFR with the two pores exhibits velocities up to 5 km s−1 matching
the maximum velocities obtained in other observations, while the LOS velocities inferred for the
EFR with the micro-pores are much lower. LOS velocities were also inferred along the loops in
both data sets. Generally, the LOS velocities are higher near the footpoints of the arch filaments
reaching in many cases supersonic speeds. In the case of the micro-pores the LOS velocities in
the loops are lower, i.e., two to four times lower than for larger AFSs. It was also possible to
track the temporal evolution of the LOS velocities along the loops of the arch filaments. The
plasma rises with the ascend of the flux tube leading to upflows at the loop tops. Afterwards the
plasma contained in the flux tube drains towards the footpoints connecting the two polarities.
These dynamics enabled us to calculate the lifetime of single arch filaments (around 30 min)
confirming results of previous studies. The buoyancy and the curvature of the rising/submerging
Ω-loops are the determining factor for the observed up- and downflows. Nonetheless, a better
statistical sample is needed to derive scaling laws. The sizes of the pores can vary from sub-
arcsecond to about ten arcseconds. Therefore, comparing a larger sample of EFRs and AFSs in
a similar spatial domain with simulations of flux emergence and decay will be very beneficial for
our understanding of the dynamic interaction of magnetic fields with the surrounding plasma.

In order to track the dynamics of the EFR (containing the two pores) along several heights
within the chromosphere and the photosphere, a multi-wavelength study was carried out with the
very fast spectroscopic mode of GRIS, which offered a good time resolution to track the velocities.
The link between the chromospheric filamentary structures and the photosphere has been an
open question but in this study we demonstrated that the plasma of chromospheric structures,
which exhibit supersonic LOS downflows near the footpoints, reached the photosphere. Several
physical processes have been proposed to explain downflows along magnetic flux tubes. One
of the concepts explains photospheric footpoints of flux tubes as a result of convective collapse
(e.g., Spruit, 1979; Parker, 1978; Grossmann-Doerth, Schüssler, and Steiner, 1998). Lagg et al.
(2007) suggested that the supersonic downflows can be explained by a flux tube emptied as a
consequence of the pressure balance between the flux tube and the surrounding atmosphere.

The approximated distance between chromospheric and photospheric footpoints was calcu-
lated using the velocities obtained in both layers of the solar atmosphere. The distance obtained
between the two atmospheric layers is up to 1100 km, which is a very good match to other the-
ories and simulations. Several assumptions were made to obtain this distance, e.g., the fluid is
stationary, the magnetic flux is conserved, the flux tube is in hydrostatic equilibrium, the thin-
flux-tube approximation applies, the atmosphere is isothermal, etc. In addition, shocks were not
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taken into account, which can be produced between the chromosphere and the photosphere. It
is still not clear at which heights these shocks are potentially formed. Some studies proposed
that the emission associated with the shocks are produced at the formation height of the He i
triplet. Other studies did not find signs of He i emission because of shocks at this height and
they proposed that the shocks could be produced below this height so that some questions arise:
At which height are the shocks formed? Are they produced even below the formation height of
the Si i line, i.e., the upper photosphere?

Regarding the horizontal flows in the photosphere, LCT results indicate that the flow speeds
in both studies reflect motions of individual granules, expanding granules, and small-scale bright-
enings. In the case of the micro-pores the reduced flow speed in the immediate surroundings
of the micro-pores suggests that the magnetic field is already strong enough to affect the con-
vective motions. In the case of the two pores we detected clear indications of inflows in pore
P1, which is in agreement with other studies. These converging horizontal proper motions also
fit the scenario of convective collapse at the footpoints of arch filaments. All LCT results are a
clear indication of ongoing flux emergence.

Another important conclusion of this thesis is that the bisector method can be used to rapidly
infer LOS velocities from the Si i line at different heights. Additionally, comparing these bisector
maps and the LOS velocities inferred with the SIR code, we associated the bisector maps at a
certain line depth to a specific optical depth in the atmosphere.

Future observations and studies should aim at a better understanding of the physical proper-
ties of EFRs and AFSs. However, more detailed magnetic field information is obviously needed.
First steps to overcome this deficiency were already taken in a similar study of an AFS using
the GRIS spectropolarimetric mode (Balthasar et al., 2016). The results of this doctoral thesis,
including methods and techniques, are already being used in forthcoming studies of EFRs and
active regions. High-resolution imaging spectropolarimetry was so far limited to CRISP but
after refurbishing the GFPI polarimeter supplementary information about the photospheric and
chromospheric magnetic fields will become available in the 2017 observing season. Observing a
meaningful sample of EFRs at various heliocentric angles are needed to confirm some theoretical
models, e.g., the uncombed model proposed by (Lagg et al., 2007).

This study focused on photospheric and chromospheric properties and dynamics of EFRs and
AFSs. However, the response to emerging flux of the upper atmosphere, i.e., the transition region
and corona, is also a worthwhile endeavor offering challenges and posing questions: Are arch
filament loops also seen in the corona and can the rise of Ω loops be tracked from the photosphere
to the upper atmosphere? Do shocks leave a signature in the AIA UV continua? Conveniently,
the space mission SDO facilitates studying the evolution of the loops in the transition region
and corona with good spatial and excellent temporal resolution. Complementary spectroscopic
information in the UV can be obtained in coordinated observing campaigns with Interface Region
Imaging Spectrograph (IRIS, de Pontieu et al., 2014) from space.

Multi-wavelength and multi-instrument observations were the basis of this doctoral thesis.
We have demonstrated that high-resolution observations obtained with the VTT, the GREGOR
solar telescope, and the SST provide new insights into the dynamic interaction of plasma and
magnetic fields. However, the synergies between imaging and NIR long-slit spectropolarimetry
have not yet been fully exploited. At the GREGOR solar telescope, GRIS, GFPI, and fast
imagers for image restorations can nowadays be used to study the fine structure of the Sun.
Powerful data pipelines significantly shorten the time between observations and scientific analysis
and ultimately dissemination in peer-reviewed journals and conferences. Therefore, the work
contained in this doctoral thesis is only a first stepping stone towards a better understanding of
EFRs and AFSs in particular and flux emergence and decay in general.
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Pérot Interferometer to the GREGOR FPI. In: Kneer, F., Puschmann, K.G., Wittmann,
A.D. (eds.) Modern Solar Facilities – Advanced Solar Science, Universitätsverlag Göttingen,
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Vögler, A., Schüssler, M.: 2007, A Solar Surface Dynamo. Astron. Astrophys. 465, L43.
doi:10.1051/0004-6361:20077253.
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Appendix A – Abstracts

Refereed articles

Horizontal flow fields in and around a small active region – The transition period between flux
emergence and decay

M. Verma, C. Denker, H. Balthasar, C. Kuckein, S.J. González Manrique, M. Sobotka, N. Bello
González, S. Hoch, A. Diercke, P. Kummerow, T. Berkefeld, M. Collados, A. Feller, A. Hof-
mann, F. Kneer, A. Lagg, J. Löhner-Böttcher, H. Nicklas, A. Pastor Yabar, R. Schlichenmaier,
D. Schmidt, W. Schmidt, M. Schubert, M. Sigwarth, S.K. Solanki, D. Soltau, J. Staude, K.G.
Strassmeier, R. Volkmer, O. von der Lühe, and T. Waldmann: 2016, Astron. Astrophys. 596,
A3. doi: 10.1051/0004-6361/201628380

Context. The solar magnetic field is responsible for all aspects of solar activity. Thus, emer-
gence of magnetic flux at the surface is the first manifestation of the ensuing solar activity.

Aims. Combining high-resolution and synoptic observations has the ambition to provide a
comprehensive description of flux emergence at photospheric level and of the growth process
eventually leading to a mature active region.

Methods. Small active region NOAA 12118 emerged on 2014 July 17 and was observed one day
later with the 1.5-meter GREGOR solar telescope on 2014 July 18. High-resolution time-series
of blue continuum and G-band images acquired in the Blue Imaging Channel of the GREGOR
Fabry-Pérot Interferometer were complemented by synoptic line-of-sight magnetograms and con-
tinuum images obtained with the Helioseismic and Magnetic Imager onboard the Solar Dynamics
Observatory. Horizontal proper motions and horizontal plasma velocities were computed with
local correlation tracking and the differential affine velocity estimator, respectively. Morpholog-
ical image processing was employed to measure the photometric/magnetic area, magnetic flux,
and the separation profile of the emerging flux region during its evolution.

Results. The computed growth rates for photometric area, magnetic area, and magnetic flux
are about two times larger than the respective decay rates. The space-time diagram using HMI
magnetograms of five days provides a comprehensive view of growth and decay. It traces a
leaf-like structure, which is determined by the initial separation of the two polarities, a rapid
expansion phase, a time when the spread stalls, and a period when the region slowly shrinks
again. The separation rate of 0.26 km s−1 is highest in the initial stage, and it decreases when the
separation comes to a halt. Horizontal plasma velocities computed at four evolutionary stages
indicate a changing pattern of inflows. In LCT maps we find persistent flow patterns such as
outward motions in the outer part of the two major pores, a diverging feature near the trailing
pore marking the site of upwelling plasma and flux emergence, and low velocities in the interior
of dark pores. We detected many elongated, rapidly expanding granules between the two major
polarities, with two times larger dimensions than the normal granules.

Inference of magnetic fields in the very quiet Sun

M.J. Mart́ınez González, A. Pastor Yabar, A. Lagg, A. Asensio Ramos, M. Collados, S.K.
Solanki, H. Balthasar, T. Berkefeld, C. Denker, H. P. Doerr, A. Feller, M. Franz, S.J. González
Manrique, A. Hofmann, F. Kneer, C. Kuckein, R.E. Louis, O. von der Lühe, H. Nicklas, D.
Orozco, R. Rezaei, R. Schlichenmaier, D. Schmidt, W. Schmidt, M. Sigwarth, M. Sobotka, D.
Soltau, J. Staude, K.G. Strassmeier, M. Verma, T. Waldmann, and R. Volkmer: 2016, Astron.
Astrophys. 596, A5. doi: 10.1051/0004-6361/201628449

Context. Over the last 20 years the quietest areas of the solar surface have revealed a weak
but extremely dynamic magnetism occurring at small scales (< 500 km), which may provide an
important contribution to the dynamics and energetics of the outer layers of the atmosphere.
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Understanding this magnetism requires the inference of physical quantities from high spatio-
temporal resolution, high sensitivity spectro-polarimetric data.

Aims. We present high spatial resolution (0.4′′), high precision spectro-polarimetric data of the
very quiet Sun at 1.56 µm to shed some light on this complex magnetism.

Methods. We use inversion techniques using two main approaches. First, we assume that
the observed profiles can be reproduced with a constant magnetic field atmosphere embedded
in a field-free medium. Second, we assume substructure within the resolution element either
with two constant magnetic atmospheres or a single magnetic atmosphere with gradients of the
physical quantities along the optical depth, both coexisting with a global stray light component.

Results. Half of our observed quiet Sun region is better explained by magnetic substructure
within the resolution element. However, we can not discriminate if this substructure comes
from gradients of the physical parameters along the LOS or from horizontal gradients (across
the surface). In these pixels, a two magnetic component model is preferred and we find two
distinct populations of magnetic fields. The one with larger filling factor has very weak (∼150
G) horizontal fields similar to those obtained in previous works. We demonstrate that the field
vector of this population is not constrained by the observations, given the spatial resolution and
polarimetric accuracy of our data. The topology of the other component with smaller filling
factor is constrained by the observations for field strengths above 250 G: we infer hG fields with
inclinations and azimuth values compatible with an isotropic distribution. The filling factors are
typically below 30%. We also find that the flux of the two polarities is not balanced. From the
other half of the observed quiet Sun area ∼50% are two-lobbed Stokes V profiles, meaning that
23% of the FOV can be adequately explained with a single constant magnetic field embedded
in a non-magnetic atmosphere. From the regular profiles, only in 50% the magnetic field vector
and filling factor are reliable inferred. Therefore, 12% of the FOV harbour hG fields with filling
factors typically below 30%. Still at our present spatial resolution, 70% of the pixel is apparently
non-magnetized.

Spectropolarimetric Observations of an Arch Filament System with the GREGOR solar telescope

H. Balthasar, P. Gömöry, S.J. González Manrique, C. Kuckein, J. Kavka, A. Kučera, P. Schwartz,
R. Vasková, T. Berkefeld, M. Collados Vera, C. Denker, A. Feller, A. Hofmann, A. Lagg, H.
Nicklas, R. Schlichenmaier, D. Schmidt, W. Schmidt, M. Sigwarth, M. Sobotka, S.K. Solanki,
D. Soltau, J. Staude, K.G. Strassmeier, R. Volkmer, O. von der Lühe, and T. Waldmann: 2016,
Astron. Nachr. 337, 1050. doi: 10.1002/asna.201612432

Arch filament systems occur in active sunspot groups, where a fibril structure connects areas
of opposite magnetic polarity, in contrast to active region filaments that follow the polarity
inversion line. We used the GREGOR Infrared Spectrograph (GRIS) to obtain the full Stokes
vector in the spectral lines Si i 1082.7 nm, He i 1083.0 nm, and Ca i 1083.9 nm. We focus
on the near-infrared calcium line to investigate the photospheric magnetic field and velocities,
and use the line core intensities and velocities of the helium line. The individual fibrils of the
arch filament system connect the sunspot with patches of magnetic polarity opposite to that
of the spot. These patches do not necessarily coincide with pores, where the magnetic field
is strongest. Instead areas are preferred not far from the polarity inversion line. These areas
exhibit photospheric downflows of moderate velocity, but significantly higher downflows of up to
30 km s−1 in the chromospheric helium line. Our findings can be explained with new emerging
flux where the matter flows downward along the field lines of rising flux tubes.

Solar Physics at the Einstein Tower

C. Denker, C. Heibel, J. Rendtel, K. Arlt, H. Balthasar, A. Diercke, S.J. González Manrique, A.
Hofmann, C. Kuckein, H. Önel, V. Senthamizh Pavai, J. Staude, and M. Verma: 2016, Astron.
Nachr. 337, 1105. doi: 10.1002/asna.201612442
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The solar observatory Einstein Tower (Einsteinturm) at the Telegrafenberg in Potsdam is both
a landmark of modern architecture and an important place for solar physics. Originally built
for high-resolution spectroscopy and measuring the gravitational redshift, research shifted over
the years to understanding the active Sun and its magnetic field. Nowadays, telescope and
spectrographs are used for research and development, i.e., testing instruments and in particular
polarization optics for advanced instrumentation deployed at major European and international
astronomical and solar telescopes. In addition, the Einstein Tower is used for educating and
training of the next generation astrophysicists as well as for education and public outreach
activities directed at the general public. This article comments on the observatory’s unique
architecture and the challenges of maintaining and conserving the building. It describes in detail
the characteristics of telescope, spectrographs, and imagers; it portrays some of the research and
development activities.

Flow and magnetic field properties in the trailing sunspots of active region NOAA 12396

M. Verma, C. Denker, F. Böhm, H. Balthasar, E. Fischer, C. Kuckein, N. Bello González, T.
Berkefeld, M. Collados, A. Diercke, A. Feller, S.J. González Manrique, A. Hofmann, A. Lagg,
H. Nicklas, D. Orozco Suárez, A. Pator Yabar, R. Rezaei, R. Schlichenmaier, D. Schmidt, W.
Schmidt, M. Sigwarth, M. Sobotka, S.K. Solanki, D. Soltau, J. Staude, K.G. Strassmeier, R.
Volkmer, O. von der Lühe, T. Waldmann: 2016, Astron. Nachr. 337, 1090.
doi: 10.1002/asna.201612447

Improved measurements of the photospheric and chromospheric three-dimensional magnetic and
flow fields are crucial for a precise determination of the origin and evolution of active regions. We
present an illustrative sample of multi-instrument data acquired during a two-week coordinated
observing campaign in August 2015 involving, among others, the GREGOR solar telescope
(imaging and near-infrared spectroscopy) and the space missions Solar Dynamics Observatory
(SDO) and Interface Region Imaging Spectrograph (IRIS). The observations focused on the
trailing part of active region NOAA 12396 with complex polarity inversion lines and strong
intrusions of opposite polarity flux. The GREGOR Infrared Spectrograph (GRIS) provided
Stokes IQUV spectral profiles in the photospheric Si i λ1082.7 nm line, the chromospheric He i
λ1083.0 nm triplet, and the photospheric Ca i λ1083.9 nm line. Carefully calibrated GRIS scans
of the active region provided maps of Doppler velocity and magnetic field at different atmospheric
heights. We compare quick-look maps with those obtained with the ‘Stokes Inversions based
on Response functions’ (SIR) code, which furnishes deeper insight into the magnetic properties
of the region. We find supporting evidence that newly emerging flux and intruding opposite
polarity flux are hampering the formation of penumbrae, i.e., a penumbra fully surrounding a
sunspot is only expected after cessation of flux emergence in proximity to the sunspots.

Conference proceedings

Flows along arch filaments observed in the GRIS ‘very fast spectroscopic mode’

S.J. González Manrique, C. Denker, C. Kuckein, A. Pastor Yabar, M. Collados, M. Verma, H.
Balthasar, A. Diercke, C.E. Fischer, P. Gömöry, N. Bello González, R. Schlichenmaier, M. Cubas
Armas, T. Berkefeld, A. Feller, S. Hoch, A. Hofmann, A. Lagg, H. Nicklas, D. Orozco Suárez,
D. Schmidt, W. Schmidt, M. Sigwarth, M. Sobotka, S.K. Solanki, D. Soltau, J. Staude, K.G.
Strassmeier, R. Volkmer, O. von der Lühe, T. Waldmann: 2017, in IAU Symp., Vol. 327, Fine
Structure and Dynamics of the Solar Atmosphere, ed. S. Vargas Domı́nguez, A. G. Kosovichev,
L. Harra, P. Antolin, submitted.

A new generation of solar instruments provides improved spectral, spatial, and temporal resolu-
tion, thus facilitating a better understanding of dynamic processes on the Sun. High-resolution
observations often reveal multiple-component spectral line profiles, e.g., in the near-infrared He i
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10830 Å triplet, which provides information about the chromospheric velocity and magnetic fine
structure. We observed an emerging flux region, including two small pores and an arch filament
system, on 2015 April 17 with the ‘very fast spectroscopic mode’ of the GREGOR Infrared
Spectrograph (GRIS) situated at the 1.5-meter GREGOR solar telescope at Observatorio del
Teide, Tenerife, Spain. We discuss this method of obtaining fast (one per minute) spectral scans
of the solar surface and its potential to follow dynamic processes on the Sun. We demonstrate
the performance of the ‘very fast spectroscopic mode’ by tracking chromospheric high-velocity
features in the arch filament system.

sTools – a data reduction pipeline for the GREGOR Fabry-Pérot Interferometer and the High-
resolution Fast Imager at the GREGOR solar telescope

C. Kuckein, C. Denker, M. Verma, H. Balthasar, S.J. González Manrique, R.E. Louis, A. Dier-
cke: 2017, in IAU Symp., Vol. 327, Fine Structure and Dynamics of the Solar Atmosphere, ed.
S. Vargas Domı́nguez, A. G. Kosovichev, L. Harra, P. Antolin, submitted.

A huge amount of data has been acquired with the GREGOR Fabry-Pérot Interferometer
(GFPI), large-format facility cameras, and since 2016 with the High-resolution Fast Imager
(HiFI). These data are processed in standardized procedures with the aim of providing science-
ready data for the solar physics community. For this purpose, we have developed a user-friendly
data reduction pipeline called “sTools” based on the Interactive Data Language (IDL) and li-
censed under creative commons license. The pipeline delivers reduced and image-reconstructed
data with a minimum of user interaction. Furthermore, quick-look data are generated as well
as a webpage with an overview of the observations and their statistics. All the processed data
are stored online at the GREGOR GFPI and HiFI data archive of the Leibniz Institute for
Astrophysics Potsdam (AIP). The principles of the pipeline are presented together with selected
high-resolution spectral scans and images processed with sTools.

Flows in and around active region NOAA12118 observed with the GREGOR solar telescope and
SDO/HMI

M. Verma, C. Denker, H. Balthasar, C. Kuckein, S.J. González Manrique, M. Sobotka, N. Bello
González, S. Hoch, A. Diercke, P. Kummerow, T. Berkefeld, M. Collados, A. Feller, A. Hof-
mann, F. Kneer, A. Lagg, J. Löhner-Böttcher, H. Nicklas, A. Pastor Yabar, R. Schlichenmaier,
D. Schmidt, W. Schmidt, M. Schubert, M. Sigwarth, S.K. Solanki, D. Soltau, J. Staude, K.G.
Strassmeier, R. Volkmer, O. von der Lühe, and T. Waldmann: 2016, Ground-Based Solar Ob-
servations in the Space Instrumentation Era, ASP Conference Series, 2016arXiv160301109V

Accurate measurements of magnetic and velocity fields in and around solar active regions are key
to unlocking the mysteries of the formation and the decay of sunspots. High spatial resolution
image and spectral sequences with a high cadence obtained with the GREGOR solar telescope
give us an opportunity to scrutinize 3-D flow fields with local correlation tracking and imaging
spectroscopy. We present GREGOR early science data acquired in 2014 July-August with
the GREGOR Fabry-Pérot Interferometer and the Blue Imaging Channel. Time-series of blue
continuum (λ 450.6 nm) images of the small active region NOAA 12118 were restored with the
speckle masking technique to derive horizontal proper motions and to track the evolution of
morphological changes. In addition, high-resolution observations are discussed in the context of
synoptic data from the Solar Dynamics Observatory.

Spectropolarimetric observations of an arch filament system with GREGOR

H. Balthasar, P. Gömöry, S.J. González Manrique, C. Kuckein, A. Kučera, P. Schwartz, T. Berke-
feld, M. Collados, C. Denker, A. Feller, A. Hofmann, D. Schmidt, W. Schmidt, M. Sobotka,
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S.K. Solanki, D. Soltau, J. Staude, K.G. Strassmeier, O. von der Lühe: 2017, in Solar Polariza-
tion 8, ASP Conference Series, ed. Belluzi, L., Casini, R., Trujillo Bueno, J. and Romoli, M.,
submitted.

We observed an arch filament system (AFS) in a sunspot group with the GREGOR Infrared
Spectrograph attached to the GREGOR solar telescope. The AFS was located between the
leading sunspot of negative polarity and several pores of positive polarity forming the following
part of the sunspot group. We recorded five spectro-polarimetric scans of this region. The
spectral range included the spectral lines Si i 1082.7 nm, He i 1083.0 nm, and Ca i 1083.9 nm. In
this work we concentrate on the silicon line which is formed in the upper photosphere. The line
profiles are inverted with the code ‘Stokes Inversion based on Response functions’ to obtain the
magnetic field vector. The line-of-sight velocities are determined independently with a Fourier
phase method. Maximum velocities are found close to the ends of AFS fibrils. These maximum
values amount to 2.4 km s−1 next to the pores and to 4 km s−1 at the sunspot side. Between
the following pores, we encounter an area of negative polarity that is decreasing during the five
scans. We interpret this by new emerging positive flux in this area canceling out the negative
flux. In summary, our findings confirm the scenario that rising magnetic flux tubes cause the
AFS.

Photospheric magnetic fields of the trailing sunspots in active region NOAA 12396

M. Verma, H. Balthasar, C. Denker, F. Böhm, C.E. Fischer, C. Kuckein, S.J. González Manrique,
M. Sobotka, N. Bello González, A. Diercke, T. Berkefeld, M. Collados, A. Feller, A. Hofmann, A.
Lagg, H. Nicklas, D. Orozco Suárez, A. Pastor Yabar, R. Rezaei, R. Schlichenmaier, D. Schmidt,
W. Schmidt, M. Sigwarth, S.K. Solanki, D. Soltau, J. Staude, K.G. Strassmeier, R. Volkmer,
O. von der Lühe, T. Waldmann: 2017, in Solar Polarization 8, Astronomical Society of the Pa-
cific Conference Series, ed. Belluzi, L., Casini, R., Trujillo Bueno, J. and Romoli, M., submitted.

Active region NOAA 12396 emerged on 2015 August 3 and was observed three days later with
the 1.5-meter GREGOR solar telescope on 2015 August 6. High-resolution spectropolarimetric
data from the GREGOR Infrared Spectrograph were obtained in the photospheric Si i λ1082.7
nm and Ca i λ1083.9 nm lines, together with the chromospheric He i λ1083.0 nm triplet. We
present two-component inversions of the photospheric Ca i line using the ‘Stokes Inversions based
on Response functions’ code. Besides improving the fits of multi-lobed Stokes V profiles, sorting
the two magnetic components according to their filling factor revealed the presence of kilo-Gauss
fields in regions with ongoing flux emergence, which prevented the formation of penumbrae.
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Appendix B – List of Acronyms

3D Three-Dimensional

AFS Arch Filament System
AIP Leibniz-Institut für Astrophysik Potsdam
AO Adaptive Optics

BBI Broad-Band Imager
BBSO Big Bear Solar Observatory
BIC Blue Imaging Channel
BFI Broad-Band Filter Imager

CCD Charge-Coupled Device
CM Cloud Model
CRISP CRisp Imaging SpectroPolarimeter

DST Dunn Solar Telescope

EFR Emerging Flux Region
ESA European Space Agency
EUV Extreme Ultra-Violet

FLCR Ferroelectric Liquid Crystal Retarder
FOV Field-of-View
FPI Fabry-Pérot Interferometer
FTS Fourier Transform Spectrometer
FWHM Full-Width-at-Half-Maximum

GAOS GREGOR Adaptive Optics System
GFPI GREGOR Fabry-Pérot Interferometer
GCT Gregory-Coudé Telescope
GPU GREGOR Polarimetric Unit
GRIS GREGOR Infrared Spectrograph

HAZEL HAanle and ZEeeman Light code
HELIX+ He-Line Information Extractor
HELLRIDE HELioseismological Large Regions Interferometric DEvice
HMI Helioseismic and Magnetic Imager
HSRA Harvard-Smithsonian Reference Atmosphere

IAC Instituto de Astrof́ısica de Canarias
IBIS Interferometric Bidimensional Spectrometer
IDL Interactive Data Language
IMaX Imaging Magnetograph eXperiment
IRIS Interface Region Imaging Spectrograph

KAOS Kiepenheuer Adaptive Optics System
KIS Kipenheuer-Institute für Sonnenphysik

LEST Large Earth-based Solar Telescope
LCT Local Correlation Tracking
LOS Line-of-Sight
LTE Local Thermodynamic Equilibrium
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MDI Michelson Doppler Imager
MELANIE Milne-Eddington Line Analysis using Numerical Inversion Engine
MFBD Multi-Frame Blind Deconvolution
MFGS Median Filter Gradient Similarity
MHD Magnetohydrodynamics
MOMFBD Multi-Object MultiFrame Blind Deconvolution
MPS Max-Planck-Institut für Sonnensystemforschung
MURaM MPS/University of Chicago RAdiative MHD

NASA National Aeronautics and Space Administration
NIR Near Infrared
NIST National Institute of Standards and Technology
NLTE Non-Local Thermodynamic Equilibrium
NOAA National Oceanic and Atmospheric Administration

OT Observatorio del Teide

PIL Polariry Inversion Line
POLIS Polarimetric Littrow Spectrograph

ROI Region-of-Interest
RTE Radiative Transfer Equation

SDO Solar Dynamics Observatory
SIR Stokes Inversion based on Response function
SoHO Solar and Heliospheric Observatory
SST Swedish Solar Telescope

TIP Tenerife Infrared Polarimeter
TESOS Telecentric Etalon Solar Spectrometer

UP University of Potsdam

VIM Visible-light and NIR Imaging Magnetograph
VSO Virtual Solar Observatory
VTT Vacuum Tower Telescope
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