Analysis of small scale solar magnetic
fields using Hinode SOT/SP

Dissertation
for the award of the degree
“Doctor rerum naturalium” (Dr.rer.nat.)
of the Georg-August-Universität Göttingen
within the doctoral program PROPHYS
of the Georg-August University School of Science (GAUSS)

submitted by

David Bühler
from Itzehoe

Göttingen, 2013

Thesis Committee
Prof. Dr. Sami K. Solanki
Max-Planck-Institut für Sonnensystemforschung, Katlenburg-Lindau, Germany
Prof. Dr. Stefan Dreizler
Institut für Astrophysik, Georg-August-Universität Göttingen, Germany
Dr. Andreas Lagg
Max-Planck-Institut für Sonnensystemforschung, Katlenburg-Lindau, Germany

Members of the Examination Board
Reviewer: Prof. Dr. Stefan Dreizler
Institut für Astrophysik, Georg-August-Universität Göttingen, Germany
Second Reviewer: Prof. Dr. Sami K. Solanki
Max-Planck-Institut für Sonnensystemforschung, Katlenburg-Lindau, Germany
Additional Reviewer: Prof. Dr. Wolfgang Schmidt
Kiepenheuer-Institut für Sonnenphysik, Albert-Ludwigs-Universität Freiburg, Germany

Further members of the Examination Board:
Prof. Dr. Manfred Schüssler
Max-Planck-Institut für Sonnensystemforschung, Katlenburg-Lindau, Germany
Prof. Dr. Laurent Gizon
Institut für Astrophysik, Georg-August-Universität Göttingen, Germany
Prof. Dr. Wolfgang Glatzel
Institut für Astrophysik, Georg-August-Universität Göttingen, Germany
Prof. Dr. Hardi Peter
Max-Planck-Institut für Sonnensystemforschung, Katlenburg-Lindau, Germany

Date of the oral examination: 7. November 2013

Bibliografische Information der Deutschen Nationalbibliothek
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte bibliografische Daten
sind im Internet über http://dnb.d-nb.de abrufbar.

ISBN 978-3-942171-78-6
uni-edition GmbH 2014
http://www.uni-edition.de
c David Bühler
This work is distributed under a
Creative Commons Attribution 3.0 License
Printed in Germany

3

Contents
Summary
1

2

3

Introduction
1.1 Zeeman effect . . . . . . . .
1.2 Hinode SOT/SP . . . . . . .
1.3 Inversions . . . . . . . . . .
1.4 Internetwork magnetic fields
1.4.1 Observations . . . .
1.4.2 Origin . . . . . . . .
1.5 Magnetic flux tubes . . . . .
Quiet Sun magnetic fields
2.1 Abstract . . . . . . . . . . .
2.2 Introduction . . . . . . . . .
2.3 Data and method of analysis
2.3.1 Instrumental effects .
2.3.2 Image analysis . . .
2.4 Results: circular polarisation
2.5 Results: linear polarisation .
2.6 Discussion and conclusion .

7

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

Properties of solar plage
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . .
3.2 Introduction . . . . . . . . . . . . . . . . . . . . .
3.3 Data . . . . . . . . . . . . . . . . . . . . . . . . .
3.4 Inversions . . . . . . . . . . . . . . . . . . . . . .
3.5 Results . . . . . . . . . . . . . . . . . . . . . . . .
3.5.1 Magnetic field strength . . . . . . . . . . .
3.5.2 Velocities . . . . . . . . . . . . . . . . . .
3.5.3 Temperature . . . . . . . . . . . . . . . .
3.5.4 Inclination & Azimuth . . . . . . . . . . .
3.5.5 Magnetic field gradient . . . . . . . . . . .
3.5.6 Expansion of magnetic features with height
3.5.7 Effect of the sunspot . . . . . . . . . . . .
3.5.8 Microturbulence . . . . . . . . . . . . . .
3.6 Discussion and Conclusion . . . . . . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

9
11
13
14
15
15
17
19

.
.
.
.
.
.
.
.

25
25
25
26
27
28
30
34
37

.
.
.
.
.
.
.
.
.
.
.
.
.
.

43
43
43
45
46
47
50
53
56
60
63
64
66
67
69

5

Contents
4

5

Analysis of twist in solar plage
4.1 Introduction . . . . . . . . . . . .
4.2 Data and Inversions . . . . . . . .
4.3 Twist in AR 10953 . . . . . . . .
4.4 Twist in ARs across the solar disc
4.5 Cross talk . . . . . . . . . . . . .
4.6 Absorption line damping . . . . .
4.7 Other tests . . . . . . . . . . . . .
4.8 Conclusion . . . . . . . . . . . .
Conclusion & Outlook

Bibliography

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

73
73
74
75
81
81
86
88
89
91
95

Acknowledgements

113

Scientific contributions

115

Lebenslauf

117

6

Summary
This thesis presents an analysis of small magnetic structures found in the solar photosphere.
All the work presented in the following chapters is primarily based on data obtained
from the spectropolarimeter aboard the Hinode satellite. The spectropolarimeter provides
seeing-free, high spectral resolution (30mÅ) and spatial (0."32) resolution data of the full
Stokes vector of the Zeeman sensitive Fe I line pair at 6300Å.
Chapter 2 investigates internetwork magnetic fields found on the disc centre of the quiet
Sun. These fields are characterized by their predominantly sub-kG strength, their short
lifetimes on the order of minutes and the fact that they encompass most of the unsigned
magnetic flux on the solar surface, at any time. Many properties of these magnetic fields
are still unclear, however, one of which is their origin. It has been, both, proposed and
separately demonstrated using magneto-hydrodynamic simulations, that such fields may
be produced by local surface dynamo action, which acts independently from the global,
active-region producing solar dynamo. Should the majority of the internetwork magnetic
fields be produced by a local dynamo then no solar cycle dependence should be seen in
them. With the stable and seeing-free data offered by Hinode we have been able to monitor
internetwork magnetic fields from November 2006 until May 2012, which is approximately
equivalent to half a solar cycle. After taking into account instrumental effects influencing
the measurement of the Stokes vector over time, we found no significant variation in, both,
horizontally and vertically orientated magnetic fields found in the internetwork. This result
supports the local dynamo scenario as the principal source of these fields.
Chapters 3 & 4 analyse magnetic fields in plage, which are typically found surrounding
sunspots in active regions. Plage is identified easily by intensity enhancements in temperature sensitive spectral lines, or as an accumulation of bright points in the continuum and
is composed of kG magnetic fields in the form of thin flux tubes or sheets. Even though
the analysis of magnetic fields in plage has an expansive and thorough literature and
history, the typical size of flux tubes in the photosphere of only a few 100km challenges
even current solar telescopes and, therefore, many question regarding their properties
are left unanswered. In this investigation we inverted the Hinode observations using the
SPINOR code, thereby reconstructing the solar atmosphere at the time of observation,
whilst taking into account the point-spread-function of the telescope and allowing for
line-of-sight gradients of the various atmospheric parameters. The inversion was able to
confirm many of the previously known properties of these magnetic fields, such as a typical
field strength of 1.5kG, typical inclinations of 10◦ − 15◦ with respect to the surface, and an
absence of strong stationary plasma flows, as well as a temperature enhancement within the
magnetised region when compared to the quiet Sun in particular in the upper photosphere.
In addition, we were able to directly observe the expansion of magnetic features with height
and found it to be compatible with a thin flux tube model. The inversion results allowed

7

Summary
us to clearly distinguish between fields forming part of a magnetic canopy from those
forming the root or core of a feature. Furthermore, we observed that each magnetic feature
was surrounded by a ring of strong downflows, typically with speeds of 1 − 3km/s, but
velocities of up to 8km/s were observed in isolated cases. Within these strong downflows
we noticed small magnetic patches with pixel averaged field strengths of 100G bearing
the opposite polarity of the main magnetic feature, which were effectively hidden beneath
stronger canopy fields. The ring of downflows agree well with simulations of the solar
photosphere and, in particular, the weak magnetic fields found within them had eluded
observational detection so far. Each magnetic feature was also enveloped by a ring of
enhanced microturbulent velocities when compared to the quiet Sun, which could hint
at unresolved velocity structures or waves at the interface between the magnetic feature
and the quiet Sun. The azimuthal orientation of magnetic fields in plage is in general
isotropic except when found in proximity to another large magnetic structure, such as a
sunspot. Furthermore, the azimuthal orientation of the magnetic fields was found to be
height dependent, implying a twist. As part of a follow up investigation several plage
regions of different active regions were analysed and a twist was revealed to be present in
every active region that was considered. However, the twist failed to show a hemispherical
dependence as predicted by Hale’s polarity law. Several instrumental effects, such as
cross talk between Stokes parameters and uncertainties in the absorption line damping
constants employed by the inversion, were tested to ascertain a possible instrumental or
inversion-based error as an explanation of the observed twist. So far such a source, which
conclusively explains the observed twists has not been found.
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1 Introduction
The Sun, a G2V main sequence star, would be rather unremarkable were it not to host
magnetic fields, which give it considerable dynamism and complexity. A complete introduction to the Sun’s magnetic field and its numerous effects and manifestations would not
only put unnecessary strain on a reader’s attention span but, more importantly, would by
far exceed the scope of this introduction. Hence, right from the outset it must be said that
the focus of this thesis will be firmly rooted in the solar photosphere, a narrow layer in
the solar atmosphere a few hundred kilometers in height, where the solar plasma turns
from being opaque to most radiation at visible wavelengths to being highly transparent.
The processes taking place in the interior of the Sun, giving rise to the Sun’s magnetic
fields, as well as the atmospheric layers above the photosphere, namely the Chromosphere,
Transition region and Corona, will be discussed only in passing and from a photospheric
point of view and may, therefore, not receive the attention they would otherwise deserve.
The photosphere and its magnetic fields, nonetheless, provide numerous and interesting
challenges that often defy straight forward interpretations. Solar observatories, be it space-,
balloon-, or ground-based, have been instrumental in characterizing the basic structure and
processes in the photosphere and modern solar observatories have only begun to resolve
many of its finer details. This thesis will build upon and extend that effort, by using
photospheric observations from the space-borne Hinode satellite in an attempt to uncover
some properties of small scale magnetic fields in the photosphere.
After a brief overview of the photosphere, a more detailed introduction will be given to
both the internetwork magnetic fields and magnetic flux tubes.
The Sun, like many G, K and M spectral type stars, possesses a magnetic field that
changes markedly with time, of which the 11 year sunspot cycle is one of its most readily
identifiable features (Schwabe 1844). The smoothed sunspot number plotted in Fig. 1.1
displays that in general successive cycles are far from identical and already hints that
beyond the 11 year sunspot cycle the Sun’s magnetic activity may vary on even longer
time scales. The 17th century Maunder minimum (Eddy 1976), a time during which no
sunspots were recorded, not only demonstrates the great temporal variability of the Sun’s
magnetic field but also becomes nothing but an episode in comparison to the ever changing
alternations between the Sun’s grand activity maxima and minima when even longer time
scales are considered (Solanki et al. 2004). On shorter time scales the Sun also displays
considerable activity. During the activity maximum of a solar cycle new sunspots can
emerge and form in a matter of days (Solanki 2003), whilst some of the smallest magnetic
features can emerge and fragment within mere minutes (Ishikawa et al. 2008).
The solar magnetic fields show great variability on spatial scales as well. In the photosphere
sunspots with typical sizes ranging from 30" to 40" (Borrero and Ichimoto 2011) are the
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tion line is analysed, Babcock and Babcock (1955) showed that magnetic fields are also
prevalent on the solar surface outside sunspots. Many smaller magnetic features found in
active regions (ARs) typically arrange themselves in a ribbon-like manner (Berger et al.
2004). They are commonly associated with intensity brightenings known as faculae or
plage observed in spectral lines like Ca II (Solanki 1993). Outside ARs, often called
the quiet Sun, magnetic fields are found at the edges of adjoining supergranulation cells
(Leighton et al. 1962; Simon and Leighton 1964) to form what is referred to as the network.
Supergranulation cells are found over the entire solar surface and possess a typical diameter
of 20" to 40" (Rieutord and Rincon 2010). Within the supergranulation cells some of the
most intermittent and smallest magnetic features, often less than one arcsecond in diameter
can be found (de Wijn et al. 2009). Magnetic fields found in these regions are commonly
called internetwork magnetic fields.
In the photosphere the magnetic fields are structured by convection patterns. The granular
convection pattern is the most easily observed and consists of hot, bright granules of rising
plasma on average one arcsecond in diameter, which are separated by narrow intergranular
lanes of cool, sinking plasma. The high magnetic Reynolds number in the photosphere
causes any magnetic field to be frozen-in-flux and to be carried along by the convective
flows. The granulation pattern is continuously changing due to the short granular life time
/Users/davidbuehler/Documents/results/histo/OccurrenceLPV03df4
of five to ten minutes (de Wijn et al. 2009). The aforementioned supergranulation pattern
presents a flow field superimposed upon the granular flows, which slowly advects magnetic
elements to supergranular boundaries. A typical supergranule has a life time of 20 hours
(Rieutord and Rincon 2010). A third intermediate convection scale called mesogranulation
having a typical scale of 5 to 10 arcsconds is often reported, although its existence is more
disputed than either granulation or supergranulation (Roudier et al. 1999).
The transportation of magnetic fields by convective flows in the photosphere inevitably
causes them to be concentrated in the downflow regions such as the intergranular lanes, a
process called flux expulsion (Parker 1963). The convection flow can concentrate magnetic
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1.1 Zeeman effect
fields up to the equipartition field strength, which in the photosphere is 400G on average.
However, following the analysis by Stenflo (1973) 90% of the magnetic fields on the solar
surface were shown to be concentrated in small kG structures in the form of flux tubes
or sheets, at resolution of one arcsecond or more and comparatively low polarimetric
sensitivity. The convective collapse mechanism, thought to drive the intensification of the
magnetic fields beyond hG values, occurs when the plasma within a hG magnetic field
concentration cools radiatively and sinks, whilst, due to the Lorentz force, the lateral inflow
of hot plasma is reduced. In response the magnetic field starts to contract until a new
pressure balance between its interior and exterior is reached (Parker 1976). The resulting
flux tube/sheet typically has a diameter of only 100km (Solanki 1993; Lagg et al. 2010).
A high concentration of these kG magnetic flux tubes and sheets, such as in solar plage, can
in turn alter the granulation pattern (Dunn and Zirker 1973) and produce smaller, abnormal
granules (Title et al. 1987; Narayan and Scharmer 2010). Large flux tubes such as sunspots
are able to inhibit the convective process effectively enough to cause the plasma within
them to cool down to 4000K, making them appear dark compared to hot surrounding
quiet Sun with its typical temperature of 5700K. However, convective processes within a
sunspot are not entirely suppressed as is demonstrated by the bright penumbral filaments
and umbral dots (Borrero and Ichimoto 2011).
The magnetic fields of sunspots and ARs are believed to be produced by a dynamo operating at the bottom of the convection zone at the tachocline (Charbonneau 2010). Flux tubes
of the dynamo’s toroidal magnetic field rise through the convection due to buoyancy, producing the familiar magnetic features observed on the solar surface. A turbulent dynamo
operating close to the solar surface has also been proposed (Cattaneo 1999; Vögler and
Schüssler 2007). Their contribution to the observed solar magnetic flux in particular to the
internetwork flux currently forms a intensely discussed issue (de Wijn et al. 2009).
The correlation between intensity and magnetic flux moves the study of solar magnetic
fields beyond mere academic interests. While sunspots cause the familiar darkening of
the solar surface at their location, the small flux tubes and sheets forming faculae/plage
and the network appear brighter when compared to their surroundings. Due to the large
number of faculae found in the vicinity of sunspots, an AR produces a net increase of the
observed total irradiance of the Sun. During the maximum of a solar cycle the Sun’s total
solar irradiance will, therefore, be higher than during a solar minimum by 0.1% (Krivova
et al. 2003, 2007). This difference in irradiance between solar maxima and minima is even
greater, up to a factor of 100, when only the UV, EUV or radio wavelengths are considered
(Domingo et al. 2009; Hathaway 2010).

1.1

Zeeman effect

Since the discovery of magnetic fields within sunspots, the Zeeman effect (Zeeman 1897)
and its polarimetric signal remain the most widely used methods of determining magnetic
fields on the Sun. The Zeeman effect occurs when the degeneracy of atomic energy state,
E J disappears under the influence of an external magnetic field and becomes,
E J,M = E J +

~e
gMB,
2me

(1.1)
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where ~ = h/2π is the reduced Planck constant, e is the electric charge, me is the electron
mass, B is the magnetic field strength and g is the Landé factor. M is the magnetic quantum
number and takes values of M = −J, ..., 0, ..., J. The quantum number J describes the
total angular momentum of a state, which couples the spin angular momentum, S , and
the orbital angular momentum, L, of a state. For a given J value a state can split 2J + 1
components. Within Russel-Saunders (LS ) coupling the Landé factor, g, is calculated,
when J , 0,
3 S (S + 1) − L(L + 1)
g= +
.
(1.2)
2
2J(J + 1)
In the case that J = 0, then also g = 0 and no splitting is observed. The transition rules
between two states are,
∆M = Mu − Ml = 0, ±1,
(1.3)
where l and u refer to the lower and upper state of the transition, respectively. A transition
where ∆M = 0 is a π component, whereas a ∆M = ±1 transition is a σ component. Other
transitions with a larger ∆M are forbidden as well as transitions between Jl = Ju = 0 states.
As a consequence of Eq. 1.3 the various components of a state do not necessarily have
equal strength (del Toro Iniesta 2003).
For a normal Zeeman triplet (J = 1) the displacement, ∆λB , of the σ components from the
π component can be expressed by
∆λB =

e
λ2 B(gl Ml − gu Mu ),
4πcme

(1.4)

where λ is the central wavelength of the absorption line in the absence of any splitting and
c is the speed of light. Note the λ2 dependence, which indicates that, for a given magnetic
field strength and Landé factor, the displacement is larger the longer the wavelength. If the
absorption line under investigation shows abnormal Zeeman splitting, i.e. an energy state
has multiple π and σ components, g is replaced by an effective Landé factor ge f f , which is
written,
1
1
(1.5)
ge f f = (gl + gu ) + (gl − gu )[Jl (Jl + 1) − Ju (Ju + 1)].
2
4
The normal Landé factor is sufficient only for a transition between J = 0 and J = 1 states.
A transition between other J states or when LS coupling is no longer applicable, as is the
case for atoms with a high nuclear charge, requires the use of ge f f . Outside of sunspots the
separation of the π and σ components by solar magnetic fields is often weak enough that it
effects nothing more than a broadening of the line, akin to Doppler broadening, ∆λD .
The reliable retrieval of magnetic flux measurements outside of sunspots, when ∆λB is
small, can be achieved by measuring the polarised light of the π and σ components.
The Stokes parameters Q and U describe linearly polarized light, V shows the circularly
polarised light and I displays the total intensity of the incoming light, so that
Q = Ilin (φ = 0) − Ilin (φ = π/2)
U = Ilin (φ = π/4) − Ilin (φ = 3π/4)
V = Icirc (le f t) − Icirc (right).

(1.6)

Stokes Q is the difference between two intensities that have passed through linear polarisers
orientated at φ = 0 and φ = π/2, respectively. For a Stokes U measurement the linear

12

1.2 Hinode SOT/SP
polarisers are orientated at φ = π/4, 3π/4. Stokes V is the difference between two
intensities that have passed through a quarter-wave linear retarder and linear polariser
orientated at π/4 and 3π/4, respectively. When a magnetised atmosphere is observed, then
Stokes Q, U and V are related to Stokes I by
I 2 ≥ Q2 + U 2 + V 2 .

(1.7)

If the incoming light is unpolarised then Q = U = V = 0. As indicated by acquisition of
Stokes Q and U in Eq. 1.6, there is an inherent 180◦ ambiguity in the azimuthal orientation
of a magnetic field, calculated from the ratio between Stokes Q and U (Auer et al. 1977).
For large magnetic fields the peaks of the Stokes V profile are displaced according to Eq.
1.4, however, for small fields, when ∆λB  ∆λD is satisfied, the peak separation remains
constant and only the amplitude of Stokes V grows. In this case the Stokes V profile is, to
first order, directly proportional to the partial derivative of Stokes I,
V(λ) ≈ cos(γ)∆λB

∂I(λ)
,
∂λ

(1.8)

where γ is the inclination of the magnetic field with respect to the line-of-sight. Eq. 1.8
further shows, whilst this approximation holds, that V ∝ B. A similar approximation can
be made for Stokes Q and U whereby Q ∝ B2 (Jefferies et al. 1989; Stix 2004).

1.2

Hinode SOT/SP

The Hinode satellite (Kosugi et al. 2007) was launched in September 2006, carrying three
principal instruments an X-Ray Telescope, XRT (Golub et al. 2007), an EUV Imaging
Spectrometer, EIS (Culhane et al. 2007), and the Solar Optical Telescope, SOT (Tsuneta
et al. 2008b; Suematsu et al. 2008; Ichimoto et al. 2008; Shimizu et al. 2008). It is in a
sun-synchronous orbit allowing uninterrupted observations of the Sun for eight months,
before entering an eclipse phase. Whilst the former two instruments are designed to study
the corona and chromosphere, the SOT’s aim is mainly to study the photosphere and its
magnetic field. The SOT is a Gregorian telescope with a 50cm aperture for its primary
mirror with an effective focal length of 15.5m, giving it a diffraction limited resolution
of 0.3" at ≈ 600nm. The SOT itself contains two instruments, a filtergraph, which is
itself divided into a Narrow-band filtergraph, NFI, and a broadband filtergraph, BFI, and a
spectropolarimeter, SP. While the BFI is designed to record only Stokes I intensity images
of the photosphere and chromosphere, both the NFI and the SP can record all four Stokes
parameters, I, Q, U and V. The filtergraph is also used to conduct focus campaigns to
find the optimal focus position for both instruments. The NFI allows time series of the
magnetic field to be taken and is therefore suited to study its morphology. The SP, a
Littrow-Echelle spectrograph, has the superior spectral resolution at 30mÅ with a noise
level of 10−3 Ic for all four Stokes parameters at a exposure time of 4.8s per slit position. It
records the 6301.5Å, (ge f f = 1.5), and 6302.5Å, (g = 2.5), Fe I line pair at 120 wavelength
positions, ideally allowing the detection of a net vertical magnetic field of 5G and a net
horizontal magnetic field of 50G (pixel average values for 4.8s exposure time). The y-axis
of the slit covers 162" on the solar disk and is aligned along the solar N − S axis. This
makes it the instrument of choice to study internetwork magnetic fields and also allows an
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accurate determination of any asymmetries in the Stokes spectra. All the investigations
detailed in Chapters 2, 3 and 4 are predominantly based on SOT/SP data. The raw SOT/SP
data is calibrated using the sp_prep routine (Lites and Ichimoto 2013), available in the
Solarsoft Package to account for dark current and flat fielding, instrumental cross talk and
orbital drift along the wavelength axis.

1.3

Inversions

The inversion of observed Stokes spectra is a common way to obtain information about an
emitting atmosphere. It involves solving the radiative transfer equation (RTE) (del Toro
Iniesta 2003),
dI
= K(I − S),
(1.9)
dτc
where I = (I, Q, U, V)| is the Stokes vector, τc is the continuum optical depth. S is the
source function and in local thermodynamic equilibrium (LTE), whereby the local velocity
distribution is Maxwellian and the level populations of a transition are governed by the
Bolzmann and Saha equations, takes the form S= (Bλ (T ), 0, 0, 0), where B(T ) is Planck’s
function. K is the propagation matrix,


ηV 
 ηI ηQ ηU
η
ηI
ρV −ρU 
Q


K = 
(1.10)
,
ρQ 
ηU −ρV ηI

ηV ρU −ρQ ηI
where the absorption elements for a Zeeman-split line are (Unno 1956),
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sin2 γ cos 2χ,
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−1
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ηV = η20 φ−1 − φ+1 cos γ,
and the dispersion elements are (Rachkovsky 1962),


η0
1
ρQ = 2 ψ0 − 2 [ψ+1 + ψ−1 ] sin2 γ cos 2χ,


η0
1
ρU = 2 ψ0 − 2 [ψ+1 + ψ−1 ] sin2 γ sin 2χ,


η0
ρV = 2 ψ−1 − ψ+1 cos γ.

(1.11)

(1.12)

The variables γ and χ are the line-of-sight inclination and azimuth, respectively, and η0
is the ratio between the line and the continuum absorption coefficients. The absorption
profiles are φα , where α takes ±1 for the σ components of the absorption line and 0 for
the π component, and the dispersion profiles are expressed by ψα . φα and ψα are Voigt
and Faraday-Voigt functions, respectively, which take into account a line-of-sight velocity
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shift, Doppler broadening of thermal motions and line dampening due to collisions of an
absorption line.
A widely employed solution to Eq. 1.9 is one where K corresponds to the Milne-Eddington
(ME) atmosphere, whose key feature is the invariance of all the matrix elements of K with
optical depth and the source function takes the form S= (S 0 + S 1 τ, 0, 0, 0)| . For such an
atmosphere an analytical solution for Eq. 1.9 exists, whilst solutions for more complex and
more realistic atmospheres can only be obtained by computationally expensive numerical
means.
The Stokes-Profiles-INversion-O-Routines (SPINOR) code (Frutiger et al. 2000), based
on the STOPRO routines (Solanki 1987), allows the use of more complex atmosphere
than ME atmosphere to fit observed Stokes profiles. The code employs the MULTI
2.2 opacity package (Carlsson 1986) to obtain the continuum absorption coefficients,
taking into account contributions from H, He, H− , He− , H+2 , H−2 and other donor species.
Rayleigh scattering by monatomic and diatomic hydrogen and Thomson scattering are also
considered. The broadening of spectral lines by collisions with neutral hydrogen is taken
into account using the ABO theory (Anstee and O’Mara 1995; Barklem and O’Mara 1997;
Barklem et al. 1998). The RTE is typically solved using the comparatively quick Hermitian
approach (Bellot Rubio et al. 1998), but the DELO method (Rees et al. 1989) can also
be used. The Stokes spectra synthesised by SPINOR are fitted iteratively to observed
spectra using a Levenberg-Marquardt algorithm (Press et al. 1986) with a χ2 merit function.
Spatially coupled 2D inversions of Stokes spectra using the SPINOR code have been made
possible by van Noort (2012).

1.4

Internetwork magnetic fields

Magnetic fields in the internetwork have been, certainly from a historical perspective,
investigated the least when compared to magnetic fields in ARs or the network. This
lack of characterisation of internetwork magnetic fields can be attributed to the inherent
difficulty associated with observing them, however, an initial attempt to find turbulent
magnetic fields was made by Unno (1959).

1.4.1

Observations

The investigation performed by Livingston and Harvey (1975) was the first direct observation of internetwork magnetic fields in Stokes V magnetograms, which is more than half
a century after the discovery of magnetic fields in sunspots (Hale 1908). Later ground
based observations (Zirin 1987; Martin 1988; Lin 1995; Lin and Rimmele 1999; Lites et al.
1996; Solanki et al. 1996b; Harvey et al. 2007) confirmed the existence of magnetic fields
in the internetwork. However, the inherent turbulent nature of internetwork magnetic fields
(Pietarila Graham et al. 2010) and the comparatively small fluxes involved make them
difficult to detect when employing the Zeeman effect. The Stokes Q, U or V polarisation
signals are prone to cancellation effects stemming from a lack of spatial resolution, which
reduce the observed signal and thereby reduce the apparent field strength. Therefore, in
the case of Stokes V two equal magnetic fields of opposite polarity within an unresolved
structure will cause a net polarisation signal of zero, leading to the erroneous conclusion
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that no magnetic fields are present. This cancellation effect can occur for Stokes Q or U as
well, but it requires magnetic fields orientated perpendicular to each other, which is less
common in photosphere due to the convection pattern. The close proximity of opposite
polarity magnetic fields is common in the turbulent internetwork. In order to make such
magnetic fields visible in Stokes Q, U or V, a high spatial resolution needs to be achieved.
However, apart from a high spatial resolution, a high polarimetric sensitivity is also required to detect magnetic flux patches. In the case of SOT/SP a continuum noise level in
the order of 10−3 Ic is necessary, given the diffraction limited observations have a spatial
resolution 0.”32, to detect features down to 1016 Mx, which allows the detection of the
largest flux patches in the internetwork. For comparison pores and sunspots have fluxes of
1019 Mx or greater. A high sensitivity is even more essential when measuring Stokes Q or
U, since Q ∝ B2 , which makes the detection of weak horizontal fields very challenging. A
short exposure time, whilst achieving a 10−3 Ic noise level, is also desirable, since internetwork flux patches have lifetimes of only minutes or less (Lin and Rimmele 1999; Lites
et al. 1996).
The internetwork is most commonly investigated using absorption lines in the visible, such
as the 630nm line pair (ge f f = 1.5 and g = 2.5), or in the infrared, such as the 1.56µm
line (g = 3). Absorption lines in the visible have the advantage of potentially allowing
observations at a higher spatial resolution than observations using an infrared line, given
an equal telescope aperture. However, the atmospheric degradation of the measurements
affecting ground-based observations is greater for shorter wavelengths when no adaptive
optics system is employed (Roddier 2004), leading often to a similar effective spatial
resolution. Infrared lines on the other hand are very sensitive especially to weak magnetic
fields, since the Zeeman splitting in Eq. 1.4 has a λ2 dependence, while the Doppler
broadening is only linearly dependent on λ. Therefore, a large fraction of magnetic fields
detected using infrared lines remain below the noise level in observations using visible
lines (Bellot Rubio and Collados 2003).
Given the comparative difficulty in measuring internetwork magnetic fields directly, proxy
magnetometry has been employed to estimate the average magnetic field strength in the
internetwork. Bright points on the solar surface are a common sight in the network (Lites
et al. 1993; Muller et al. 2000) and active regions (Möstl et al. 2006) and a few can also be
seen in the internetwork (de Wijn et al. 2005; Jafarzadeh et al. 2013). Since these bright
points in the photosphere are of magnetic origin (Riethmüller et al. 2010), their density
across the observed region can serve as an indicator of the average magnetic field strength
(Berger and Title 2001; Utz et al. 2013). Based on the measured bright point density,
realistic MHD simulations have been calibrated to determine what average magnetic field
needs to be injected into the simulation box to reproduce the observed bright point density
(Keys et al. 2011). However, the detection of these bright points is highly dependent on
the achieved spatial resolution, making it difficult to identify the true bright point density.
The Hanle effect presents another way of measuring magnetic fields in the photosphere
using polarimetry. Unlike the Zeeman effect the polarimetric signal from the Hanle effect
does not suffer from signal cancellation caused by opposite polarity magnetic fields within
the resolution element (Stenflo 1982; Faurobert-Scholl 1996). This allows the retrieval
of the true average magnetic field strength within the resolution element. Furthermore, it
is most sensitive to weak magnetic fields, thus complementing magnetic field strengths
obtained via the Zeeman effect (Solanki 1993; de Wijn et al. 2009).
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The study of the internetwork using observations is only at its very beginning, which is
demonstrated most clearly by the divergence in the estimation of the average unsigned
magnetic flux density in the internetwork. Wang et al. (1995) retrieve a value of only
4.8G at a spatial resolution of > 1”. At a spatial resolution of ≈ 1” the average unsigned
flux increases to around 10G (Lites 2002; Sánchez Almeida and Lites 2000). Domínguez
Cerdeña et al. (2003) using speckle reconstructed images at 630nm achieved a spatial
resolution of 0.5” and reported an unsigned flux density of 20G. A similar flux density
was found by Khomenko et al. (2003) using the 1.56µm line. Taking advantage of the
seeing free data offered by SOT/SP Lites et al. (2008) aboard the Hinode satellite found
flux densities of 11G and 55G for vertical and horizontal magnetic fields respectively. The
high flux density reported for horizontal magnetic fields seems to support some of the high
flux densities of 60 − 130G reported by Trujillo Bueno et al. (2004); Bommier et al. (2005)
using the Hanle effect, although lower flux densities have also been reported (Stenflo et al.
1998). It appears unavoidable that more modern telescopes with higher spatial resolution
will produce yet higher magnetic flux densities in the internetwork (Domínguez Cerdeña
et al. 2006; Pietarila and Pietarila Graham 2013).
After the discovery of magnetic fields in the internetwork, the question of whether the
magnetic field is organised in predominantly kG flux tubes/sheets, like ARs and the network, or in diffuse hG structures soon arose. Whilst kG features in the form of bright
points no doubt exist in the internetwork (Mehltretter 1974), although a confirmation for
this was not provided until the work of Lagg et al. (2010). Observations using Stokes
I and V spectra of the 1.56µm line performed by Lin and Rimmele (1999); Khomenko
et al. (2003) found a predominance of hG fields near the equipartition field strength in
the internetwork. Investigations using multi-component ME inversions of the 630nm line
instead detected a prevalence of kG in the internetwork (Domínguez Cerdeña et al. 2003;
Lites 2002; Socas-Navarro and Lites 2004). Several studies involving the simultaneous
recording of the internetwork using both the 630nm line pair and 1.56µm line were conducted by Khomenko et al. (2005) and Martínez González et al. (2008). While Khomenko
et al. (2005) demonstrated the superior sensitivity of the infrared line in detecting the weak
fields, Martínez González et al. (2008) showed that a simultaneous inversion of all three
lines yielded predominantly hG in the internetwork. This supported earlier results from
Martínez González et al. (2006) that inversions results based on the Stokes I and V spectra
of the 630nm lines alone are not unique and potentially lead to a erroneous conclusion of a
predominance of kG in the internetwork. Internetwork observations obtained by the SOT,
have yielded a predominance of hG fields based on the inversion of the 630nm lines alone
(Orozco Suárez et al. 2007). The prevalence of hG fields in the internetwork (Lin 1995)
supports results obtained by Solanki et al. (1996b) using the 1.56µm line, which indicated
that the convective collapse mechanism producing kG features is less effective in weak
flux concentrations as predicted by Venkatakrishnan (1986).
Starting with the centre-to-limb investigation performed by Martin (1988), it has been
suggested that the internetwork is composed of a myriad of magnetic loops, which do
not reach into the chromosphere (Martínez González et al. 2007; Martínez González and
Bellot Rubio 2009; Wiegelmann et al. 2010). Stokes Q and U measurements of the internetwork at the disc centre performed by Lites et al. (1996) and Harvey et al. (2007) also
detected horizontal fields in the internetwork. However, it was seeing-free and stable data
offered by SOT that allowed the horizontal fields in the internetwork to be investigated
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in detail. Ishikawa and Tsuneta (2010) showed that the internetwork contains numerous
patches of horizontal magnetic fields near the edges of granules, which are characterised
by a short lifetime. The azimuthal orientation of these patches appears to be isotropic
(Ishikawa and Tsuneta 2010) and their emergence rate appears to be the same, both within
the internetwork and near plage (Ishikawa and Tsuneta 2009). Furthermore they have
been found over the entire solar surface (Tsuneta et al. 2008a). The results presented by
Danilovic et al. (2010a) using IMaX (Martínez Pillet et al. 2011) on Sunrise (Barthol et al.
2011) confirmed both the short lifetime of these horizontal features and that they often
are seen to be associated with a patch of vertical fields in an intergranular lane. Lites
et al. (2008) analysing SOT/SP data concluded that in the internetwork the flux density of
horizontal magnetic fields exceeds the flux density of vertical fields, leading to a dominance
of horizontal fields in the internetwork. The dominance of horizontal fields was further
suggested by the inversion of SOT/SP spectra performed by (Orozco Suárez et al. 2007),
which returned highly inclined fields. However, this predominance of horizontal fields has
been put into question by Borrero and Kobel (2012, 2013), who showed that the inversion
of noisy Stokes Q and U will inevitably and erroneously lead to a prevalence of horizontal
magnetic fields. Instead these authors as well as Asensio Ramos (2009) prefer an isotropic
distribution of inclinations. Stenflo (2013) has argued that the internetwork is composed of
mainly vertical magnetic fields like the network.

1.4.2

Origin

While it could be argued that magnetic fields found in the quiet Sun are merely remnants of
ARs shredded by the photospheric convection, it was soon realised that the total unsigned
flux in the quiet Sun at any given time exceeds the total unsigned flux found in ARs
(Zirin 1987; Petrovay and Szakaly 1993). Harvey et al. (1975); Harvey (1993); Hagenaar
(2001) showed that the network is formed by the emergence of smaller ephemeral regions,
which are thought to be generated by the same global dynamo process responsible for
generating ARs. Both Harvey (1993) and Hagenaar (2001) reported that ephemeral regions
> 1018 Mx still follow Joy’s law and their emergence rate shows a solar cycle dependence
albeit weaker than for ARs. They also have a preferred E − W orientation similar to ARs.
Emerging flux patches < 1018 Mx no longer show a dependence on Joy’s law and have an
isotropic orientation (Ishikawa and Tsuneta 2010), which could suggest that these small
flux patches are subjected to a remixing and recycling by the convection (Ploner et al.
2001), but nonetheless ultimately a product of the global dynamo.
An alternative source for the internetwork flux could be a local dynamo process operating
close to the solar surface. This dynamo process is driven by the turbulent motions of
the plasma commonly found in intergranular lanes as well as on larger scales but not
by rotation as the global dynamo. Initial local dynamo simulations were performed by
Cattaneo (1999), but it was the simulations run by Vögler et al. (2005), taking into account
both the radiative heat loss at the solar surface and the downward pumping of magnetic flux
(Stein et al. 2003) due to the convection, which showed that a sustainable local dynamo
process is feasible near the solar surface. The magnetic fields produced by this dynamo
also have several qualitative properties already observed in the internetwork, such as the
high mixing of opposite polarities without a significant dominance of either polarity, a
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comparatively high horizontal flux density and, being independent from the global dynamo,
no preferred orientation or adherence to Joy’s law of the generated magnetic fields.
Given this apparent suitability of the local dynamo for being the source of the internetwork
flux, a considerable effort has been made to support the existence of such a dynamo
through observational evidence. Danilovic et al. (2010b) compared a internetwork SOT/SP
observation with several local dynamo simulation runs using a range of values for Rm and
found the simulation results to be compatible with the observation. A similar conclusion
was reached by Schüssler and Vögler (2008) who also found a similar ratio between the
horizontal and vertical magnetic flux as reported by Lites et al. (2008). The constant
apparent emergence frequency of small horizontal flux patches, be it in the internetwork or
near plage as reported by Ishikawa and Tsuneta (2009), can also be seen as an indication
for local dynamo action occurring over the entire surface. This idea is supported further by
the results of Ito et al. (2010); Shiota et al. (2012) who analyzed the solar polar magnetic
fields, and found, apart from magnetic patches with kG fields forming part of the global
dipole field, a myriad of turbulent, transient and weak magnetic fields. Lites (2011) argued,
based on SOT/SP results, that the observed balance of the signed magnetic flux in the
internetwork is another indication of a local solar dynamo producing the majority of the
internetwork magnetic fields. Criticism against a local dynamo scenario has mainly been
directed at the limitation of MHD simulations to fully reproduce solar convective processes
(Stein et al. 2003), but also at determining the true preferred inclination of internetwork
magnetic fields. In particular Stenflo (2013) has argued repeatedly that the internetwork
too is predominantly composed of vertical magnetic fields, which speaks against the
horizontal fields produced by a local dynamo. Furthermore, Stenflo (2012), using MDI
magnetograms, has indicated that the flux density contributed by a local dynamo can only
amount to 3G and, therefore, the currently observed magnetic fields are either directly or
indirectly produced by the global dynamo.
The distribution of magnetic flux on the solar surface, down to the current cut-off of
1015 Mx, follow a single power law (Parnell et al. 2009; Thornton and Parnell 2011; Iida
et al. 2012), indicating that dynamo action could occur on all convection scales rather
than as one small-scale and one large-scale dynamo. Guglielmino et al. (2012) reported,
by analysing a bi-pole carrying 1017 Mx of flux using IMaX data, that the emergence rate
of such structures over the field-of-view was lower that than expected. Furthermore, the
contribution of the internetwork flux to the network is still unclear. Hagenaar (2001)
showed that the network is formed by ephemeral regions, which emerge at a rate with
which the entire network flux is replaced every 8 − 19 hours and that the emergence rate
increases exponentially with decreasing size. However, despite the high emergence of
new flux in the internetwork (Zirin 1987) the turbulent nature of the plasma causes a
large fraction this flux to be cancelled before it can be swept to edge of a supergranule.
Ishikawa and Tsuneta (2011) have observed that some emerging flux in the internetwork is
nonetheless being advected to supergranular boundaries and thereby able to contribute to
the network.
Despite the numerous investigations over the last two decades into the characteristic
properties of the internetwork magnetic fields, many issues remain unresolved, such as
their origin, the average unsigned flux density, the ratio between horizontal and vertical
flux densities, or whether there is any cycle dependence in the internetwork magnetic fields.
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This last issue has so far received the least amount of attention, in particular due to the
limited availability of data suitable for such an investigation. With the launch of the Hinode
satellite it has become possible to investigate this issue in detail. An invariant internetwork
magnetic flux with respect to the solar cycle would be another support for a local dynamo
being responsible for producing the bulk of the observed internetwork magnetic fields.
Furthermore, it may also then serve as an indication that the solar surface would even in
times of low activity, such as the Maunder minimum, not be devoid of magnetic fields.
Chapter 2 will attempt to provide an answer to this question.

1.5

Magnetic flux tubes

The study of magnetic flux tubes/sheets deserves particular attention, since these comparatively small photospheric structures form the foot points of coronal magnetic fields
upon which the upper layers of the solar atmosphere are organised. The largest flux tubes
on the Sun are sunspots and pores, the largest of which can be spatially resolved even
with a small telescope. It would, however, be bold to say that the study of sunspots and
pores, due to their size, is nearing completion. In particular sunspots host a remarkable
degree of fine structure in the photosphere, such as penumbral filaments or umbral dots
and current observatories have only begun to resolve these features. However, the majority
of flux tubes in the photosphere are far smaller than sunspots, having typical diameters
of only 100km to 300km, which turns the analysis of these features, to this day, into the
seemingly counterintuitive exercise of identifying the properties of an object one can’t
even see properly.
The analysis of these small magnetic flux tubes/sheets can only be conducted by analysing
the Zeeman effect-induced polarization of the σ− and π− components of an absorption
line. Unlike the intensity recorded by Stokes I, the Stokes Q, U and V profiles only contain
information about the magnetised atmosphere, even when it is not spatially resolved. The
first analysis of Stokes V magnetograms was carried out by Babcock and Babcock (1955)
and found magnetic fields outside of sunspots albeit with nowhere near the kG field values
known to exist in sunspots. Later investigations soon discovered that the mean magnetic
field strength correlated with the spatial resolution, tempting the question of what was the
true field strength of magnetic fields outside sunspots and how was it organised. Stenflo
(1973) was the first to show that the magnetic fields are concentrated in a small area, where
they attain kG field strengths, while the atmosphere between these concentrated structures
is almost field free. This result was obtained using the line ratio technique, whereby the
ratio of the Stokes V amplitudes of the 5250Å and 5247Å lines is taken. These two lines
are remarkable since they are identical except for their Landé factors, which makes the
ratio of their Stokes V signals only dependent on the magnetic field.
After the discovery of these kG magnetic fields a physical mechanism needed to be found,
which would be capable of concentrating magnetic fields to kG values. Since magnetic
fields in the photosphere are frozen-in-flux due to the high magnetic Reynolds number,
any emerged field will be swept into an intergranular lane within a few turnover cycles
(Schüssler 1986). This process concentrates the magnetic field in these lanes up to the
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equipartition field strength, which can be calculated using,
B2 1 2
= ρv
8π 2

(1.13)

where B is the magnetic field strength, ρ is the plasma density and v is the velocity. Taking
typical values for the photosphere an equipartition field strength of ≈ 400G is obtained.
This value is, however, too small by far to account for the observations and, therefore,
another mechanism is need to concentrate the field to kG values. The convective collapse
mechanism occurs because the convection is hindered due to the presence of hG magnetic
fields, causing the plasma to cool radiatively and then rapidly sink due to gravity (Parker
1978). The plasma in the magnetized region thereby becomes rarefied and gets concentrated
to maintain the pressure balance with its surroundings,
B2
+ Pin = Pex ,
8π

(1.14)

where B is the magnetic field strength and, Pin and Pex are the internal and external gas
pressures, respectively. From this equation it clear that Pin < Pex , causing the plasma inside
the tube to become optically thick at a lower geometrical height than the surrounding quiet
Sun and effectively allows an observer to look deeper into the Sun. This effect is analogous
to the Wilson depression observed in sunspots. Furthermore, the kG magnetic field suppresses convective processes within the tube, the plasma β < 1, and thus prevents the rise
of hot plasma within the tube, which would reverse the convective collapse mechanism.
A necessary requirement to verify the convective collapse mechanism is the observation
of the fast downflows during the concentration of the magnetic field. However, the high
spatial resolution necessary to observe this process meant that only few direct observations
of it exist (Nagata et al. 2008) so far.
A common way to model kG magnetic features involves the thin flux tube approximation.
In this magnetohydrostatic (MHS) model, the atmosphere is in hydrostatic equilibrium and
the radius of the tube is assumed to be small compared to the pressure scale height. The
thin flux tube approximation is obtained by performing a Taylor expansion upon the MHS
equations (Pneuman et al. 1986; Ferriz-Mas et al. 1989) and only taking the zeroth order
terms of the expansion into account (Defouw 1976). This solution ignores any magnetic
curvature forces or twist and assumes that the electrical resistivity at the boundary of the
tube is zero. Due to the hydrostatic equilibrium the external and the internal gas pressure
drops exponentially (for an isothermal atmosphere), leading to an expansion of the tube
with height and consequently a reduction of B. The total magnetic flux of the tube is,
however, conserved at all heights. The zeroth order thin flux tube model has been shown
to be in good agreement with observations (Zayer et al. 1989). Higher order thin flux tube
approximations have also been considered (Pneuman et al. 1986) and Yelles Chaouche
et al. (2009) found that a second order approximation is adequate to model flux tubes
produced in MHD simulations. Given equal external atmospheres flux tubes of different
sizes, i.e. field strenghts, have the same relative expansion with height and Solanki et al.
(1992b, 1999) showed that even the expansion of sunspots can be modelled using a thin
tube approximation.
The kG nature of the magnetic fields has by now been confirmed many times (Rabin 1992;
Zayer et al. 1990; Rüedi et al. 1992; Stenflo and Harvey 1985; Martínez Pillet et al. 1997)
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using many different Zeeman effect based techniques, one of which is the inversion of
measured Stokes spectra by a least-squares fitting algorithm using ME (Martínez Pillet
et al. 1997; Narayan and Scharmer 2010) or more complex atmospheres (Del Toro Iniesta
and Ruiz Cobo 1996). This technique was pioneered by Auer et al. (1977) and has by
now become a standard tool for analysing the photosphere. The aim of this technique is
to retrieve information about the magnetised atmosphere beyond the mere measurement
of the field strength. All four Stokes spectra, given adequate spectral resolution, show
various asymmetries such as in amplitude and area, which indicate the existence of velocity
and/or magnetic field gradients along the line of sight (Solanki 1993). Whilst these asymmetries offer a possibility to determine the sub-resolution properties of flux tubes, many
asymmetries can be caused by various combinations of effects and, therefore, demand
the simultaneous observation and inversion of many spectral lines in order to accurately
retrieve the properties of the flux tube. The widths of the Stokes Q, U or V spectra may
even indicate the sub-resolution spatial distribution of the magnetic field.
The plasma in the photosphere is close to being in local thermodynamical equilibrium
(LTE), which allows the use of Planck’s black body radiation formula in relating the
measured intensity with the temperature of the plasma. Therefore, the familiar bright granules are hotter than the darker and cool intergranular lanes. Small kG magnetic features,
however, appear as bright as granules despite being located in intergranular lanes, which
are permeated by cool downflowing plasma. This seemingly paradoxical observation can
be explained when considering the τ = 1 surface where the plasma becomes optically
thin. While the geometrical height at which τ = 1 is wavelength dependent i.e. longer
wavelengths probe deeper into the atmosphere, a commonly used τ = 1 surface is at
5000Å, τc . The τc surface is not formed at a common geometrical height across the solar
surface due to the temperature and electron pressure variations of the solar plasma. In a
kG feature the plasma density is markedly lower than in the surrounding quiet Sun at a
given geometrical height, causing the τc surface to be located deeper inside the Sun and
thus exposing the comparatively hotter interior. The kG features appear brightest in the
continuum when viewed at an angle, which can be observed easily when performing a
centre-to-limb investigation of these features. At µ values of 0.3-0.4, where µ = cos(θ) and
θ is the heliocentric angle, the brightness is greatest (Ortiz et al. 2002; Kobel et al. 2009),
since the depression in the τc surface allows the observer to see the hot walls (Spruit 1976)
of the kG features. Small kG features will also appear bright when viewed at the disk
centre. Near µ = 1 the relation between the continuum intensity and the magnetic field
strength is complex, since for small field strength the intensity steadily increases, but then
starts to decrease again (Keller 1992; Kobel et al. 2011) to form dark pores. Furthermore,
Muller (1983); Mehltretter (1974) showed that the intensity can vary over a matter of
minutes indicating that the granular convection may influence the intensity of kG features
(Berger and Title 1996). The lateral radiation from the hot walls cause the plasma inside
the feature to heat up producing the observed relative brightening. The lateral heating
causes the plasma inside the feature to have a temperature increase of 300 − 400K (Solanki
1986; Solanki and Brigljevic 1992; Keller et al. 1990) when compared to the Harvard
Smithsonian Reference Atmosphere (HSRA) (Gingerich et al. 1971) commonly used to
model the surrounding quiet Sun. Flux tubes/sheets forming the network are hotter at τc
than tubes/sheets found in plage (Solanki 1986), since their high density in plage causes
abnormal cooler granules to form (Dunn and Zirker 1973; Title et al. 1989), which cannot
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heat the tube/sheet as effectively (Ortiz et al. 2002; Kobel et al. 2011).
There are also correlations between chromospheric intensity and photospheric magnetic
fields. The most famous of these are the Ca II H and K line core intensity correlation with
the network and plage magnetic fields (Frazier 1971; Skumanich et al. 1975; Schrijver
et al. 1989; Utz et al. 2013) but also Mg I b lines (Beckers et al. 1976). When a spatial
resolution better than 1" is achieved then the correlation starts to break down and Rutten
and Uitenbroek (1991) showed that some Ca II K brightenings are non magnetic in origin
(Rezaei et al. 2007). A close connection also appears to exist between Hα filigrees and the
magnetic fields on the photosphere (Dunn and Zirker 1973). Observations of the corona
no longer show a correlation with the photospheric magnetic field (Sheeley et al. 1975),
but rather trace magnetic loops connecting patches of opposite polarity magnetic fields.
Nonetheless, both the chromospheric and coronal activity appears closely related to the
photospheric field (see Beckers 1981; Mackay and Yeates 2012).
Apart from the 5250Å line pair (Stenflo 1973), the 6302Å line pair as well as other red Fe
I lines (Wiehr 1978) in the visible have been used to determine the field strength of kG
magnetic features. The typical magnetic field values are between 1200G and 1500G at τc .
These field strengths are supported by similar investigations using infrared lines, such as
at 1.56µm (Zayer et al. 1989; Rüedi et al. 1992; Rabin 1992). Due to the strong Zeeman
splitting of these lines the magnetic field strength range in plage and network areas could
be constrained. The magnetic field values of only 200G in plage obtained by Zirin and
Popp (1989) using the 12µm line were found to be in agreement with kG thin flux tube
models, after its formation height in the upper photosphere had been established (Bruls
and Solanki 1995).
Absorption lines formed deeper in the photosphere such as the 1.56µm line generally
show higher average field strengths (Zayer et al. 1989; Rüedi et al. 1992), implying that
the kG features do expand and consequently a magnetic field gradient is present. The
area asymmetry routinely observed in Stokes V makes the same implication, whilst also
indicating a velocity gradient (Solanki 1993; Martínez González et al. 2012). However, the
accurate retrieval of this magnetic field gradient in plage or network areas is difficult due
to the limited available spatial resolution. A centre-to-limb study performed by Martínez
Pillet et al. (1997) indicates a gradient of −3 ± 1G/km and agrees with the 4G/km gradient
obtained from flux tube models (Solanki 1986; Solanki and Brigljevic 1992). However,
this measurement is contaminated by the mixture of horizontal and vertical magnetic fields
due to the viewing geometry. Modern inversion codes usually employ ME atmospheres to
fit observed Stokes spectra, which intrinsically assume a height invariant magnetic field
strength and therefore prevent the determination of the magnetic field gradient. Whilst
more complex inversion codes such as Stokes Inversion based on Response functions
(SIR) (Ruiz Cobo and del Toro Iniesta 1992) or SPINOR (Frutiger et al. 2000) can obtain
magnetic field gradients, the number of extra free parameters as well as the necessity of a
high spectral resolution, a high signal-to-noise ratio and straylight model continue to make
the retrieval of such a gradient challenging. The geometric expansion of kG magnetic
features has also been studied by analysing the change of the Stokes V area asymmetry
from the disk centre to the limb (Buente et al. 1993; Martínez Pillet et al. 1997). Rezaei
et al. (2007) found by studying the change of the area asymmetry across a kG feature
observed at the disk centre that it is in agreement with an expanding flux tube. A similar
result was obtained by Martínez González et al. (2012) using IMaX data.
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1 Introduction
The measurement of line-of-sight velocities in the photosphere forms a major part in the
analysis of the properties of the Sun and its various features. The most straight forward
way of measuring an absolute line-of-sight velocity is to measure the displacement of the
core in Stokes I of a line with respect to a reference wavelength. The calibration of such a
reference wavelength is usually performed by the simultaneous measurement of a telluric
absorption line, caused by water vapour in the Earth’s atmosphere, followed by a correction
for the motion of the Earth relative to the Sun, the Sun’s and Earth’s rotation as well as the
gravitational redshift. A potential velocity gradient along the line-of-sight can be measured
with the help of a bisector analysis of the Stokes I absorption line. Since the core of an
absorption line is formed higher in the atmosphere than its wings, which are formed near
the continuum formation height, a relative shift between the wings and the core, i.e. an
asymmetry in the line, can point to a velocity gradient. These two methods, however, only
give the correct information about the line-of-sight velocity if the features in question
are spatially resolved. If this is not the case then an asymmetry can also be produced by
two (or more) atmospheres within the resolution element that have different temperatures,
such as granules and intergranular lanes (Schröter 1957; Dravins et al. 1981). As the kG
features in plage or the network are generally not resolved an alternative to Stokes I must
be used in order to determine the line-of-sight velocities within a kG feature. A common
way to measure the velocity within an unresolved kG feature is to use the Stokes V zero
crossing wavelength (Solanki 1986). Since Stokes V only carries information about the
magnetic part of an unresolved feature, a spurious velocity measurement due to the mixing
of two atmospheres can be avoided. Needless to say that should the resolution element
itself contain more than one magnetic feature then the Stokes V crossing wavelength may
also give only a weighted average line-of-sight velocity. Furthermore, a high spectral
resolution and a low noise level are desirable when determining this wavelength. Whilst
the Stokes V zero crossing wavelength will yield only a single velocity measurement,
both the blue-red amplitude and area asymmetries routinely observed in Stokes Q, U
and V spectra strongly suggest the presence of velocity gradients within kG features. In
particular the area asymmetry suggests that a velocity gradient alone is not sufficient but
that also magnetic field, inclination or azimuth gradients are required to fully reproduce
the atmospheric conditions in such a feature (Solanki 1993).
The idea of stationary mass motions within kG features has attracted considerable attention,
since such flows could be a photospheric signature of chromospheric or coronal activities.
Early Stokes I observations did show downflows in low spatial resolution plage observations (Simon and Leighton 1964; Skumanich et al. 1975). Low spectral resolution Stokes V
zero crossing measurements further suggested downflows up to 1.6km/s within kG features
(Giovanelli and Slaughter 1978). Later Stokes V analysis performed at a higher spectral
resolution, allowing a more precise determination of the Stokes V crossing wavelength,
however, found that on average only downflows of 200m/s exist in kG features (Solanki
1986; Fleck and Schmitz 1991; Martínez Pillet et al. 1997; Langangen et al. 2007). The
ever present amplitude and area asymmetries observed in Stokes V needed to be explained,
whilst keeping the plasma inside the kG feature almost at rest. A combination of ≈ 1km/s
downflows surrounding the feature, reminiscent of cool intergranular lanes, and a magnetic
field gradient was needed to reproduce the observed spectra (Grossmann-Doerth et al.
1989; Solanki 1989). Recent MHD simulations support this scenario (Steiner et al. 1996).
An exception to the absence of stationary flows within kG features come in the form of
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siphon flows (Rüedi et al. 1992) between two opposite magnetic polarities. Non stationary
velocities in kG features hinting at waves within the features have been analysed using both
Stokes I and V (Fleck and Schmitz 1991; Deubner and Fleck 1990). Furthermore, it appears that the correct ratio between the amplitude and area asymmetries in Stokes V spectra
can only be reproduced if non stationary mass motions are introduced in flux tube models
(Solanki 1989; Grossmann-Doerth et al. 1991). Bellot Rubio et al. (1997) argued, using
a inversion results, which included atmospheric gradients, that stationary mass motions
inside flux tubes can successfully reproduce all the asymmetries in observed Stokes spectra.
According to the inversion, strong downflows within the flux tubes occurred particularly in
deeper layers of the atmosphere (Bellot Rubio et al. 2000). However, Frutiger and Solanki
(1998, 2001) pointed out that other thin flux tubes models involving oscillations within the
flux tube were equally capable of reproducing the observed asymmetries. Furthermore,
if mass conservation was imposed then only the oscillatory model could reproduce the
observed spectra.
Information about the inclination and azimuth of the magnetic field can only be obtained
when all four Stokes parameters have been measured. Even when both Stokes Q and U
have been recorded the inherent 180◦ ambiguity in the azimuth needs to be resolved before
a unique orientation of the magnetic field vector can be determined (Leka et al. 2009).
Due to the lower density within kG features they rise to the surface and align themselves
vertically with respect to the solar surface (Schüssler 1986). Observations, however, reveal
that typical inclinations in the network and plage are around 10◦ − 15◦ (Martínez Pillet
et al. 1997; Sanchez Almeida and Martinez Pillet 1994; Bernasconi et al. 1995), which
likely results from buffeting of these features by granular convection, causing them to
have a preferred non zero inclination. Both in the network and plage kG features have no
preferred azimuthal orientation (Martínez Pillet et al. 1997). Deviations from these values
are expected when such a feature resides underneath a sunspot’s canopy (Solanki 1993) or
short time intervals are considered (Steiner et al. 1996).
Whilst many key properties of small kG features have been uncovered over the last five
decades, many questions remain as of yet unresolved. Apart from the overriding question
of how photospheric observations connect to chromospheric and coronal observation,
reconstructing the full photospheric atmosphere by inverting observed Stokes spectra will
be the key stepping stone in recovering the various velocity, magnetic field, inclination
as well as other gradients in addition to the general properties already discovered. The
means to perform such an investigation have only recently become available in the form of
the high quality images of Hinode SOT/SP, both spectrally and spatially, and the recently
developed spatially coupled 2D SPINOR inversion code (van Noort 2012). Chapters 3 and
4 will elaborate upon the results obtained via this new inversion technique from SOT/SP
images of plage.
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2 Quiet Sun magnetic fields observed
by Hinode: Support for a local
dynamo
2.1

Abstract

The Hinode mission has revealed copious amounts of horizontal flux covering the quiet
Sun. Local dynamo action has been proposed to explain the presence of this flux. We
sought to test whether the quiet Sun flux detected by Hinode is due to a local or the global
dynamo by studying long-term variations in the polarisation signals detectable at the disc
centre of the quiet Sun between November 2006 and May 2012, with particular emphasis
on weak signals in the internetwork. The investigation focusses on line-integrated circular
polarisation Vtot and linear polarisation LPtot profiles obtained from the Fe I 6302.5 Å
absorption line in Hinode SOT/SP. Both circular and linear polarisation signals show no
overall variation in the fraction of selected pixels from 2006 until 2012. There is also no
variation in the magnetic flux in this interval of time. The probability density functions
(PDF) of the line-of-sight magnetic flux can be fitted with a power law from 1.17 × 1017
Mx to 8.53 × 1018 Mx with index α = −1.82 ± 0.02 in 2007. The variation of α’s across
all years does not exceed a significance of 1σ. Linearly polarised features are also fitted
with a power law, with index α = −2.60 ± 0.06 in 2007. Indices derived from linear
polarisation PDFs of other years also show no significant variation. Our results show that
the ubiquitous horizontal polarisation on the edges of bright granules seen by Hinode are
invariant during the minimum of cycle 23. This supports the notion that the weak circular
and linear polarisation is primarily caused by an independent local dynamo.

2.2

Introduction

Quiet Sun observations made by the SOT (Tsuneta et al. 2008b; Suematsu et al. 2008;
Ichimoto et al. 2008; Shimizu et al. 2008) on Hinode (Kosugi et al. 2007) as well as
IMaX (Martínez Pillet et al. 2011) on Sunrise (Solanki et al. 2010; Barthol et al. 2011)
have revealed copious amounts of horizontal magnetic flux. These observations, using
both Hinode SOT/SP and SOT/NFI, also showed that this horizontal magnetic flux is
concentrated in patches on the edges of bright granules (Lites et al. 2008; Ishikawa et al.
2008). Danilovic et al. (2010a) found using Sunrise that the lifetime of these flux patches
ranges from one minute right up to the granular lifetime of five minutes. The apparent
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isolation of these flux patches from other quiet Sun phenomena have made them strong
candidates for being generated by local dynamo action just below the photosphere (Cattaneo 1999; Danilovic et al. 2010b; Ishikawa and Tsuneta 2009). Also, using SOT/SP data
from plage regions and quiet Sun, Ishikawa et al. (2008) showed that these fields have no
preferred orientation and are independent of the strength of nearby magnetic fields. The
flux distributions of magnetic features obtained from SOHO/MDI and Hinode SOT/NFI
have also been interpreted in terms of a turbulent dynamo occurring continuously over a
range of scales throughout the convection zone (Parnell et al. 2009; Thornton and Parnell
2011).
In spite of the evidence presented in the papers above, the true source of the weak
magnetic flux features in the quiet Sun is still not resolved (Petrovay and Szakaly 1993).
In particular it is unclear if they are produced by a turbulent local dynamo (Vögler and
Schüssler 2007; Schüssler and Vögler 2008; Danilovic et al. 2010b; Pietarila Graham et al.
2010), with predominantly horizontal magnetic fields (Lites et al. 2008; Orozco Suárez
et al. 2007) or due to the global dynamo, e.g. field recycled from decaying active and
ephemeral active regions. Asensio Ramos (2009) concludes that quiet Sun magnetic fields
observed by Hinode have an isotropic distribution and Stenflo (2010) finds predominantly
vertical fields speaking against a local dynamo. Stenflo (2012) argues using SOHO/MDI
data that the global dymano is the main source of magnetic flux even in the quiet Sun.
Magnetic flux could also be generated from rising magnetic loops that "explode" within
the convection zone (Rempel and Schüssler 2001). A combination of different sources is
also conceivable.
One way to distinguish between global and local dynamos is to consider the variation
of the magnetic flux over the solar cycle, since, put simply, flux due to a local dynamo
is not expected to vary over the solar cycle, while flux produced by the global dynamo
should display a cyclic variation. There is some uncertainty regarding the magnitude of this
variation due to the fact that smaller magnetic bipoles, such as ephemeral active regions,
show a rather low cycle amplitude, with shifted phase relative to the strong cyclic variation
of active regions (Harvey 1993; Hagenaar 2001; Jin and Wang 2012).
The Hinode satellite has recorded images of the quiet Sun for over six years now, covering
the extraordinary solar minimum of cycle 23. Solar activity during this minimum was
markedly lower than in the minima of previous solar cycles (Lockwood et al. 2010; Fröhlich
2009). Although this period is considerably shorter than a full solar cycle, we nonetheless
use all available Hinode SOT/SP quiet Sun disk centre scans over this period to address
the question whether solar cycle variations can be measured down to granular scales.

2.3

Data and method of analysis

Here we focus entirely on the quiet Sun observed close to the solar disc center from
November 2006 to May 2012 and Hinode SOT/SP images were chosen accordingly. In
this Section we present the data employed and describe the various issues that presented
themselves and how they were accounted for.
Since this investigation is concerned with the weak polarisation signals in the quiet
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Sun, a good Signal-to-Noise ratio is paramount. Therefore, images with an exposure time
of at least 4.8 s operated in dual mode were preferred. However, due to telemetry problems
starting in 2008 dual mode images were only available until January 2008. Images recorded
after January 2008 were single mode images. To increase the statistical significance and to
minimise selection effects, images covering a large area of the solar disc were preferred,
ranging up to 320” × 160”.
Apart from 2007 the number of images satisfying these criteria was rather patchy, so
that images recorded as part of the irradiance program were used (HOP 79). Images
belonging to HOP 79 were shot almost every month and cover the quiet Sun at the disc
center. However, two issues emerged during the investigation while working with these
images. Firstly they received an onboard binning in the slit direction, which decreased the
resolution and required, for consistency, all the other images used in this investigation to
be binned retrospectively. Also, the images in the irradiance program are comparatively
small, only 30” × 120” each. This was partly compensated by using two images from
the irradiance program recorded on the same day, but on different locations around the
disc center, thereby increasing the considered area to 30” × 240”. Table 2.1 gives an
overview of all the images used in this investigation. Every image was calibrated using
the sp_prep routine of the solarsoft package, followed by a bitshift correction of the four
Stokes parameters that mainly affected images recorded in dual mode.

2.3.1

Instrumental effects

The analysis of the calibrated images was performed by a pixel selection algorithm. Pixels
were selected according to a preset uniform polarisation threshold. Finding a robust
threshold proved to be a delicate process, √
because images recorded in 2007 in dual mode
have a smaller noise level by a factor of 2 than single mode images recorded in 2008.
Images from the irradiance program have a different noise level yet again due to the
onboard binning and subsequent jpeg compression. This problem was minimised by
reducing calibrated dual mode images from 2007 to single mode images and subsequently
binning them. After this process was completed every image had the same effective pixel
size (0.16” × 0.32”) as well as the same, within one significant figure, standard deviation
(σ) noise level for the Stokes Q, U and V parameters estimated from the continuum pixels.
The standard deviation (σ) was found to increase by 10% over six years starting from a
value of σ = 0.9 × 10−3 Ic in November 2006.
The rms contrast of Stokes I was also calculated to discern any variation in the PSF over
time. We found that it takes an average value of 7 ± 0.3%. This is in good agreement with
the results of Danilovic et al. (2008), who also also obtained a value of 7% prior to the
deconvolution by the instrument’s PSF. However, the continuum contrast, shown in Fig.
2.1, is not constant over the period of investigation. It can vary by as much as ≈1% and is
caused by temperature fluctuations on the spacecraft (Katsukawa private communication).
This variation also affects the Stokes Q, U and V profiles in an image, analyzed in Sects. 3
and 4, and therefore needs to be compensated.
Every image was convolved by an appropriate artificial defocus using an MTF generated
by the commercial software package ZEMAX following Danilovic et al. (2008). The
convolution was applied to all 112 wavelength positions of each Stokes parameter. The
result of this convolution on the rms contrast can also be seen in Fig. 2.1 where the
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2.3.2

Image analysis

In order to avoid any biases introduced by inversions see (Borrero and Kobel 2011), we
analysed the observed Stokes profiles directly. In parts of this investigation an estimate
of the magnetic flux density was made, based on the observed line-of-sight polarisation
signals. This was done using the standard magnetograph formula (Unno 1956). However,
this formula suffers from the assumption of a weak magnetic field, which is not fulfilled by
network magnetic elements and not even by all magnetic features in the internetwork (Lagg
et al. 2010). This formula also assumes certain atmospheric parameters to be constant,
such as the line-of-sight velocity and the magnetic field strength, which is not true for weak
quiet Sun Stokes profiles (Viticchié and Sánchez Almeida 2011). Therefore the magnetic
flux density value returned by the formula must be considered as an approximation only.
In addition, this analysis assumes that the magnetic feature is resolved, so that the flux
density is underestimated if this assumption is not fulfilled. The estimate of magnetic flux
of the feature should not be affected, however.
Several steps were taken to improve the Signal-to-Noise ratio and thus increase the number
of pixels above a given threshold. The entire investigation focussed only on the Fe I
6302.5 Å absorption line as it is a Zeeman triplet and has a larger Landé factor (g =
2.5) compared to the Fe I 6301.5 Å absorption line. It, therefore, is more sensitive to
weak magnetic fields. The total circular polarisation signal was calculated using M = 9
wavelength points around the central wavelength of the Fe I 6302.5 Å absorption line.
Vtot =

M
1 X
|V|.
M 1

(2.1)

The absolute value of the Stokes V signal was taken at each wavelength point to
account for the full polarimetric signal. The fraction of pixels displaying significant
circular polarisation, P sel (Vtot ), in an image could then be calculated. The average non-zero
rms noise of these profiles was removed from Vtot before being compared to a threshold.
The magnitude of the offset was calculated for each profile individually using wavelength
points located in the continuum of the spectrum.
Instead of using the individual Stokes Q and U profiles, the total linear polarisation, LP,
was calculated and is defined as,
p
Q2 + U 2
LP =
.
(2.2)
Ic
Although increasing the signal-to-noise ratio, this process meant that any information on
the azimuth of the magnetic vector contained in the polarisation signal was lost. Finally,
the LP profile of the Fe I 6302.5 Å line was integrated along the dispersion direction using,
LPtot =

M
1 X
LP.
M 1

(2.3)

The mean non-zero rms noise that arises in the calculation of LPtot was removed for each
of the M = 9 wavelength points before a constant linear polarisation threshold for LPtot
was set. Then P sel (LPtot ), the fraction of pixels selected on the basis of the above criteria,
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subjected to an 2x1 binning in the slit direction. Each contour encompasses a patch of at
least two pixels in size.
could be determined.
The fraction of pixels lying above this threshold is called the occurrence of the circular,
P sel (Vtot ), and of the linear, P sel (LPtot ), polarisation. Patches of linear polarisation were
analysed separately from those of circular polarisation. One reason for doing so was
due to the different locations on an arbitrary quiet Sun image where patches of different
polarisation appeared. Patches of strong circular polarsiation were almost exclusively
found in the intergranular lanes, whereas patches of linear polarisation preferred the edges
of granules (Lites et al. 2008; Ishikawa et al. 2008). Figure 2.3 is a typical quiet Sun image
used in this investigation with the contours showing regions with significant polarisation
signals (see caption for details).
The results presented in Sections 3 & 4 were obtained by setting a threshold of
Vtot = 0.3%(≈ 7σ) on the circular polarisation and LPtot = 0.095%(≈ 3σ) on the linear
polarisation, respectively. The same threshold was chosen for all images. Isolated pixels
that met a particular polarisation threshold were discarded, to prevent the selection of
pixels caused by noise spikes. This precaution decreased the number of selected pixels in
an image by 15%-20%, so that on average 11% of pixels in an image carried significant
circular polarisation and 3% significant linear polarisation. The exact values of the chosen
thresholds do not change the results significantly, as we learnt by trying out different values.
However, raising the value of the threshold for LPtot led to a rapid decrease in the number
of chosen pixels and thus to significantly poorer statistics, while for Vtot this is less of an
issue. However, small thresholds for Vtot compromised the patch size analysis presented in
the following sections by merging the many of the strong flux concentrations in an image.
Since our conclusions are not affected, descriptions of analyses employing higher or lower
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Results: circular polarisation

As outlined in Sect. 2 individual pixels in an image were selected on the strength of their
polarisation signal Vtot and LPtot . This value was calculated according to Eqs. 1 and 3 and
subsequently compared to a uniform threshold that was the same for all images. The Vtot
threshold of 0.3% corresponded to a polarisation signal of ≈7σ.
First the occurrence, P sel (Vtot ), of the circular polarisation was investigated both, before
and after the convolution of the original images with an artificial defocus. Fig. 2.4 shows
the variation of P sel (Vtot ) from the original images i.e. before the defocus correction. The
regression in this plot has a slope of −0.002 ± 0.005 [%/month]. and indicates that there
has been no significant change in the occurrence of Stokes V signals. Fig. 2.5 shows the
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Figure 2.6: Two distributions of the line-of-sight magnetic flux, Mx, found on the quiet
Sun. The solid line refers to a distribution from 2007, whereas the dotted line refers to
2010. The regression shows a power law fit to the 2007 distribution with spectral index
α = −1.82 ± 0.02.
occurrence of Stokes V signals at the same 0.3% threshold after each image was convolved
with an artificial defocus. As expected, the convolution has decreased the total number of
selected pixels per image, but still no significant trend is discernible as the fitted regression
has a slope of −0.001 ± 0.007 [%/month].
There is a noticeable scatter between individual images in both Figs. 2.4 and 2.5. Even
with the largest images included in this study the number of large network elements varied
considerably from image to image. The sudden increase in P sel (Vtot ) from images recorded
in 2012, when compared to 2010 or 2011, could be the result of magnetic flux from decaying active regions which are found ever closer to the disc centre as cycle 24 progresses.
A quadratic fit to Figs. 2.4 and 2.5 both show a quadratic coefficient of 0.0008 ± 0.0003.
However, the large variation in the number of network elements question the reliability of
these fits.
Possible year-to-year variations in P sel (Vtot ) that may be due to the solar cycle were
investigated further with the help of probability density functions (PDFs) for which Vtot was
converted to line-of-sight magnetic flux, Mx, using the magnetograph formula. The flux
values obtained by this formula were compared to those calculated by a Milne-Eddington
inversion for a single image recorded in 2007 and were found to be compatible with each
other. Distributions corresponding to each year of the investigation were produced by
/Users/davidbuehler/Documents/results/histo/Vpower
combining all the individual
images from each year. By comparing such PDFs we can
check if features with different amounts of flux all behave similarly or if e.g. larger flux
features behave differently.
Two PDFs are displayed in Fig. 2.6 on logarithmic scales. The magnetic flux values
shown on the x-axis correspond to flux per feature. The magnetic flux of a feature was
determined by the sum of the magnetic flux found in the number of pixels that were directly
connected to each other. A power law was fitted to each distribution using a least squares
minimisation technique. The power law takes the form, n(Φ) = n0 (Φ/Φ0 )α . The PDF for
2007, solid line, has a spectral index of α = −1.82 ± 0.02, with n0 = 1.68 × 10−35 Mx−1 cm−2
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Figure 2.7: Ratio of three line-of-sight magnetic flux distributions, 2009: solid, 2011:
dashed, and 2012: dot-dashed with respect to 2007 using Eq. 4. A solid y = 1 line has
been drawn for reference.
and Φ0 = 1.17 × 1017 Mx, shown by the regression in Fig. 2.6. The PDF for 2010, dotted
line, has a spectral index of α = −1.84 ± 0.03, where n0 and Φ0 are the same as in 2007
up to four decimal places. Both distributions have the same binning and were fitted over
the range from n0 up to 8.53 × 1018 Mx. Larger fluxes were not fitted as the number of
features carrying them was very small in each year. The uncertainty for each spectral index
was calculated by taking into account the uncertainty associated with every bin in the
distribution over the fitted range of fluxes. By varying the value of n0 for any distribution
the spectral index for that distribution was seen to vary from −1.73 to −1.90. However,
as long as the binning and fitted range were equal for each distribution, the variations
between the yearly power law indices had a significance of only 1σ or less. The indices
for the two distributions shown in Fig 2.6 agree well with the indices calculated by Parnell
et al. (2009) and Iida et al. (2012) using SOT/NFI, despite the differing feature selection
algorithms and magnetic flux calculation. The similarity between the yearly PDFs can
be demonstrated further with the help of a ratio between these distributions. The ratio
between two distributions was calculated using,
R=

1
K
1
N

PK
i
PN
i

fi20xx
fi2007

,

(2.4)

where f is the particular PDF of an image and both K and N correspond to the number
of images used in the PDFs for 20xx and 2007 respectively. The distribution corresponding
to 2007 was used as a ’benchmark’ against which other distributions were compared, as it
dbuehler/Documents/results/histo/Vpower
was composed of the largest images and hence enjoyed the best statistics. The ratios from
the distributions of the years 2009, 2011 and 2012 are shown in Fig. 2.7 and indicate that
up to fluxes of 1 × 1019 Mx the differences between the distributions are less than 1%, only
larger fluxes show differences > 1%. However, due to the small number of these large-flux
features the differences bear no statistical significance. Nonetheless, differences seen for
fluxes > 1 × 1019 Mx offer an explanation for the scatter observed in Figs. 2.4 and 2.5,
since the addition or removal of only one such feature causes a large effect in P sel (Vtot ) as it
is composed of a large number of pixels. Ratios involving 2008 and 2010 give essentially
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Figure 2.8: Two distributions of circular polarisation patch sizes. The solid line refers to a
distribution from 2007, whereas the dotted line corresponds to 2010. The regression is a
power law fit to the 2007 distribution with spectral index α = −2.20 ± 0.05.
the same result.
This can be illustrated further by generating yearly distributions of patch sizes present
on the quiet Sun. The two distributions shown in Fig. 2.8 on logarithmic scales correspond
to 2007 and 2010. The distribution for 2007, solid line, has been fitted using a power law
with spectral index α = −2.17 ± 0.04. The 2010 distribution, dotted line, is also shown in
Fig. 2.8 with spectral index α = −2.20 ± 0.05. The power laws in Fig. 2.8 were fitted over
the range from 1.39 arcsec2 to 37.28 arcsec2 . As was the case with the magnetic flux PDFs,
the yearly variations between the patch size PDFs is smaller than 1σ as long as the range
of the fit and the binning is the same for every distribution. The similarity between the
distributions is confirmed further by taking the ratio between them using Eq. 4. The three
ratios shown in Fig. 2.9 used distributions from the same years as in Fig. 2.7. It supports
the conclusion drawn from Fig 2.7 that larger patches in particular those > 1 arcsec2 are
mainly responsible for the scatter seen in Figs. 2.4 and 2.5. Also, the distribution of areas
drops much more rapidly than the area-integrated line-of-sight flux, illustrating that the
line-of-sight flux averaged over the patch increases quickly with patch size.

2.5

Results: linear polarisation

The linear polarisation was investigated along the same lines as the circular polarisation in
section 3. Individual pixels in an image were selected according to the strength of their
average total linear polarisation signal LPtot , calculated as described in Sect. 2. As was
the case with the circular polarisation a constant uniform threshold was set for all images
against which individual values of LPtot in each image were compared. The common
threshold used for the linear polarisation was 0.095%, which corresponds to a polarisation
signal at ≈3σ. The images were also analysed using higher thresholds for LPtot , but the
results presented in this section showed no significant dependence on the choice of LPtot .
Higher thresholds severely reduced the number of selected pixels, since the number of
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Figure 2.10: Fraction of pixels
containing linear polarisation, P70
a threshold
sel (LPtot ), above
5
12
of ≈3σ from November 2006 until May 2012 from the original60images. The solid line is a
quadratic fit with quadratic4 and linear coefficients of 0.0008 ± 0.0001 and
10−0.06 ± 0.01.
3 with increasing LP signal, much more rapidly than for V .
pixels drops off very rapidly
tot
tot
8
30

Therefore results for a2LPtot threshold other than 0.095% are
further in
20 not discussed
6
this section. First the variation in the occurrence, P sel (LPtot ), with respect to time was
10
investigated and is shown 1in Figs. 2.10 and 2.11.
4
The P sel (LPtot ) in the original unconvolved images is plotted0 in Fig. 2.10.
It shows that
2007 2008 2009 2010 2011 2012
2007 2008 2009 2010 2011 201
P sel (LPtot ) dropped by ≈30% from November
2006 until the beginning of 2010 followed
Time [Years]
Time [Years]
by an increase until May 2012. The quadratic coefficient of the fit in this plot has a value
of 0.0008 ± 0.0001, i.e. significant at the 8σ level. The minimum of P sel (LPtot ) took
place during the beginning of 2010, which is one and half years after the official minimum
(December 2008) seen in the Sunspot number. Fig. 2.11 shows the P sel (LPtot ) after each
image has been convolved. The convolution has completely removed the quadratic term
present in Fig. 2.10, demonstrating how thoroughly the contrast variation affects the
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Figure 2.11: Fraction of pixels containing linear polarisation, P sel (LPtot ), above a threshold
of ≈3σ after each images was convolved with an appropriate artificial defocus. The solid
line is a regression with a slope of −0.003 ± 0.003. The triple-dot-dash line shows the
smoothed sunspot number over the same period.

observed polarisation signal. The solid regression line in Fig 2.11 has a slope of -0.003
± 0.003 and suggests that P sel (LPtot ) has remained invariant throughout the period of
investigation. However, as was the case with the circular polarisation in Figs. 2.4 and 2.5
the average P sel (LPtot ) in 2010 and 2011 is lower than in 2007.
The decrease in P sel (LPtot ), suggested in Fig. 2.11, was investigated further by comparing
yearly PDFs of linear polarisation features. The linear polarisation of a feature was
defined as the sum of the linear polarisation signal of pixels that were directly connected
to each other. The distribution obtained from the data gathered in the years 2007, solid
line, and 2010, dotted line, are shown in Fig. 2.12. Again a power law of the form
n(LP) = n0 (LP/LP0 )α was fitted to each distribution using a least squares minimisation
technique. The power laws in Fig. 2.12 were fitted over the range 0.018LPtot to 0.207LPtot ,
where LP0 = 0.018LPtot and n0 = 7.83 × 10−17 Ic−1 cm−2 for the 2007 distribution and n0 =
6.51 × 10−17 Ic−1 cm−2 for the 2010 distribution. The spectral indices are α = −2.60 ± 0.06
for 2007 and α = −2.62 ± 0.09 for 2010. The uncertainties for each spectral index took
into account the uncertainties of each bin over the fitted range. Again the yearly variations
of the power law indices are within 1σ as long as the binning and the fitted range is the
same for each distribution. By varying n0 the spectral index of a given distribution was
seen to vary from −2.34 to −2.87. Even though the spectral indices of the two distributions
in Fig. 2.12 do not differ significantly from each other, a closer inspection shows that the
2010 distribution appears to be consistently lower in frequency across all bins. This can be
demonstrated more clearly by taking a ratio between the yearly distributions using Eq. 4.
The ratio between the 2011 and 2007 distributions plotted in Fig. 2.13, dashed line, shows
that linear polarisations features with LPtot > 0.0016Ic are consistently less frequent in
2011 than in 2007. However, at no point does this difference lie above a 1σ significance,
which corresponds to ≈ 4% over the range 1 × 10−3 - 1 × 10−1 Ic . The 2010 distribution
shows a similar ratio. All other ratios are centered around unity as is illustrated by the
two other ratios plotted in Fig. 2.13, where the solid line shows 2009 vs 2007 and the
dot-dashed line corresponds to 2012 vs 2007 ratio.
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Figure 2.12: Distributions of the linear polarisation, Ic , found on the quiet Sun. The
solid line refers to the distribution from 2007, whereas the dotted line refers to 2010.
The regression shows a power law fit to the 2007 distribution with spectral index α =
−2.60 ± 0.06.
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Figure 2.13: Ratio of three linear polarisation distributions, 2009: solid, 2011: dashed, and
2012: dot-dashed with respect to 2007 using Eq. 4. A solid y = 1 line has been drawn for
reference.
Finally, the yearly distributions of the linear polarisation patch sizes were examined
and each distribution was fitted using a power law. The 2007 distribution, solid line, and
2010 distribution, dotted line are shown in Fig. 2.14 on logarithmic scales. The spectral
/Users/davidbuehler/Documents/results/histo/LPpower
indices are α = −3.03
± 0.08 and α = −3.19 ± 0.12 for 2007 and 2010 respectively. The
power laws were fitted over the range from 0.61arcsec2 to 3.16 arcsec2 . As was the case in
Fig 2.12 linear polarisation patches in 2010 are less abundant than in 2007. This is also
evident when comparing the ratio between distributions using Eq. 4 shown in Fig 2.15. The
three ratios correspond to the same years as for Fig 2.13. The 2011 vs 2007 ratio, dashed
line in Fig 2.15 is below unity for all patch sizes greater than 0.052 arcsec2 , the same is
observed for 2010 vs 2007 ratio, not shown here. The difference has a significance of < 1σ
for patches > 0.268 arcsec2 but for smaller patches a significance of > 3σ is recorded. The
indices of the patch size power laws for Figs. 2.8 and 2.14 cannot be compared directly
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Figure 2.14: Two distributions of linear polarisation patch sizes. The solid line refers to a
distribution from 2007, whereas the dotted line corresponds to 2010. The regression is a
power law fit to the 2007 distribution with spectral index α = −3.03 ± 0.08.
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Figure 2.15: Ratio of three linear polarisation patch size distributions, 2009: solid, 2011:
dashed, and 2012: dot-dashed with respect to 2007 using Eq. 4. A solid horizontal line
indicating a unit ratio has been drawn for reference.
and should be interepreted with care as the power law index of such a distribution can be
altered merely by a change in the polarisation thresholds for Vtot and LPtot . Again, the
distribution of areas drops much more rapidly than the area-integrated LPtot , indicating
that LPtot averaged over the patch increases rapidly with patch size.

2.6

Discussion and conclusion

This investigation sought to clarify whether the number of weak magnetic elements found
in the quiet Sun varies with the global solar cycle. To this end 72 Hinode SOT/SP scans
of the quiet Sun covering a period from November 2006 until May 2012 were analysed.
Patches of circular and linear polarisation were analysed in a similar fashion but were
treated separately. Thus, the fraction of pixels with significant polarisation signals was
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considered vs. time and PDFs at different epochs of the spatially averaged longitudinal or
transverse field component were compared, as were PDFs of longitudinal or transverse
patch sizes.
We discovered that the fraction of pixels with circular polarisation, P sel (Vtot ), above the
threshold remained constant overall during the period of investigation. In particular, features with a line-of-sight magnetic flux < 1 × 1019 Mx showed little variation over time,
indicating that magnetic flux found in these features are predominantly governed by a
process that is independent of the global solar cycle. This process could take the form
of an independent local dynamo action operating close to the solar surface of at least the
smaller flux features (Ishikawa and Tsuneta 2009; Pietarila Graham et al. 2009, 2010;
Danilovic et al. 2010b; Lites 2011). However, there are also other mechanisms capable of
producing photospheric Zeeman signals without requiring flux emergence, such as U loops
(Pietarila et al. 2011) or the recycling of flux from decaying active regions and network,
i.e. flux produced by the global dynamo e.g. (Ploner et al. 2001). The fact that we find
no variation over time for this range of magnetic flux is supported by results obtained by
Ito et al. (2010) and Shiota et al. (2012) also using Hinode who see the internetwork in
the solar polar regions to be invariant with respect to the solar cycle. A study by Kleint
et al. (2010) using C2 molecular-line Hanle-effect data recorded since the solar maximum
of cycle 23 found some evidence to the contrary suggesting that the weak internetwork
flux may have a solar cycle dependence.
Possibly the good agreement of our results with those of Ito et al. (2010) and Shiota et al.
(2012) are coincidental due to the small field of view of most of the images employed,
particularly those from 2008 onwards. The majority of the images available after 2008
cover only an area corresponding to 2-3 supergranules in extend and there may be the
possibility that the internetwork magnetic field could vary considerably between supergranules. However, this appears to be of only minor importance within the frame of
this investigation. Since the images employed before 2008 cover a much larger area on
the solar disk, those large images should provide a better representation of the average
quiet Sun. If the variation in the internetwork magnetic fields changes strongly between
supergranules then the scatter in Figs. 2.4, 2.5 and particulary 2.10, 2.11 should change
measurably from before 2008 to after 2008. However, as the scatter in Figs. 2.5 & 2.11
appears to be constant over the whole period of investigation, it can be assumed that even
the small images available after 2008 are a reliable representation of the average quiet
Sun. Considering that Shiota et al. (2012) not only used images covering the polar regions
of the Sun but also employed images recorded at the east limb, near the solar equator,
lends further support to the idea that the agreement between their and our results is not
coincidental in nature.
Features with a magnetic flux > 1 × 1019 Mx show more variation over time and it is the
variation of these features that are mainly responsible for the scatter observed in P sel (Vtot )
in Figs. 2.4 and 2.5. An analysis of the patch size of these features revealed that they
occupy an area of > 2 arcsec2 . Whilst patches > 2 arcsec2 appear to be less abundant in
2010 and 2011 when compared to 2007, these variations are only significant at the 1σ level
and therefore cannot be used as evidence for a solar cycle dependence of our observed
magnetic flux. Nonetheless a significant variation in the number of these features may
well be possible and has been suggested by various authors (Harvey 1993; Hagenaar 2001;
Jin and Wang 2012). A time series extending more towards activity maximum may be
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required to see such variations. Furthermore, the distribution of the magnetic flux of these
features can be fitted using a power law over the range from 1.17 × 1017 Mx to 8.53 × 1018
Mx with spectral index, in 2007, of α = −1.82 ± 0.02. This results agrees well with the
results of Parnell et al. (2009) and Iida et al. (2012). The index of the power law fit does
not vary in time beyond a 1σ significance, at least for these quiet Sun features. The long
minimum of cycle 23 and the weak cycle 24 appear to be the culprit responsible for the
small variation in features with a line-of-sight flux > 1 × 1019 Mx seen in our investigation.
To what extend this unusually low activity may also have an impact on the internetwork
fields, and hence on our result, is not currently clear. Note, however, that the low activity
and extended length of this minimum are not unusual when considering longer term solar
activity (e.g., Solanki and Krivova 2011), so that our results may be applicable to typical
minima at times of intermediate solar activity.
The fraction of pixels containing significant linear polarisation, P sel (LPtot ), supports the
observation made using circular polarisation. There is no overall variation in P sel (LPtot )
over the investigated time period. This seems intuitive, since the small photospheric
loops that dominate the Stokes Q and U signals must have corresponding foot points
detectable in Stokes V (Danilovic et al. 2010a). Therefore a potential reduction in LPtot
should encompass a response in the circular polarisation as well. The distribution of linear
polarisation features can also be fitted with a power law with spectral index, e.g. in 2007
of α = −2.60 ± 0.06. As was the case with the line of sight flux the power law index of
the linear polarisation features does not vary in time beyond a significance of 1σ. The
distributions of linear polarisation features for the years 2010 and 2011 show that, for the
range 1 × 10−1 > LPtot > 1 × 10−3 , the frequency of features is consistently lower by 0.5%
when compared to 2007. This difference, however, was found to be insignificant for all
bins even when the bins in the distributions were increased.
The patch size distributions of the linear polarisation also showed a drop in frequency for
the years 2010 and 2011 when compared to 2007, in particular for patch sizes around 0.052
arcsec2 there was a drop of 20% at a significance of well beyond 5σ. What is surprising, is
that for the line-of-sight magnetic flux the patch size distributions show no variation when
compared to 2007. Also, the drop in the number of patches appears to have no significant
effect on the PDF of the linear polarisation features shown in Fig. 2.12.
It needs to be said that the results obtained in this investigation strongly depend on the
convolution performed on the images prior to their analysis. As was demonstrated in Figs.
2.5 and 2.11 the effect of a variation in the continuum contrast on the observed polarisation
signals is considerable. Indeed, should part of the quadratic behavior of the continuum
contrast shown in Fig. 2.1 be solar in origin and not caused by the temperature variations
aboard the spacecraft, the internetwork magnetic flux would inevitably show a similar
behavior. A certain amount of random continuum contrast variation is almost certainly
real, given that a variation in the network and internetwork should influence the number of
photospheric bright points (Muller and Roudier 1984; Riethmüller et al. 2010).
Future work will focus on monitoring the weak quiet Sun magnetic flux over longer time
periods in order to determine if the distribution of the quiet Sun magnetic flux continues to be invariant or whether the weak fields in the internetwork are affected as solar
activity rises towards the next maximum. However, this task will be challenging not only
by the continuing variations aboard the satellite, which in turn affect the polarimetric
measurements, but also by the comparatively low frequency with which the quiet Sun
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magnetic fields on disk centre are recorded by SOT/SP. This problem is compounded by
the fact that the solar activity is concentrated ever closer to the solar equator as cycle 24
progresses, making it difficult to ascertain the nature of the quiet Sun at the disk centre
during the activity maximum. Hence, it will be interesting to investigate to what extend the
Helioseismic and Magnetic Imager (HMI, Schou et al. 2012b,a) aboard the Solar Dynamic
Observatory (SDO) can follow internetwork magnetic flux. Its larger field-of-view is a
major advantage, which might overcome some of the disadvantages caused by its lower
spatial resolution. Since SDO was launched in 2010, it unfortunately missed the last
activity minimum, but will be an interesting instrument to follow solar flux in the future.
Nonetheless, the comparatively high spatial and spectral resolution of Hinode SOT/SP
and its ability to measure all four Stokes parameters, make it a very promising instrument
with which to continue investigating the internetwork magnetic field in such detail whilst
covering a period of time comparable to a solar cycle.
Table 2.1: Hinode SOT/SP images

Image
Date
1
2006 Nov 26
2
2006 Dec 19
3
2007 Feb 18
4
2007 Apr 17
5
2007 May 20
6
2007 Sep 10
7
2007 Oct 15
8
2007 Dec 21
9
2008 Jan 30
10
2008 Oct 22
11
2008 Oct 22
12
2008 Nov 19
13
2008 Nov 19
14
2008 Dec 17
15
2008 Dec 17
16
2009 Feb 17
17
2009 Feb 17
18
2009 Apr 11
19
2009 Apr 11
20
2009 May 20
21
2009 May 20
22
2009 Jul 28
23
2009 Jul 28
24
2009 Sep 01
25
2009 Sep 01
26
2009 Oct 05
27
2009 Oct 05

UT
X, Y1
13:14 −178, −56
11:35 −274, −1
03:20
−89, −1
15:04
−57, 1
16:43
−56, 1
07:20
−41, −1
17:21 −164, −1
00:20
−81, −1
23:34
−34, 35
07:14
−14, 24
08:14 −14, −124
03:40 −14, 130
04:10
−14, 0
04:34 −14, 134
05:43 −14, −35
22:34 −14, −31
23:34 −14, 131
18:05
−14, 0
16:20 −14, 120
18:42
−14, 88
19:07 −14, −88
15:29
−14, −5
14:07 −14, −204
20:58 −14, −11
21:48 −14, 111
16:04 −24, −29
16:54 −24, 108

Area 2
325 × 162
220 × 162
160 × 162
110 × 162
82 × 81
48 × 162
325 × 162
164 × 162
60 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
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Table 2.1: Hinode SOT/SP images

Image
Date
28
2009 Dec 21
29
2009 Dec 21
30
2010 Jan 28
31
2010 Jan 29
32
2010 Feb 23
33
2010 Feb 23
34
2010 Apr 29
35
2010 Apr 29
36
2010 May 31
37
2010 May 31
38
2010 Jul 03
39
2010 Jul 03
40
2010 Aug 31
41
2010 Aug 31
42
2010 Oct 07
43
2010 Oct 07
44
2010 Nov 11
45
2010 Nov 11
46
2010 Dec 12
47
2011 Jan 05
48
2011 Jan 05
49
2011 Feb 02
50
2011 Feb 02
51
2011 Mar 01
52
2011 Mar 01
53
2011 May 03
54
2011 May 03
55
2011 Jun 02
56
2011 Jun 02
57
2011 Jun 30
58
2011 Jun 30
59
2011 Aug 02
60
2011 Aug 02
61
2011 Nov 30
62
2011 Nov 30
63
2011 Dec 27
64
2011 Dec 27
65
2012 Feb 02
66
2012 Feb 02
67
2012 Feb 28
68
2012 Feb 28
69
2012 Mar 31
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UT
21:34
19:59
23:21
00:34
19:58
21:36
02:55
01:39
01:40
02:58
20:24
18:47
14:19
15:09
14:43
16:07
16:31
15:07
11:04
11:53
12:43
13:47
14:37
14:06
14:56
18:48
20:25
20:55
22:31
20:38
19:01
22:32
20:56
20:01
21:38
23:00
23:46
16:46
15:22
14:57
16:21
00:58

X, Y1
−24, 125
−24, −45
−30, 27
−30, 227
−30, −37
−30, 123
−30, 138
−30, −52
−22, −72
−22, 118
−19, 112
−19, −78
−14, −145
−14, 45
−25, −160
−25, 30
−25, 30
−25, −160
−85, −1
−26, −55
−26, 135
−26, −55
−26, 135
−14, −145
−14, 45
−30, −58
−30, 132
−20, −82
−20, 108
−18, 4
−18, −186
−21, 117
−21, −73
−24, −159
−24, 29
−24, 159
−24, −29
−28, 160
−28, −59
−27, −60
−27, 130
−27, −60

Area 2
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
160 × 162
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130
30 × 130

2.6 Discussion and conclusion
Table 2.1: Hinode SOT/SP images

Image
70
71
72

1
2

Date
UT
2012 Mar 31 02:34
2012 May 03 17:28
2012 May 03 19:05

X, Y1
−27, 130
−26, −62
−26, 127

Area 2
30 × 130
30 × 130
30 × 130

Commanded position, E,N arcseconds of disc centre. May vary from actual position.
X,Y arcseconds
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3 Properties of solar plage from a
spatially coupled inversion of
Hinode SP data
3.1

Abstract

The properties of magnetic features composing a plage region in the vicinity of a sunspot
were investigated at high spatial resolution. Stokes spectra of the 630nm line pair recorded
by the spectropolarimeter aboard Hinode were inverted using an extended version of the
SPINOR code. The code preformed a spatially coupled inversion of the Stokes spectra
using three log(τ) nodes in optical depth, allowing the retrieval of the height dependence
of physical parameters in each pixel of the data set, with the effect of the instrument’s
point spread function removed. No magnetic filling factors was employed. The analysis of
the inversion results reveals that the plage is composed of magnetic flux concentrations
(MFCs) with typical field strengths of 1490G at log(τ) = −0.9 and inclinations between
10o − 15o in all three log(τ) nodes. We stress that these results were obtained without
introducing a magnetic filling factor. The field strength in MFCs drops less rapidly with
height than expected from the zeroth order thin-tube approximation, but the expansion of
the magnetic field is in good agreement with the thin tube model. Whilst the gas inside
magnetic flux concentrations is typically at rest, the majority of MFCs were surrounded
by a ring of downflows with typical values of 1 − 3km/s. The MFCs expand by forming
magnetic canopies composed of weaker and more inclined magnetic fields. While the
temperature stratification of MFCs is consistent with an emperical model of plage flux
tubes. Within the downflow rings of MFCs small magnetic patches of weak opposite
polarity to that of the main MFC were identified, which are predominantly situated beneath
the canopy of the main MFC. Magnetic fields found close to the sunspot showed more
inclined fields and an azimuthal orientation either away or towards the spot depending on
their polarity. We found evidence for a strong broadening of the Stokes profiles in MFCs
(expressed by a microturbulence in the inversion). This indicates the presence of strong
unresolved velocities.

3.2

Introduction

In a typical active region on the solar disc three features can be identified most easily at
visible wavelengths: sunspots, pores and plages. Whilst sunspots and pores are defined
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by their characteristic darkening of the continuum intensity, plages appear brighter than
the surrounding quiet Sun mainly in spectral lines, or as faculae near the solar limb in
the continuum. It has been known since the work of Hale (1908) that sunspots and pores
harbour magnetic fields on the order of kG. Babcock and Babcock (1955) showed that
plage, too, is associated with magnetic fields, but it was only realized much later that it is
also predominantly composed of kG magnetic fields (Howard and Stenflo 1972; Frazier
and Stenflo 1972; Stenflo 1973).
The kG magnetic fields, or magnetic flux concentrations (MFCs), in plage are often considered to take the form of small flux tubes or sheets and considerable effort has gone
into determining their structure and dynamics in detail, see the review by Solanki (1993).
The convective collapse mechanism (Parker 1978; Spruit 1979) is thought to concentrate
the field to kG values (Nagata et al. 2008; Danilovic et al. 2010c), whereby the plasma
inside the tube is evacuated and the magnetic field is concentrated (Grossmann-Doerth
et al. 1998; Venkatakrishnan 1986). The diameter of an individual kG flux tube is expected
to be a few 100km or less. In the quiet Sun, diameters typically do not exceed 100km
necessitating an instrument with an angular resolution of 0.”15 or less to fully resolve
an individual flux tube (Lagg et al. 2010). Due to the comparatively small lateral size of
these flux tubes, they are commonly treated using a thin flux tube model (Spruit 1976;
Defouw 1976), where the lateral variation of the atmospheric parameters inside the tube is
smaller than the pressure scale height. 3-D radiative MHD simulations (Vögler et al. 2005)
give rise to magnetic concentrations with properties that are close to those of the thin-tube
approximation (Yelles Chaouche et al. 2009). More complex flux-tube models have also
been investigated (see Zayer et al. (1989) and refs. therein).
Despite their small size many of the general properties of flux tubes residing in plages
have nonetheless been determined by observations. This has been achieved by analyzing
the polarization of the light that is produced by the Zeeman effect in areas containing
magnetic field (Solanki 1993). Thus, e.g. Rabin (1992); Zayer et al. (1990) and Rüedi
et al. (1992) found, using the deep photospheric infrared Fe I 1.56 µm line, magnetic
field strengths of 1400 − 1700G, when taking into account that the magnetic field is not
resolved. Field strengths of around 1400G were obtained by Wiehr (1978) and Martínez
Pillet et al. (1997) by using lines in the visible such as the 630nm line pair, whilst values
of only 1000 − 1100G were found by Stenflo and Harvey (1985) with the 525nm lines,
which are formed higher in the photosphere. Finally, the Mg I 12.3 µm lines, used by Zirin
and Popp (1989) returned values as low as 200 − 500G in plage, which are fully consistent
with the kG fields observed in other lines (Bruls and Solanki 1995) due to the even higher
formation height of these lines.
The inclination of MFCs in plage was found to be predominantly vertical, with typical
inclinations of 10◦ , due to the magnetic buoyancy of the flux tubes (Schüssler 1986),
although MFCs with highly inclined magnetic fields were also found (Topka et al. 1992;
Bernasconi et al. 1995; Martínez Pillet et al. 1997). The azimuthal orientation of MFCs
was shown to have no preferred direction (Martínez Pillet et al. 1997) and form so called
’azimuth centres’, however Bernasconi et al. (1995) did find a preferred E − W orientation.
The potential existence of mass motions inside magnetic elements has been fueled by the
observation of significant asymmetries in the Stokes Q, U and particularly V profiles, in
both amplitude and area (Solanki and Stenflo 1984). However, Solanki (1986) showed that
within a magnetic element such as MFCs no stationary mass motions are present and only

48

3.2 Introduction
weak downflows of on average 200m/s can be observed. This result was confirmed by
Martínez Pillet et al. (1997) using a Milne-Eddington (ME) inversion. In particular, the
area asymmetries in the Stokes profiles are thought to result from the interplay between the
magnetic element and the convecting plasma in which it is immersed (Grossmann-Doerth
et al. 1988; Solanki 1989). Briand and Solanki (1998) showed that profiles of the Mg I b2
line can be fitted with atmospheres representing a flux tube expanding with height, containing no significant flows, whilst being surrounded by strong downflows of up to 5km/s from
the convecting plasma around it. This scenario is supported by magneto-hydrodynamic
simulations performed by e.g. Deinzer et al. (1984); Grossmann-Doerth et al. (1988);
Steiner et al. (1996); Vögler et al. (2005).
More recently observations at higher spatial resolutions have further confirmed this picture
(Rouppe van der Voort et al. 2005). Langangen et al. (2007) found, by placing a slit across
a plage-like feature, downflows in the range of 1 − 3km/s at the edges of the feature. Cho
et al. (2010) observed, using SOT/SP, that pores, too, are surrounded by strong downflows
in the photosphere.
The relationship between the magnetic field strength and continuum intensity of plage
was studied extensively by Kobel et al. (2011) and a clear dependence of the continuum
intensity on the magnetic field strength was found. Furthermore, the granular convection
in plage has an abnormal appearance in areas where plage is present (Title et al. 1989).
Morinaga et al. (2008) and Kobel et al. (2012) concluded that the high spatial density of the
kG magnetic fields causes a suppression of the convection process. Narayan and Scharmer
(2010) also found a convection pattern four times smaller than the normal granulation in
areas containing plage.
The expansion of MFCs has also been investigated. Pietarila et al. (2010) used SOT/SP
images at various µ-values and examined the change in sign of the Stokes V signal of
magnetic fields in the quiet network observed near the limb. The variations of the Stokes V
signal across the MFC was, with help of MHD simulations, found to be compatible with the
thin flux tube approximation. Martínez González et al. (2012) analyzed the Stokes V area
asymmetry across a network patch recorded with IMaX (Martínez Pillet et al. 2011) aboard
Sunrise (Solanki et al. 2010; Barthol et al. 2011) on the disk centre and found that the
internal structure of the large network patch was likely to be more complex than that of a
simple thin flux tube approximation. A similar conclusion concerning the internal structure
of plages was reached by Berger et al. (2004). Rezaei et al. (2007) also examined the
change of the Stokes V area asymmetry of a network patch situated at the disk centre using
SOT/SP and showed that it was surrounded by a magnetic canopy. Yelles Chaouche et al.
(2009) analyzed thin flux tubes and sheets produced by MHD simulations and concluded
that a 2nd order flux tube approximation is necessary to accurately describe the structure of
the magnetic features. Solanki et al. (1999) showed that the expansion of sunspot canopies
is close to that of a thin flux tube and further went on to show that the relative expansion of
all flux tubes is similar. It is the relative expansion of magnetic features that the remainder
of this section will focus on.
As illustrated by the above papers, which are only a small sample of the rich literature
on this topic, there has been significant progress in our knowledge of plage in the last
decade. Nonetheless, no comprehensive study of plage properties using inversions has
been published since the work of Martínez Pillet et al. (1997), which was based on 1”
resolution data from the Advanced Stokes Polarimeter (ASP). In the following sections we
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aim to both test and expand upon our knowledge of the typical characteristics associated
with plage using the results provided by the recently developed and powerful spatially
coupled inversion method (van Noort 2012) applied to Hinode SOT/SP observations. We
concentrate here on the strong-field magnetic elements and do not discuss the horizontal
weak-field features also found in active region plage areas (Ishikawa et al. 2008; Ishikawa
and Tsuneta 2009).

3.3

Data

The data set used in this investigation was recorded by the solar optical telescope (SOT/SP)
(Tsuneta et al. 2008b; Suematsu et al. 2008; Ichimoto et al. 2008; Shimizu et al. 2008)
aboard Hinode (Kosugi et al. 2007) on the 30th of April 2007, UT 18:35:18 - 19:39:53. The
region was scanned in normal mode with a total exposure time of 4.8s per slit position and
an angular resolution of 0.”3. All four Stokes parameters, I, Q, U and V, were recorded
at each slit position. The field of view contains a fully developed sunspot of the active
region (AR) 10953 with large areas of plage trailing it. During the observation the spot
was located in the southern hemisphere towards the east limb, −190X, −200Y, at µ = 0.97
(µ = cos(|θ|), where θ is the heliocentric angle). A normalized continuum image of the
investigated region used in the inversion is shown in Fig. 3.1. The data were reduced using
the standard sp_prep routine (Lites et al. 2008) from the solar software package, followed
by a bitshift correction of the four Stokes parameters.

3.4

Inversions

The region of the SOT/SP scan containing most of the plage was inverted using the
SPINOR code (Frutiger et al. 2000), which uses response functions in order to perform a
least-squares fitting of the Stokes spectra. It is based upon the STOPRO routines described
by Solanki et al. (1987). The SPINOR code was extended by van Noort (2012) to perform
spatially coupled inversions using the point-spread-function (PSF) of the SOT/SP. Such
spatially coupled inversions have already been successfully applied to Hinode SOT/SP
data of sunspots by Riethmüller et al. (2013); van Noort et al. (2013); Tiwari et al. (2013).
We employ the same PSF used by them, based on the work of Danilovic et al. (2008). The
size of the inverted area, corresponding to that shown in Fig. 3.1, is the largest that can be
inverted by the employed code in one go due to computing limitations. The inversion code
allows the recovery of thermal, magnetic and velocity stratifications, which are indicated by
the strengths, shapes and asymmetries present in the SOT/SP Stokes profiles (Solanki 1993;
Viticchié and Sánchez Almeida 2011; Stenflo 2010). These stratifications are recovered by
setting multiple nodes in log(τ) at which the various atmospheric parameters can be varied.
The functions of each atmospheric parameter with optical depth log(τ) are calculated
using a spline interpolation through the log(τ) nodes. These functions are then used to
solve the radiative transfer equation and the emergent spectra are fitted iteratively by a
Levenberg-Marquardt algorithm that minimizes the χ2 merit function.
The setting of the nodes in log(τ) is important in order to achieve a realistic atmospheric
stratification. With the help of response functions it is possible to determine the optical

50

3.5 Results
depths where the spectral line profile changes in response to a change in the atmosphere.
Three nodes were set at optical depths log(τ) = 0, −0.9 and −2.3 based on the response
functions of the 630nm line pair. The response functions were calculated for an atmosphere
simulating a plage pixel i.e. containing magnetic field of 2000G at log(τ) = 0 and
satisfying the thin-tube approximation at all heights. At each of the three chosen nodes the
temperature, T, magnetic field strength, B, inclination relative to the line-of-sight (los), γ,
azimuth, ψ, line-of-sight velocity, v, and micro turbulence, ξmic , were fitted, leading to 18
free parameters in total. We stress that no macro turbulence broadening was allowed and
a general µ-value of µ = 0.97 of the observation was taken into account when inverting.
Also, no magnetic filling factor was introduced in the inversion. The influence of straylight
from neighbouring pixels is taken into account properly by the code, while we assume that
each pixel is filled with the properties returned by the inversion code.
A problem affecting any inversion process is the possibility that the fitting algorithm finds
a solution that corresponds to a local minimum. This is particularly so if the initial guess
atmosphere for a pixel provided to the algorithm is far from the global minimum. In an
effort to ensure that the solution for each pixel of the inversion corresponds to the global
minimum, the inversion process was performed a total of four times with each inversion
performing 12 iterations. Save for the initial inversion each successive inversion used the
smoothed results of the previous inversion as an initial input, thereby ensuring that the
initial guess for each pixel is closer to the global minimum. After the fourth inversion
process the mean χ2 value of all the pixels could not be decreased any further as was
observed when the scan was inverted a successive time.

3.5

Results

In this section we describe the various results obtained with the inversion. First we give
a general overview of the output of the inversion followed by subsections dealing with
more specific points. Figures 3.1 & 3.2 provide an overview of the continuum intensity, the
magnetic field strength returned by the inversions (Figs. 3.2a-c) and the LOS inclination
of the magnetic field vector (Figs. 3.2d-f), i.e. the inclination relative to the line-of-sight.
Fig. 3.1 shows part of the sunspot’s penumbra and pores within the field of view to which
the inversion code was applied. Many of the pores in the figure are only a few pixels in
size as illustrated by the red contour line. However, Figs. 3.2a-c show that in terms of
magnetic field strength many pores, indicated by the black contour lines encompassing
pixels where Ic < 0.8hIc i, are indistinguishable from plages in the image and are often
entirely embedded in a larger magnetic feature. Figures 3.2d-f are also consistent with the
view that the transition from plage to pore and vice versa is a continuous and common
occurrence (Grossmann-Doerth et al. 1994; Berger et al. 2004). However, the aim of this
paper is to investigate the (time-independent) properties of plage, thus the pores in the
image are not discussed further.
Figures 3.2d-f show that most of the plage has the same, positive, polarity (shown in
blue). Only in the lower right hand corner of the field-of-view (FOV) can plage of the
opposite polarity be found (shown in red in Figs. 3.2d-f). The dominant polarity of the
plage is opposite to that of the sunspot. Between the plage of opposite polarities a polarity
inversion line (PIL) can be seen, stretching from approximately −212X, −245Y to −227X,
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Figure 3.1: Normalized continuum intensity image of the region in which the Stokes
profiles were inverted. Pixels where Ic < 0.8hIc i are enclosed by the red contour. The x
and y axes indicate the distance to the solar equator and central meridian, respectively.

52

3.5 Results
2000
ï100

a

b

c
1500

1000

Magnetic field, [G]

y [arcsec]

ï150

ï200
500

0

ï100

d

e

f
150

y [arcsec]

100

Inclination, a [deg]

ï150

ï200
50

0
ï250 ï240 ï230 ï220 ï210 ï250 ï240 ï230 ï220 ï210 ï250 ï240 ï230 ï220 ï210
x [arcsec]
x [arcsec]
x [arcsec]

Figure 3.2: a-c: The magnetic field strength retrieved by the inversion at log(τ) = 0, −0.9
and −2.3 from left to right. The colour scale given on the right is identical in all the three
images. d-f: The line-of-sight inclination of the magnetic field obtained by the inversion at
log(τ) = 0, −0.9 and −2.3 from left to right. All the three images share the same colour
scale. The black contour in all images encompasses pixels where Ic < 0.8hIc i.

53

3 Properties of solar plage
−210Y in Figs. 3.1 & 3.2. Hα images not shown here indicate the presence of a filament
along this PIL. The lower part of this filament is visible in Fig. 3.2 at log(τ) = −2.3 as
predominantly horizontal magnetic fields (Fig. 3.2f) of around 350G. The atmosphere
below the PIL is almost free of magnetic field (Fig. 3.2a). For a more detailed analysis
of this filament the reader is referred to Okamoto et al. (2008, 2009). Here we can add to
their findings that although the filament magnetic field reaches down into the photosphere,
it is largely restricted to layers more than roughly 200km above the solar surface. We
converted from optical depth to a height scale by assuming hydrostatic equilibrium and
the temperature stratification returned by SPINOR. The B value of 350G in the filament is
comparable (within a factor of 2) to the field strengths found in AR filaments by Xu et al.
(2010); Kuckein et al. (2012); Sasso et al. (2011) in the chromosphere sampled by the He
I 10830Å triplet. The azimuthal orientation of the magnetic field within the filament is
almost invariant across the whole filament, as expected, and makes an angle of 90◦ with
the radial orientation to the sunspot. Also, the orientation is almost parallel to the axis of
the PIL. This excludes the possibility that the filament could be a low lying part of the
sunspot’s canopy.
Figures 3.2a-c indicate that almost all magnetic features appear to expand quite significantly
with height. This suggests that many pixels contain magnetic fields only in the higher layers
of the atmosphere and form magnetic canopies. Therefore, all plage pixels were divided
into two populations: core pixels and canopy pixels. The core pixels were defined by a
positive magnetic field gradient with optical depth and an absolute magnetic field strength,
B, > 900G at log(τ) = 0. Pixels with B < 900G at log(τ) = 0 often had magnetic fields
< 100G at log(τ) = −2.3 and were therefore considered too weak to be counted as plage.
Results from a higher threshold at log(τ) = 0 merely reduced the number of selected pixels
but qualitatively did not differ from the results presented here. The canopy pixels were
defined by a negative magnetic field gradient with optical depth, i.e. an increasing field
strength with height, and an absolute magnetic field strength, B, > 300G at log(τ) = −2.3.
A threshold < 300G at log(τ) = −2.3 caused the selection of a large number of pixels
that were not directly connected to plage. These ’extra’ pixels were predominantly weak
horizontal magnetic fields found atop of granules in the few quiet Sun areas in Fig. 3.1.
These are likely related to the weak horizontal fields found in plage by Ishikawa and
Tsuneta (2009). All the pixels selected by the two thresholds had a Stokes Q, U or V
amplitude of at least 5σ, where σ = 1 × 10−3 Ic . Small pores embedded within plage
were discarded by setting an intensity threshold, Ic > 0.8hIc i. The location of core and
canopy pixels using these thresholds is illustrated in Fig. 3.3. The figure shows that the
canopy pixels surround the core pixels. The location of the filament is clearly seen as the
elongated canopy-like structure following the PIL. The sunspot’s canopy produces a grey
ring bordering the sunspot and forms loops between the sunspot and adjacent, opposite
polarity pores. Such a loop structure is located at approximately −215X, −200Y. The
sunspot’s canopy extends particularly far, as elongated finger-like structures at −210X,
−160Y. These fingers are presumably very low lying loops connecting the spot to the plage
elements. The clear division between these various magnetic structures is only possible by
applying the inversion code in 2D coupled mode.
Fig. 3.3 demonstrates the change in size of the MFCs when looking at different layers
in log(τ). However, not only the magnetic field changes with height but rather all the
parameter returned by the inversion show a height dependence. This can be illustrated by
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Figure 3.3: Image showing the location of core and canopy pixels using the definition given
in Sect. 3. Core pixels are shown in white and canopy pixels are coloured in grey. The
black areas contain weak magnetic fields that were not considered as belonging directly to
the plage.

55

0
ï240

6500

d

6000

1.5

5500

1.0
0.5

5000

0.0
ï243

4500
ï242
ï241
X [arcsec]

1.0
50

0.5
0.0
ï243

2.5
height [ïlog(o)]

2.0

ï242
ï241
X [arcsec]

100

ï240

2.0

0
ï242
ï241
X [arcsec]

5
4

1.5

3

1.0

2

0.5

1

0.0
ï243

0
ï242
ï241
X [arcsec]

ï240

5
4
3
2
1
0
ï1
ï2

c

1.5
1.0
0.5
0.0
ï243

ï240

e

2.0

2.5
2.0

ï242
ï241
X [arcsec]

50

1.5

0

1.0

ï50

0.5
ï242
ï241
X [arcsec]

Figure 3.4: A vertical slice through a typical MFC. The Y coordinate of this MFC is -154".
a-c: Magnetic field, LOS inclination and LOS velocity from left to right. d-f: Temperature,
microturbulence and azimuth from left to right.
examining a vertical cut through a MFC, as is depicted in Fig. 3.4. The log(τ) values for
all parameters at heights other than the three preset nodes were obtained by a cubic spline
interpolation between the nodes, which was also performed during the inversion process.
The figure already displays many of the features that will be investigated in more detail in
the following sections. The MFC in Fig. 3.4 is composed of nearly vertical kG magnetic
fields that are decreasing with height between −241X to −242X, whilst the feature is
expanding and is surrounded by strong downflows on either side near log(τ) = 0. Both the
temperature and the microturbulence are enhanced at mid-photospheric layers within the
MFC with respect to the surrounding quiet Sun. The feature lies between two granules,
which can be identified easily in the temperature image at log(τ) = 0. The pixel-to-pixel
variations seen in Fig. 3.4 sizeable, but statistically the results are quite robust, as Figs. 3.2
& 3.3 display.

3.5.1

Magnetic field strength

Figures 3.2a-c indicate that plage is composed of magnetic fields on the order of kG. This
is shown quantitatively by histograms of magnetic field strength in Fig. 3.5 using the
magnetic field thresholds defined in Sect. 3. Besides histograms of B of core plage fields
at each optical depth, the histogram of B of the canopy pixels at log(τ) = −2.3 is shown
as well. Histograms of the magnetic field strength for the canopy at log(τ) = 0 and −0.9
have been omitted as at these heights the atmosphere is similar to the quiet Sun. Fig. 3.5
shows that at log(τ) = −0.9 the magnetic field strength peaks between 1400G and 1500G
with an average value of 1490G. At this height the two Fe I absorption lines show the
greatest response to all the fitted parameters, making the results from this node the most
comparable to results obtained from Milne-Eddington (ME) inversions. Similar averages
of intrinsic magnetic field strengths for plages from inversions have been reported by
Martínez Pillet et al. (1997); Keller et al. (1990); Zayer et al. (1990) using absorption
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lines in the visible. Whereas these authors needed to introduce a magnetic filling factor
to obtain such high intrinsic0.4field strengths, our B values are obtained without a filling
factor. This, and the good agreement with the results of Rabin (1992); Rüedi et al. (1992)
obtained using the extremely0.3Zeeman sensitive Fe I 1.56 micron lines, demonstrates that
the combination of Hinode 0.2
SOT/SP data and the spatially coupled inversion technique
is capable of resolving most of the strong-field features in AR plage. As expected, the
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observed for core pixels at log(τ) = −2.3. The merging between individual plage features
to form larger continuous regions of magnetic field can be seen in a myriad of locations
in Figs. 3.2 & 3.3. However, a change in the distance between neighbouring MFCs can
lead to inhomogeneous magnetic field strength also above the merging height of the field
(Bruls and Solanki 1995).
The distribution of the canopy pixels indicated by the dashed line in Fig. 3.5 reveals that
B in the canopy is generally much weaker than in the core pixels. The distribution also
has no obvious cut-off save for the arbitrary 300G threshold, suggesting that the MFCs
keep expanding with height in directions in which they are not hindered by neighbouring
magnetic features.
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3.5.2

Velocities

Figures 3.6a-c show the LOS velocities retrieved by the inversion at the three nodes in
log(τ). The location of core pixels in the images are encompassed by the black contour
line. Outside the areas harbouring strong magnetic fields, the typical quiet Sun granular
convection pattern can be seen at log(τ) = 0 & −0.9. The LOS velocities in the top
node outline only traces of the stronger granules and display some similarities with
chromospheric observations, albeit with smaller velocity amplitudes.
Figures 3.6a-c qualitatively indicate that the plasma in the majority of core pixels is nearly
at rest in all log(τ) nodes. The lower two log(τ) nodes show that almost all the plages are
surrounded by a lane of downflows. This lane is so common in fact that many magnetic
features in Fig. 3.6 can be spotted based on this ring of downflows alone. The downflows
are clearly located at the edges of the MFCs as can be deduced from the blow-up of a small
part of the FOV plotted in Fig. 3.7. The downflows surrounding MFCs are often found
outside the area of strong magnetic fields, but, as Fig. 3.7 shows, some of the downflows
seem to be found within the magnetic elements, although all core pixels harbouring strong
downflows are located at the edge of their respective MFC. Hence, it is likely that the
narrow downflow lanes surrounding plages are not resolved properly. Therefore, the
downflows appear to be coinciding with strong magnetic fields, but are in fact separated
from each other. This result confirms the general lack of strong downflows found in plage
by Solanki (1986) and Martínez Pillet et al. (1997). At no point was a strong downflow
found at the centre of a MFC, which might have indicated at convective collapse taking
place.
A more quantitive picture of the LOS velocities in core pixels can be gained through
the use of histograms. Such histograms are plotted in Fig. 3.8, where the colour code is
identical to the one used in Fig 3.5. It follows from this figure that the plasma in the majority
of core pixels is nearly at rest. According to the histograms corresponding to log(τ) = 0 &
−0.9 some core pixels harbour strong downflows, which in isolated cases can reach LOS
velocities of up to 8km/s at log(τ) = 0. The majority of these large downflows, however,
take values of 1 − 3km/s, supporting the observation made by Langangen et al. (2007).
But recall that these downflows are located at the edges of the MFCs. The downflows
observed in the lower two log(τ) nodes give the LOS velocity distributions an asymmetric
appearance, which is supported quantitatively by the respective mean and median values
of the distributions. At log(τ) = 0 the mean velocity is 0.94km/s with a median of
0.63km/s, whereas at log(τ) = −0.9 the mean and median velocities are 0.37km/s and
0.27km/s respectively. The los velocity distributions of both the core and canopy pixels at
log(τ) = −2.3 are very symmetric and no longer show the strong downflows observed at
the other two nodes. The mean and median velocities are almost identical at 0.17km/s and
0.15km/s. This reduction supports the scenario that the downflows seen at the edges of
MFCs are due to the convection of the plasma surrounding the magnetic element. Some
of the core and canopy pixels show upflows of up to 1km/s, which were also observed by
Langangen et al. (2007). They are in most cases found within the MFCs and could be the
result of oscillations or other transient events occurring within MFCs. Weak downflows of
this order are also found in the bodies of the MFCs.
Figures 3.6d-f show the inclination the magnetic field in the observer’s frame of reference.
The plage display rather vertical orientations (blue), but a closer inspection of the images
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Figure 3.6: a-c: The line-of-sight (LOS) velocities retrieved by the inversion at log(τ) =
0, −0.9 and −2.3, from left to right. The velocity range is identical in all the three images.
d-f: The inclination of the magnetic field relative to the LOS, γ, obtained by the inversion
at log(τ) = 0, −0.9 and −2.3, from left to right. All the three images share the same colour
bar on the right. The black contours encompass pixels where B > 900G at log(τ) = 0 in all
images.

corresponding the the log(τ) = 0 & −0.9 nodes reveals that many MFCs are adjoint by
small patches with an inclination opposite to the MFC, red colour. Further examination
of Figures 3.6d-f reveal that these small opposite polarity patches are hidden beneath the
canopy of the main MFC with which they are associated. A typical example of such a
patch can also be seen in more detail at −231X,−153Y in Fig. 3.7. Field strengths of
the vast majority of these small opposite polarity patches have B < 100G at log(τ) = 0,
whereas the canopy above them has a field strength of at least 300G. This means that the
Stokes spectra of these pixels are dominated by the canopy. Only the deconvolved Stokes
profiles returned by the inversion, as displayed in Fig. 3.10, show a small polarity reversal
in the wings of the Stokes V profile.
Nonetheless a few pixels in these small opposite polarity patches have B > 100G at
log(τ) = 0. These pixel were analyzed further by producing histograms of their los
velocities. The histograms are depicted in Fig. 3.9 where only the distributions of the
lower two log(τ) nodes are shown, since the upper node no longer contains the reversed
polarity. Both the histograms in Fig. 3.9 demonstrate that these pixels are predominantly
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Figure 3.10: Stokes spectra of a typical canopy pixel harbouring a small opposite polarity
magnetic field at log(τ) = 0 and −0.9. The black spectra correspond to the original SOT/SP
observation, the red displays the spectra fitted by the inversion, and green shows the
resultant spectra after the spatial deconvolution.

located in downflows, which surround the plage features. The mean and median velocities
of these pixels at log(τ) = 0 are 1.55km/s and 1.29km/s respectively. At log(τ) = −0.9 the
mean and median velocities are 1.26km/s and 1.22km/s. The magnetic field strength of
the pixels is found to decrease with height essentially creating a field free region between
the small opposite polarity patch and the canopy of the main plage feature. Such small
opposite polarity features have been observed in magneto-hydrodynamic simulation of
flux sheets immersed in a convecting medium (Steiner et al. 1998; Vögler et al. 2005), and
indirect evidence was found in a network patch (Zayer et al. 1989), although the spatial
proximity to the MFC could not be established in that publication.
The weak magnetic fields found in the opposite polarity patches and the complete absence
of any polarity reversal in the original observed Stokes spectra suggest that observations
performed at a higher spatial resolution may be necessary to conclusively prove the
existence of these patches. However, the similarity with the results of 3-D MHD simulations
strongly supports our finding.
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Figure 3.11: a-c: Temperature at log(τ) = 0, −0.9 and −2.3, respectively. The black
contour lines encompass core pixels where B = 900G at log(τ) = 0.

3.5.3

Temperature

The inversion retrieved a temperature stratification for each pixel of the analyzed region.
The temperatures at each of the three log(τ) nodes is displayed in Fig. 3.11 for the same
FOV as in Fig. 3.6. Fig. 3.11a corresponds to the temperature at log(τ) = 0 and exhibits the
familiar granulation pattern. The positions of core pixels are revealed by the black contour
line in the image and show that they are predominantly found within the comparatively cool
intergranular lanes. Several pores and micropores of various sizes can also be identified in
this image based on their low temperatures. The largest of these pores is situated at −230X,
−165Y. Figures 3.11b & 3.11c display the temperatures found at log(τ) = −0.9 and −2.3,
respectively. Both images indicate the comparatively high temperatures found within
MFCs when compared to the quiet Sun at these heights. The temperatures at log(τ) = −2.3
furthermore not only reveal the comparatively hot MFCs but also a reversed granulation
pattern. Although pores no longer are cooler than the quiet Sun at log(τ) = 2.3, they do
remain less hot than the smaller MFCs.
The higher temperatures within MFCs at log(τ) = −0.9 and −2.3, when compared to the
quiet Sun, are also illustrated by the histograms in Fig. 3.12. At both those layers the
average temperature is around 300K higher within core pixels, with average temperatures
of 5690K and 5070K at log(τ) = −0.9 and −2.3 respectively, than in quiet Sun pixels
where the average temperatures at the same log(τ) heights are 5290K and 4780K. Fig.
3.12c also demonstrates that the average temperature in the canopy pixels at log(τ) = −2.3,
taking a mean value of 5000K, is similar to the temperatures of core pixels at the same
height. Only at log(τ) = 0 is the average temperature higher in the quiet Sun, at 6410K,
than in the core pixels, which have a mean temperature of 6270K. The temperature of
quiet Sun pixels located in downflowing regions, dash-dot-dot-dot histogram in Fig. 3.12a,
have a slightly lower mean temperature at 6240K than MFCs, which are also located
predominantly in downflowing regions. The cool tail of the MFCs is populated by pores.
The temperatures of quiet Sun pixels in upflowing regions, dash-dot histogram in Fig.
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The temperature stratification within core pixels was studied further, first, by taking the
ratio of the log(τ) = 0 and −2.3 temperatures. A histogram of these ratios is seen in the left
panel of Fig. 3.13. The average ratio for core pixels is 0.81 ± 0.02, which demonstrates
0.2
that the majority of core pixels have a very similar temperature stratification. The ratios
0.1
were then compared to the temperature ratio obtained from a plage flux tube model derived
0.0
by Solanki and Brigljevic (1992), which is shown by the dotted line in the left panel in
0
1
2Fig. 3.13.
3
4 temperature
5
The
ratio of the model, which has a ratio of 0.79, agrees reasonably
Microturbulence
[km/s]
well with the inversion results. A comparison between simulation results and the plage
3
4
5
flux tube model was carried out by Vitas et al. (2009), who found a good agreement. An
[km/s]
alternative thin flux tube model, aimed at modeling flux tubes in the network described
by Solanki (1986), has a ratio of 0.7 between the same log(τ) heights. The temperature
stratification of MFCs studied in this investigation significantly deviate from the network
model’s prediction.
The temperature stratification of the plage model of Solanki and Brigljevic (1992) along a
finer log(τ) grid is shown by the solid line in the right panel of Fig. 3.13. The dotted line
in the same panel shows the typical temperature stratification obtained from core pixels
by the inversion. Whilst quantitatively the model and inversion result agree quite well in
particular at the three log(τ) nodes, qualitatively there is an important difference between
the model and inversion result. The temperature stratification of the model has a notable
bend between log(τ) = −1 and −1.5, which is entirely absent from the inversion result.
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Figure 3.13: Left: Distribution of temperature ratios of the log(τ) = 0 and −2.3 layers of
all core pixels. The dotted line shows the same ratio obtained from the plage flux tube
model of Solanki and Brigljevic (1992). Right: The solid line shows the temperature
stratification of a typical core pixel obtained from the inversion. The dotted line follows
the the temperature stratification of an ideal plage flux tube model. The dashed line depicts
the temperature stratification of the HSRA.
However, such a bend can only potentially be reproduced by the inversion by employing at
least four nodes, which would in turn introduce extra free parameters.

3.5.4

Inclination & Azimuth

The inclinations of the magnetic field plotted in Figs. 3.2 and 3.6 are inclinations in the
observer’s frame of reference. Due to the small heliocentric angle (hθi = 13o ) a qualitative
picture of the inclinations of the various plage regions could still be gained from those
figures. However, a conversion of these inclinations to local solar coordinates is necessary
to find the inclination of the magnetic fields with respect to the solar surface.
The conversion of the inclinations and azimuths retrieved by the inversion to local solar
coordinates is not straightforward. Whilst the inclination of the magnetic field is uniquely
defined the azimuth on the other hand has an inherent 180◦ ambiguity (Unno 1956). Therefore, when converting to local solar coordinates one is forced to choose between one of
two possible solutions for the magnetic field vector.
Many codes, requiring various amounts of manual input, have been developed to solve
the 180◦ ambiguity, the reader is directed to Metcalf et al. (2006) and Leka et al. (2009)
for an overview. An additional challenge facing these codes is that they generally use the
output of an ME inversion as an input. The output of the ME inversion does not contain
any information on the change of the magnetic field vector over the formation height of the
inverted absorption line. The SPINOR code, however, provides this information, which in
turn allows the canopies of magnetic features to be identified as is shown in Fig. 3.3. The
azimuths retrieved by the inversion were spatially very smooth in all the nodes, indicating
that the azimuth was well defined in the regions containing magnetic fields.
The canopy pixels shown in Fig. 3.3 form continuous rings around the various cores. By
assuming that the magnetic field in each canopy pixel originates from the largest patch
of core pixels in its immediate surrounding, the direction of the magnetic field vector
of each canopy pixel could be determined unambiguously as long as the polarity of the
corresponding core patch was known. The polarity of a patch of core pixels could be
determine easily from their Stokes V spectra. In essence, the magnetic field vector of
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a canopy pixel would point towards a patch of core pixels if it had a negative polarity
and, in turn, away from it if the patch of core pixels had a positive polarity. This process
was repeated for each canopy pixel individually. Since the canopies of the various plage
features are greatest at log(τ) = −2.3, the magnetic field vector of the canopy pixels was
determined at this log(τ) height.
Once the magnetic field vectors of the canopy pixels were determined, the vectors of the
core could be determined using an acute-angle method. The acute-angle works by performing dot products, using the two possible vectors in an undetermined pixel, with those
surrounding pixels whose vector was already determined. The dot products corresponding
to each of the two possible solution were then summed. The vector associated with the
smallest sum was subsequently selected as the correct vector for that pixel. The pixels that
were surrounded by the largest number of determined vectors were given preference.
Now that the magnetic field vectors of both the canopy and core pixels at log(τ) = −2.3
are known, the vectors at log(τ) = 0 & −0.9 could also be determined. The now known
vector at log(τ) = −2.3 in each pixels was used to perform a dot products with the two
possible vectors in the next lower log(τ) layer. The vector with the smaller dot product
was subsequently chosen as the correct magnetic field vector. The 180◦ ambiguity of
the magnetic field vector at log(τ) = 0 & −0.9 was removed for only those pixels where
B > 700G in either layer. The resolution of all the vectors is entirely automatic and only
the definition of the core and canopy pixels for the initial input is manual, but followed the
definition given in Sect. 3. Also, no smoothing of the azimuths is performed at any point.
The converted inclinations and azimuths in local solar coordinates after the resolution of
the 180◦ ambiguity are plotted in Fig. 3.14.
Figures 3.14a-c show the resolved azimuths, ϕ, at all three nodes and several azimuth
’centres’ (Martínez Pillet et al. 1997) can be readily identified, best at log(τ) = −2.3. In
combination with Figures 3.14d-f it can be seen that most of the azimuth ’centres’ have
relatively vertical fields in their cores that become more horizontal towards the edges of a
magnetic feature. This picture is consistent with a magnetic feature expanding with height
in all directions. Such azimuth centers tend to be either relatively isolated features or large
ones. Most of the magnetic structures tend to be elongated, but show similar structure,
with the field expanding roughly perpendicular away from the long axis of the structure
over most of its length and directed radially away at the ends.
A more quantitive picture of the general inclinations of the core pixels can be obtained
through histograms, which are depicted in Fig. 3.15. The distributions of the inclinations
have their peak between 10◦ and 15◦ for all log(τ) nodes. This confirms earlier observations
by Topka et al. (1992); Bernasconi et al. (1995) and Martínez Pillet et al. (1997), who
found similar peak inclinations for plage. The mean inclination for each log(τ) layer is
21.9◦ , 18.4◦ and 23.0◦ with decreasing optical depth. The median values have a similar
progression with optical depth taking values of 18.9◦ , 16.7◦ and 21.4◦ respectively. Fig.
3.15 also shows that the canopy pixels are significantly more horizontal with a peak at
25◦ and a very extended tail reaching to 90◦ . The mean inclination for the canopy fields
is 39.1◦ with a median of 36.4◦ , which demonstrates quantitatively the more horizontal
nature of the canopy when compared to the core fields. The largest inclinations are found
at the edges of the canopies as expected for an expanding flux tube or flux sheet.
Fig. 3.16 shows the histograms of ϕ of core pixels. None of the four distributions
are homogeneous and show a consistent under-representation of the W and partly the N
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The azimuth distributions from plages found at the northern edge of the field of view show
a more homogeneous distribution, as expected. This supports the conclusion drawn by
Martínez Pillet et al. (1997), who found no preferred azimuth direction for plages. On the
other hand, Bernasconi et al. (1995) did find a preferred E − W direction for plages.
Fig. 3.16 also shows that the peak of each azimuth distribution is shifted with respected to
other distributions, suggesting that the direction of the magnetic field vector of individual
pixels in plages appears to rotate or twist. Although a solar origin of the twist cannot
be ruled out, it can very easily be an artifact of the inversion. A cross talk between the
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180of 1 − 2% from either Stokes I or V into Stokes Q and/or U could
Stokes
parameters
Azimuth difference [degrees]
reproduce the typical azimuth rotations returned by the inversion. An error in the line
damping parameters employed by inversion could also be the culprit. Therefore, we do not
attach any importance to this result.
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3.5.5

Magnetic field gradient

The change in the peak magnetic field strength in each of the coloured histograms in Fig.
3.5 indicates that the magnetic field strength of the core pixels decreases with height. This
was investigated further, first, by correlating the relative decrease, d, of the magnetic field
for each core pixel using,
B(log(τ) = −2.3)
d=
,
(3.1)
B(log(τ) = 0)
against Bz (log(τ) = 0), which is shown in Fig. 3.17. The dashed line in Fig. 3.17 shows
the d predicted by a thin flux model with Bz = 2000G at log(τ) = 0. The thin flux model is
identical to the plage model described in Solanki and Brigljevic (1992).
Fig. 3.17 shows that only magnetic fields above 2000G have a d closer to the thin flux
tube model, than weaker fields. The reduced gradient in B for these weak fields is likely to
stem from our definition of core pixels. The core pixels with weakest B are found at the
edge of their respective MFC and thus may already be partially part of the canopy, due to
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the limited spatial resolution. This would reduce the vertical field strength gradient, thus
increasing d. Furthermore, the small opposite polarity patches described in Sect. 4.2 could
reach right up to the edge of an MFC, allowing the possibility of two opposite polarity
magnetic fields to exist within a weak core pixel. The Stokes V signals from those two
fields would at least partially cancel each other, leading to a reduction in the retrieved B
value in the lower two log(τ) nodes and hence to an increase in d. Another possibility is
that the weak core pixels contain flux tubes which are not fully resolved by Hinode, in
particular in the lower two layers. The expansion of such an unresolved flux tube would
then take place primarily within the pixel, leading to a nearly unchanging B in all three
log(τ) nodes, i.e. a d close to unity. Even stronger fields display a d that is larger than
the thin tube value. Partly this has to do with the dense clustering of magnetic features
in many parts of the investigated plage, which does not allow the field to expand freely,
thus also reducing the vertical gradient of the field strength. Also, the gradient we derive is
likely a lower limit of the true gradient (see Sect. 4.6). We also draw attention to the fact
that the strongest fields in the inverted region belong to the small pores abundantly present
there (see Sect. 4.3). These pores are sufficiently large that their magnetic stratifications
are unlikely to follow the thin-tube approximation.
The inversion also returns a geometric scale for each pixel. However, the inversion process
only prescribes hydrostatic equilibrium within each pixel but, does not impose horizontal
pressure balance, in particular across pixels. Therefore, each pixel has an individual
geometric height scale,which can be off-set with respect to other pixels. This makes the
comparison of gradients in (e.g.) B between pixels with very different atmospheres difficult.
However, the core pixels found at the very centre of a plage feature, with B < 2000G
from Fig. 3.17, have very similar atmospheres to each other, allowing the estimation of
a common gradient in B. The gradient, ∆B, in the magnetic field of these core pixels is
−2.6 ± 0.5G/km between log(τ) = 0 and log(τ) = −2.3. This gradient is consistent with
the gradient calculated by Martínez Pillet et al. (1997) of ∆B = −3 ± 1G/km within one
σ. The ∆B from the inversion is also smaller than the gradient given by the thin flux tube
model, which takes a value of ∆B = −3.9G/km over the same interval in log(τ). This
discrepancy can be partly explained by the different magnetic field values at log(τ) = 0
between the model and the observation.
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3.5.6

Expansion of magnetic features with height

Fig. 3.2 and, in particular, Fig. 3.3 demonstrate that the magnetic features seen in the field
of view expand with height. Furthermore, Fig. 3.14 reveals that the magnetic features
generally expand in all directions and are not subjected to extreme foreshortening effects
or deformations, except due to other nearby MFCs. This raises the question of how close
this expansion is to that of a model thin flux tube. Several methods were tested to find a
robust measure of the change in size of a magnetic feature with height. The most obvious
method, the conservation of magnetic flux with height, was found to be unreliable to
estimate the expansion of the magnetic features. The LOS flux of a magnetic feature was
seen to increase by about 20% with height when taking the ’visible’ boundary as a rough
guide. This in turn led to a systematic underestimation of the true size of a feature when
magnetic flux conservation was taken as a criterion. This may partly be due to cancellation
of some of the Stokes V signal with that from the surrounding opposite polarity fields in
lower layers. Therefore, the change in size of a magnetic feature was estimated using a
method that was independent of magnetic field strength values returned by the inversion.
The systematic overestimation of the magnetic field at log(τ) = −2.3 by around 20%, when
compared to the other two log(τ) layers, also means that magnetic field gradient in the
core pixels, ∆B = −2.6 ± 0.5G/km, should be viewed as a lower limit only.
The expansion of the magnetic features was finally estimated the following way. At
log(τ) = 0 the size of a magnetic feature was arbitrarily defined by the number of pixels
that harboured a magnetic field of at least 900G. Then all the magnetic field values in the
log(τ) = 0 image were normalized by the maximum field strength in the feature and the
900G
ratio, rt , was calculated using rt = Bmax
. Each subsequent log(τ) layer above log(τ) = 0
(τ=1)
was in turn normalized by its own Bmax (τ) value. The expansion of a magnetic feature
B τ)
could then be tracked by the total number of pixels at a given log(τ) layer where Bmax( (τ) > rt .
Rather than track the expansion of a feature using only the three log(τ) nodes returned by
the inversion, the change of the magnetic field with height was tracked using a finer grid
of log(τ) layers, with a log(τ) increment of 0.1. This finer log(τ) grid was created using
the same spline interpolation between the three nodes as was used during the fitting by
the inversion procedure. The 300G threshold used to select canopy pixel in other parts of
this investigation was not imposed here in order to avoid an artificial obstruction of the
expansion. Finally, the relative expansion of a feature was calculated using,
r
A(τ)
R(τ)
=
,
(3.2)
R0
A0
where R is the radius of the flux tube at optical depth τ, R0 is the radius of the flux tube
at log(τ) = 0, A is the area of the fluxtube at optical depth τ and A0 is the area of the flux
tube at log(τ) = 0.
Seven isolated magnetic features were selected from the field of view. The number
of selected features is small since most magnetic features merge with other features at
log(τ) = −2.3 as is demonstrated in Figs. 3.2 & 3.3. The relative expansions of the seven
features that were selected are shown in Fig. 3.18. The solid line in Fig. 3.18 shows the
relative expansion of the 0th order thin flux tube plage model, described by Solanki and
Brigljevic (1992). All the dotted lines in Fig. 3.18 corresponding to the seven selected
magnetic features follow the expansion predicted by the plage model reasonably well.

69

Magnetic field gradient [G/km]

2.0
1.5
1.0
0.5
0.0
1.0
1.2
1.4
1.6
1.8
2.0
Relative distance from tube centre R(o)/R0

Magnetic field gradient [G/km

Canopy height [ïlog(o)]

3 Properties of solar plage
10
5
0
ï5
ï10
ï15
ï20
0

500 1000 1500 2000 2500
Magnetic field log(o)=0 [G]

Temperature [K]

Figure 3.18: The dotted lines
magnetic
10 show the relative expansions of seven isolated
6500
5 line shows the relative expansion of a zeroth order thin flux
features using Eq. 2. The solid
6000
0
tube model.
ï5
ï10

5500

As was the case in Sect. 4.3 the thin flux tube model for the solar network
did not fit
5000
ï15
the expansion of the observed
MFCs as well as the plage model shown in Fig. 3.18.
ï20
4500
Our result supports the conclusion
reached
by Pietarila
et al.3000
(2010) that ï2.5
small,ï2.0
intense
0
500
1000 1500
2000 2500
ï1.5 ï1.0 ï0.5
Optical depth [log(o)]
magnetic features in SOT/SP imagesMagnetic
can befield
modeled[G]as thin flux tubes. The reduced
relative expansion of the selected features above log(τ) = −2 when compared to the model
may be an indication of the merging of features limiting the expansion at those heights.
Another possibility is that a zeroth order model is not sufficient to describe the expansion
of the selected features, especially in higher layers (Yelles Chaouche et al. 2009). The
lateral variation of the magnetic field within the tube is no longer negligible in higher order
flux tube models (Pneuman et al. 1986).
log(o)=ï2.3

3.5.7

Effect of the sunspot

The majority of the MFCs show no obvious and conclusive influence of the sunspot’s
magnetic field, which stretches well beyond the spot’s visible boundary in the form of a
low-lying magnetic canopy (Giovanelli 1982; Solanki et al. 1992a, 1994). Therefore, they
behave like isolated magnetic features, at least in the photosphere. There are, however,
a few MFCs in the field of view where the influence of the sunspot can be seen in the
photosphere. The most striking of these features is located at −217X, −125Y in Figs. 3.2
& 3.3, where an extensive loop system can be identified. These loops have horizontal
fields and connect several pores with positive polarity to the negative polarity sunspot. The
magnetic field strengths found in this loop system can reach values as high as 1000G in a
few places. They confirm the existence of similar structures that were found by Lites and
Skumanich (1990) and Martínez Pillet et al. (1997) when studying plage, but reveal also
their fine-structure and show that they are suspended above the quiet Sun.
Plages close to the sunspot also posses highly deformed canopies, which are elongated
towards the spot if the plages have the opposite polarity of the spot. Such plages can be
seen at −220X,−170Y and their inclinations and azimuths are shown in Fig. 3.19. The field
in the core pixels of these MFCs is more inclined than average; compare with Fig. 3.15.
The mean inclinations of the field at the three layers from log(τ) = 0 to log(τ) = −2.3
are 31.1◦ , 32.3◦ and 35.1◦ , respectively. These average inclinations are around 10◦ larger
than for MFCs found further away from the spot. It is in particular the inclinations of the
canopy pixels in Fig. 3.19 that show the effect of the sunspot upon these magnetic fields.
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magnetic fields in between them and the spot, show a clear deformation of their canopy
and have inclination and azimuth distributions that either predominantly point towards or
away from the spot, depending on the polarity. The spot’s influence on the orientation of
magnetic features could be observed up to 20” away from the sunspot’s outer penumbral
boundary, provided there were no other magnetic features in between. Any magnetic
feature situated behind this ’first row’ of kG features is effectively shielded from the spot
in the photosphere and then behaves like an isolated magnetic feature, affected only by its
nearest neighbours.

3.5.8

Microturbulence

Holweger et al. (1978) found that both macro- and height independent microturbulent
velocities are required in order to fit profiles of photospheric spectral lines. Solanki
(1986) also needed both, a height independent micro- and macroturbulence to fit the width
of Stokes V profiles of plage accurately. The total rms turbulent velocities had typical
values of 1km/s to 3.5km/s in these fits, depending on the spectral line, in particular on
line strength. Zayer et al. (1989) found, using lines in the infrared, that rms turbulent
velocities between 3km/s and 3.5km/s were necessary to fit the observed profile shapes.
The dependence on spectral line strength suggests a height dependent turbulent velocity.
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Figure 3.20: a-c: The microturbulent velocities retrieved by the inversion at log(τ) =
0, −0.9 and −2.3 from left to right. All three images share the same colour scale. The black
contour encompasses pixels where B > 900G at log(τ) = 0 in all images.

Therefore, we carried out the inversions with a height dependent microturbulence, while
forcing the macroturbulence to zero. This approach turned out to give satisfactory fits to
the line profiles. Restricting ourselves to microturbulence alone is also in line with the
improved spatial resolution and stable observing conditions of the Hinode spacecraft. Any
remaining non-thermal broadening in the spectral line profiles is assumed to be caused by
unresolved velocities within the resolution element. A mixture of up- and downflows with
a large correlation length along the LOS is less likely at high resolution, than in the low
resolution data analyzed in the earlier investigations.
Figure 3.20 displays the microturbulent velocities, ξmic , retrieved by the inversion at the
three log(τ) heights. In all three panels areas with an increased ξmic are found to coincide
with areas of strong magnetic fields. In particular, Fig. 3.20b reveals that the greatest
microturbulence can be found not only in regions of strong magnetic field (B > 900G at
log(τ) = 0), but that they are preferentially situated at the edges of a magnetic feature,
forming a narrow halo around MFCs. A closer inspection of Fig. 3.20c reveals that
the same is true at log(τ) = −2.3, although the halo is less well marked at this height.
At log(τ) = 0 the picture is only partly similar. A large number of plage pixels have
microturbulent velocities of 5km/s irrespective of their location within the plage feature.
Nonetheless, the presence of a now more extended halo of large microturbulence around
the MFCs is unmistakeable.
In this inversion the upper limit for the microturbulence was set at 5km/s. If a higher upper
limit was set then microturbulent velocities of up to 9km/s were retrieved by the inversion
at log(τ) = 0. They were preferentially located near the edges of MFCs but hardly within
them.
Histograms displaying ξmic , found in core pixels, are shown on the left in Fig. 3.21. These
distributions can be compared to similar distributions depicting ξmic obtained from quiet
Sun pixels, plotted on the right in Fig. 3.21. The differences in ξmic between the quiet
Sun and MFCs, suggested in Fig. 3.20, are confirmed by the distributions in Fig. 3.21.
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Figure 3.21: Histograms of microturbulent velocities in core pixels, solid and the quiet
Sun, dotted, at log(τ) = 0, a, at log(τ) = −0.9, b, and at log(τ) = −2.3, c. The dashed
histogram shows the microturbulent velocities of canopy pixels at log(τ) = −2.3.

At log(τ) = 0 ξmic in the quiet Sun is on average slightly larger, with a mean velocity of
3.13km/s, than in MFCs, which have an average velocity of 2.84km/s. In higher layers the
micro turbulence in MFCs is significantly larger than in the quiet Sun. In MFCs the average
velocities are 1.94km/s and 1.33km/s at log(τ) = −0.9 and log(τ) = −2.3, whilst in the
quiet Sun the average velocities are 0.83km/s and 0.38km/s in the two layers, respectively.
Note that the canopy pixels require a similar microturbulence as the core pixels at the same
optical depth. Fig. 3.21 also reveals that there are many pixels in the quiet Sun which
require no microturbulent broadening at all, particularly in the upper two layers.
The microturbulence retrieved by the inversion does not necessarily imply the existence of
turbulence or unresolved convective processes taking place within the magnetic features.
It may point to unresolved waves in the MFC (e.g. surface waves could account for the
higher ξmic near the boundaries of the MFCs), or it may be due to unresolved horizontal
velocity gradients strongest at the boundaries. Another possibility may be, at least to a part,
a signal of jets produced by magnetic reconnection between the opposite polarity fields
found in this study. Although it cannot be completely ruled out that inexactitudes in the
damping constants of Fe I 6301.5Å and 6302.5Å (Anstee and O’Mara 1995; Barklem and
O’Mara 1997; Barklem et al. 1998) may contribute to the deduced ξmic . However, such
inexactitudes are unable to explain the excess in the ξmic in the magnetic features, since the
spectral lines are significantly weakened there, so that dampening becomes less important.
However, the microturbulent velocities presented here do agree with the results obtained
by both Solanki (1986) and Zayer et al. (1989) of excess turbulence in magnetic features.
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3.6

Discussion and Conclusion

In the preceding sections we sought to ascertain some of the characteristic properties of
the magnetic field in solar plage. The observed Stokes I, Q, U and V profiles from the
plage region observed by the SOT/SP aboard Hinode were analyzed using the SPINOR
inversion code (Frutiger et al. 2000), which was extended by van Noort (2012) to perform
a spatially coupled 2D inversion.
The inversion was able to retrieve and reproduce many of the characteristic properties
previously observed in plages. The typical magnetic field strength of magnetic flux concentrations (MFCs) in plage was found to be in the kG range and took a typical value of 1490G
at log(τ) = −0.9. Similar magnetic field values were found previously by Wiehr (1978);
Zayer et al. (1990); Keller et al. (1990); Rüedi et al. (1992); Rabin (1992); Lin (1995);
Martínez Pillet et al. (1997). These values are, however, somewhat larger than those found
using the Fe I 5250.2/5247.1Å line pair (e.g. Stenflo and Harvey 1985). The magnetic
field is found to drop more slowly with height than a thin-tube (zeroth order) model. This
may have to do with the fact that some magnetic features merge with neighbouring MFCs
already in the middle photosphere. Above the merging height B drops more slowly or not
at all (Pneuman et al. 1986; Steiner et al. 1986). The fact that a zeroth order flux tube is
too simple to describe a MFC (Yelles Chaouche et al. 2009) and expands more rapidly
than more realistic models may also contribute.
The LOS velocities obtained by the inversion show that the bulk of the magnetized gas
in MFCs is essentially at rest and shows only weak downflows on the order of 200m/s,
which agrees with the results of Solanki (1986); Martínez Pillet et al. (1997). Almost
all MFCs are surrounded by a ring of downflows, which can be readily observed at the
log(τ) nodes 0 and −0.9 in Fig. 3.6. These downflows can take values of up to 8km/s at
log(τ) = 0, but typical values are between 1 − 3km/s. Some of these downflows appear
to overlap with the magnetic field, which could be the signature of entrainment, or may
be a result of insufficient spatial resolution to cleanly resolve the magnetic boundary of
MFCs. Similar downflows at the edges of magnetic features were found by Rouppe van
der Voort et al. (2005) and Langangen et al. (2007). They are also compatible with the
downflows inferred from the modeling of Stokes V asymmetries (Grossmann-Doerth et al.
1988; Solanki 1989; Buente et al. 1993). These downflows are strongest at log(τ) = 0
and gradually weaken higher up in the atmosphere and have completely disappeared at
log(τ) = −2.3 suggesting that they are associated with the granular convection pattern.
However, very strong downflows are more common at the boundaries of MFCs than in
intergranular lanes far from plage.
Located in these downflow regions surrounding the MFCs we found small magnetic patches
of the opposite polarity from the main MFC which they adjoin to. These small opposite
polarity patches are only visible in the lower two log(τ) nodes, as shown in Fig. 3.6,
supporting the notion that they are intimately connected to the downflows in which they are
immersed. MHD simulations carried out by Steiner et al. (1998) and Vögler et al. (2005)
predict such patches in the vicinity of strong magnetic field concentrations. However, the
reversal of the Stokes V amplitude in the wings of the 630nm line pair are only seen in
the deconvolved profiles produced by the inversion. An additional complication is the
masking of these magnetic fields by the canopy of the main plage feature. The canopy has
a typical field strength of 300G or more at locations overlying such weak opposite polarity

74

3.6 Discussion and Conclusion
fields. The canopy thus produces a strong signal in Stokes Q, U and V, whereas the field
strength of the opposite polarity patch at log(τ) = 0 is barely stronger than 100G. This
also prevents the selection of these patches via a typical amplitude threshold in the Stokes
profile, so that we cannot completely rule out that even the magnetic fields > 100G are an
artifact of the inversion. The field strength of a small opposite polarity patch drops rapidly
with height, producing an essentially field free region between it an the magnetic canopy
above. Further observations performed with a higher spatial resolution are necessary to
ascertain the existence of these small opposite polarity patches. Such observations would
be particularly useful in the 1.56µm lines, due to their large Zeeman sensitivity and low
formation height. The 1.56µm data analyzed by Zayer et al. (1989), although of low spatial
resolution, provide some support for our results.
We have introduced a novel method for the resolution of the 180◦ azimuth ambiguity. It
makes use of the basic magnetic structure of MFCs and assumes that the divergence of
the magnetic field is close to zero. The MFCs have typical inclinations relative to local
solar coordinates between 10◦ to 15◦ in all three log(τ) nodes of the inversion, which agree
well with earlier inclination results found by Topka et al. (1992); Bernasconi et al. (1995)
and Martínez Pillet et al. (1997). The distribution of the azimuths shows a preference for
the eastern direction, which can be attributed to a LOS effect. MFCs located closest to the
disc centre in the field of view showed the most homogeneous azimuth distribution, which
supports the conclusion of Martínez Pillet et al. (1997) that in general MFCs have no preferred orientation. MFCs close to the sunspot did, however, display azimuth distributions
that were either predominantly directed towards or away from the spot depending on their
polarity. MFCs closest to the sunspot were found to have more inclined magnetic fields and
azimuthal orientations that either pointed towards or away from the spot depending on the
polarity. The canopies of these MFCs were also irregular and elongated. This demonstrates
that the sunspot has a direct impact on the properties of MFCs even in the photosphere.
The inversion was able to retrieve the locations of the magnetic canopies associated with
the magnetic elements. A canopy could be identified for almost all MFCs and larger
magnetic features as is demonstrated in Fig. 3.3. The canopy fields were found to harbour
weaker more horizontal magnetic fields with inclinations as high as γ = 80◦ and at least as
low as the 300G threshold at log(τ) = −2.3. The typical LOS velocities in the canopies are
identical to the los velocities found at the centre of a magnetic feature. Many magnetic
canopies were found to lie above essentially magnetic field free and quiet Sun regions. The
canopies found here agree with the model proposed by Grossmann-Doerth et al. (1988) for
the production of the Stokes V area asymmetry and the observational results presented by
Rezaei et al. (2007); Narayan and Scharmer (2010) and Martínez González et al. (2012).
All magnetic features were observed to expand with height and many isolated MFCs
merged to form expansive regions of magnetic field at log(τ) = −2.3. We therefore expect
that at least some of the magnetic features display a similarity to the wine-glass model
described by Buente et al. (1993).
The expansion of seven isolated MFCs was compared to the ideal expansion of a 0th order
thin flux tube model. The expansion of the selected magnetic features and the model
agreed well, supporting previous results reported by Pietarila et al. (2010). At the highest
inverted layers the field did expand somewhat less rapidly than in the model, however,
possibly due to magnetic curvature forces, or due to the interactions with other magnetic
features. We also compared the magnetic flux at different heights. Since we independently
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determine the gradient in B (in each pixel) and the expansion of the MFCs, which involves
comparing neighbouring pixels, ours is an independent test of the conservation of magnetic
flux with height. We find that the flux differs by only 20% between log(τ) = 0 and −2.3.
This difference may be due to some cancellation of Stokes V signal at log(τ) = 0 and −0.9
caused by the presence in these layers of fields next to the MFC with a polarity opposite to
that of the MFC.
Finally, the inversions worked well with a depth-dependent microturbulent velocity, allowing the macroturbulence to be set to zero. Particularly high values of the microturbulence
were found at the edges of the magnetic features, reaching values in excess of 5km/s at
log(τ) = 0. The typical microturbulent velocities in MFCs obtained by the inversion agree
with the results presented by Solanki (1986) and Zayer et al. (1989). This suggests the
presence of strong unresolved velocities within the magnetic features. Also, although their
amplitude decreases rapidly with height, ξmic is still at least a factor of 2 larger in the MFC
than outside in the upper two log(τ) layers. These large microturbulence values may be
telling us that the strong downflows at the edges of the MFCs are associated with vigorous
turbulent motions, or it may be a signature of surface waves travelling along the boundary
of the MFC. Finally, the microturbulence returned by the inversion code may be signalling
a strong horizontal velocity gradients e.g. across the boundary of MFCs such as with a
strong downflow outside and a weak one inside.
This investigation has demonstrated the value of the inversion technique developed by van
Noort (2012) for probing MFC forming solar plage. It has allowed us to test and confirm
independently a number of their properties, but has also uncovered new aspects, such as
the presence of weak opposite polarity fields around MFCs.
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4 Analysis of inversion based azimuth
rotation in plage across the solar disc
4.1

Introduction

This chapter decribes a direct follow-up investigation of the study presented in chapter 3.
In particular the distributions of the azimuthal orientation of the magnetic fields, presented
in section 3.5.4, warranted and required further investigation. The distributions indicated
that the azimuthal angles of the magnetic field were not constant but appeared to vary with
height, implying a rotation or twist of the magnetic field. In chapter 3 it was concluded
that this rotation is most likely an artifact of the inversion and not solar in origin. This
chapter focusses on why it is important to investigate the twist in solar magnetic fields and
on the tests performed to determine if the observed twists are indeed an artifact.
Hale (1927), studying Hα images, postulated a law now known as Hale’s helicity law,
which states: Independent of the solar cycle ARs in the northern solar hemisphere show an
anti-clockwise twist in the magnetic field whereas ARs in the southern hemisphere show
a clockwise twist (Richardson, R. S. 1941). In classical dynamo theory it is the Coriolis
force that imparts a helicity on rising magnetic flux tubes and also requires the reversal of
this helicity at the equator (Parker, E. N. 1955). The helicity of ARs and sunspots can be
estimated from the Bx , By and Bz components of the magnetic field derived from a potential
field extrapolation or vector magnetograms (Seehafer 1990). Pevtsov et al. (1995) tested
this law by studying magnetograms of 60 ARs recorded from 1988 − 1994 and showed
that ≈ 70% of ARs follow Hale’s law. The helicity was found to reach its maximum at
latitudes 10o − 15o , while the helicity tends towards zero at the solar equator and poles.
Nonetheless significant deviations from this rule are common. Abramenko et al. (1996)
found studying ARs, using vector magnetograms, that 90% of them possess a significant
helicity and in their case ≈ 80% of ARs followed Hale’s rule. Choudhuri et al. (2004)
used the Babcock-Leighton dynamo model to suggest that the deviations from Hale’s law
may have a cycle dependence. Tiwari et al. (2009) on the other hand found, using Hinode
SOT/SP images of ARs, that most ARs at the end of cycle 23 did not appear to follow
Hale’s law, and Pevtsov et al. (2008) reported that large data set is needed to reliably
determine the helicity in a hemisphere at a given time.
Whilst the previous studies either investigated whole ARs or examined large sunspots,
other authors have studied the dynamics of individual thin flux tubes, covering a fraction
of an arcsecond in extent, to infer a potential twist in their magnetic field. Since the
lateral extent of these features is usually of the same order as the telescope resolution,
the helicity of these features is difficult to determine from polarimetric measurements
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alone. Therefore, the helicity is inferred by proxy whereby the dynamics of the tube are
analyzed using a local correlation method or direct tracing (Brandt et al. 1988; Bonet et al.
2008, 2010; Balmaceda et al. 2010). Many flux tubes are caught in vortex flows, which
occur at the boundaries of granules and supergranules where the cool plasma sinks into the
solar interior (Attie et al. 2009). Any flux tube immersed in such a vortex would have its
magnetic field wound up and twisted (Wedemeyer-Böhm et al. 2012). However, unlike
ARs, the vortices at these granular boundaries should have no hemispheric dependence,
since they are essentially a local phenomenon.
Recent simulations of thin flux tubes have also shown vortices to exist at the interface
between the tube and the surrounding magnetic field-free plasma (Moll et al. 2011). Moll
et al. (2012) further showed that these vortices are capable of heating the upper photosphere
and chromosphere. However, their small size means that they cannot be spatially resolved
with current solar telescopes.
Based on the works cited in this section it is clear that detection of twisted magnetic fields
on the solar surface would be neither controversial nor unheard of. However, the direct
measurement of helicity derived from Stokes Q, U and V would be new and would offer a
new way of measuring the magnetic helicity in features smaller than sunspots.

4.2

Data and Inversions

The data sets used in this investigation were recorded by SOT/SP (Tsuneta et al. 2008b;
Suematsu et al. 2008; Ichimoto et al. 2008; Shimizu et al. 2008) aboard Hinode (Kosugi
et al. 2007). All the ARs were scanned in normal mode with an exposure time of 4.8s
per slit position and an angular resolution of 0.”3. All four Stokes parameters, I, Q, U
and V, were recorded at each slit position. Active regions scanned in 2006 and 2007 were
recorded using a dual beam set up, whereby both polarisation states of the Stokes Q, U
and V parameters were recorded simultaneously. From 2008 onwards SOT/SP operated
in a single beam mode where the polarisation states of the Stokes Q, U and V parameters
were obtained one after the other. This change in the operational setup was necessitated
by a loss of telemetry of the satellite from 2008 onwards. Due to the stable observing
conditions experienced by SOT/SP, the depreciation of the polarimetric data inflicted by
this change is minimal. The variation in the Stokes I rms contrast with time and its effect
on the polarisation signals, described in Chapter 2, was not compensated for. Unlike
the weak polarisation signals studied in Chapter 2, which are very susceptible to small
variations within the satellite, the polarimetric signals studied in this investigation were
far larger. All the polarimetric signals considered in this investigation had a Stokes Q,
U or V amplitude of at least 5σ or more, making the effect of the temperature variation
upon the polarisation signals within the satellite negligible. The data were reduced using
the standard sp_prep routine (Lites et al. 2008; Lites and Ichimoto 2013) from the solar
software package, followed by a bitshift correction of the four Stokes parameters.
All the SOT/SP images were inverted by the SPINOR code (Frutiger et al. 2000), which
was extended by van Noort (2012) to perform a spatially coupled inversion of the Stokes
spectra. The inversion procedure used for each AR was identical to the one described in
Chapter 3. Apart from AR 10953, which had log(τ) nodes set at 0, −0.9 and −2.3, all the
other ARs were inverted with log(τ) nodes 0, −0.9 and −2.5. The quality of the fits to the
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observed spectra brought about by this change in the placement of the upper log(τ) node is
minimal since the contribution function of the 6300Å line pair changes only marginally
between log(τ) = −2.3 and −2.5.
The data employed in this investigation is listed in Table 4.1. The images used cover
active regions from cycles 23 and 24 in both hemispheres on the solar disc. The images
belonging to cycle 23, recorded in 2007 and 2008, were located predominantly in the
southern hemisphere due to a lack of activity in the northern hemisphere during that time.
Sometimes an active region was recored several times on different days as it moved across
the solar disc. These multiple recordings of the same active region offered the opportunity
to analyze the potential change in twist in an active region with respect to time. One
image used in this investigation contained only network magnetic fields and quiet Sun and,
therefore, did not belong to an active region.
Table 4.1: SOT/SP twist analysis images

Image
Date
1
2006 Dec 03
2
2007 Jan 09
3
2007 Jan 31
4
2007 Mar 01
5
2007 Mar 10
6
2007 Apr 30
7
2007 May 18
8
2007 May 20
9
2007 Dec 13
10
2009 Dec 28
11
2010 Jan 26
12
2010 Sep 16
13
2010 Oct 26
14
2011 Apr 19
15
2011 Nov 28
16
2011 Nov 30
17
2011 Dec 06
18
2012 Feb 18
19
2012 Jul 31
20
2012 Sep 01

1
2

Hemisphere
S
S
S
S
S
S
N
N
S
S
S
S
N
N
N
N
S
N
S
N

µ1
0.89
0.69
0.96
0.98
0.99
0.97
0.97
0.97
0.94
0.86
0.94
0.89
0.95
0.93
0.92
0.96
0.88
0.81
0.81
0.99

Active Region
10930
10933
10940
10944
10953
10956
10956
10978
11039
11041
11106
11117
11193
11358
11361
11363
11419
11536
11560

Twist2
50◦
10◦
40◦
40◦
30◦
50◦
15◦
15◦
30◦
25◦
50◦
60◦
45◦
35◦
30◦
20◦
40◦
40◦
20◦
10◦

µ = cos(|θ|), where θ is the heliocentric angle
Average twist according to Eq. 4.1, all twists are clockwise twists
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Figure 4.1: Normalised Stokes V image of AR 10953 recorded by Hinode SOT/SP on the
30th April 2007 at UT 18:35:18.

4.3

Twist in AR 10953

This section examines both the inclinations and azimuths of the magnetic fields found in
plage of AR 10953 presented in section 3.5.4. A Stokes V image of the AR, recorded by
Hinode SOT/SP, can be seen in Fig. 4.1. The AR presents a complex arrangement of both
polarities at the time of the observation. Fig. 4.2 shows the azimuths and inclinations of
some of the magnetic flux concentrations (MFCs) belonging to this AR. The 180◦ azimuth
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Figure 4.2: Top row: The resolved local solar coordinate corrected azimuths, ϕ, at log(τ) =
0, −0.9 and −2.3 from left to right. North is up and corresponds to an angle of 90◦ . West
is to the right and corresponds to an angle of 0◦ . Bottom row: The local solar coordinate
corrected inclinations, θ, of the magnetic field after the azimuth ambiguity resolution at
log(τ) = 0, −0.9 and −2.3 from left to right. The inclinations and azimuths of pixels with
B < 300G at log(τ) = −2.3 and B < 700G at log(τ) = 0 & −0.9 are shown in white.
ambiguity was removed and all the inclinations are relative to the normal on the local solar
surface. The definitions of core and canopy employed in chapter 3 are carried over into
this investigation. In summary a core pixel must have a magnetic field strength, B, of
at least 900G at log(τ) = 0 as well as a negative magnetic field gradient with height. A
canopy pixel has a B of 300G at log(τ) = −2.3 and a positive ∆B with height. At all times,
the pixels used in the following analysis have a Stokes Q, U or V amplitude of at least
5σ, where σ = 1 × 10−3 Ic . By selecting both the core and canopy pixels, histograms of
their azimuth distribution at each log(τ) height can be produced. The plot on the left in
Fig. 4.3 shows the azimuth distributions for core pixels and canopy at log(τ) = −2.3. All
the pixels had the same polarity and excluded pores. The distributions of the core pixels
show not only a preferred orientation, which is a LOS effect, but also the peak of each
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Figure 4.3: Left: Histograms of ϕ found in positive polarity plage. The three coloured
0.4
histograms
were obtained using core pixels, where red refers to log(τ) = 0, green shows to
log(τ)
0.3= −0.9 and blue refers to log(τ) = −2.3. The dashed histogram shows ϕ of canopy
pixels at log(τ) = −2.3. The dotted line represents a homogeneous distribution. Right:
0.2
Azimuth difference calculated using Eq. 4.1.
0.1

distribution
is shifted with respect to each other. The relative shift between these peaks
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This was investigated further by calculating the azimuth difference, dϕ , separately for each
pixel where,
dϕ = ϕlog(τ)=−2.3 − ϕlog(τ)=0 .
(4.1)

6

180

Since the peak of ϕ at log(τ) = −0.9 lies between the other two histograms the definition
of dϕ appears reasonable. The dϕ values from the core pixels were compiled in a histogram
and are shown by the solid distribution in the right plot in Fig. 4.3. The peak of the
distribution is not centred around zero, which indicates that the azimuthal direction of the
magnetic field vector in plages changes with height. A simple Gaussian fit to the solid
distribution gives hdϕ i = −31◦ ± 4◦ , shown by the solid vertical line in the right plot in Fig.
4.3, and standard deviation σ = 86◦ ± 4◦ . The Gaussian fit confirms the twist indicated
in the left plot in Fig. 4.3. However, it is important to remember that the core pixels are
composed of predominantly vertical fields, as Fig. 4.2 demonstrates. Therefore, the Stokes
Q and U profiles tend to be weak, which in turn makes ϕ unconstrained (Unno 1956). If
the twist is to be given any credibility it needs to be present in pixels with strong Stokes Q
or U profiles as well.
Core pixels with a Stokes Q or U amplitude of at least 5σ were selected and their dϕ
was computed. The resulting histogram is shown by the dotted distribution in the right
plot in Fig. 4.3. The distribution was once again fitted by a simple Gaussian and yields
hdϕ i = −49◦ ±4◦ and σ = 57◦ ±4◦ . This shows that when rigid constraints are applied to the
Stokes Q and U profiles the twist does not vanish but rather becomes better defined. When
even higher Stokes Q or U thresholds are set, progressively only values of dϕ clustered
around −50◦ remain.
The apparent twist was analyzed further by looking at plages of the opposite polarity
found around −220Y and −215X in Fig. 4.1. The ϕ of core pixels found in this region are
shown on the left plot in Fig. 4.4. Once again, the peaks of the distributions are shifted
with respect to each other, suggesting that the azimuthal direction of the magnetic field
vector is rotating. Notably though, the rotation appears to be in the opposite sense to the
one shown in the right plot in Fig. 4.3.
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Figure 4.4: Left: Histograms of ϕ found in negative polarity plage. The three coloured
0.4
histograms
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0.3= −0.9 and blue refers to log(τ) = −2.3. The dashed histogram shows ϕ of canopy
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opposite sense of rotation is illustrated further by computing the dϕ of these core
0
1 histogram
2
3on the 4right in5 Fig. 4.4 shows the distribution of all the core
pixels. The
solid
Microturbulence
[km/s] corresponds again to those core pixels with a 5σ
pixels, whereas the dotted histogram
Stokes Q or U amplitude. Both distributions were fitted by simple gaussians and the solid
distribution has hdϕ i = 23◦ ± 3◦ and σ = 52◦ ± 3◦ , whereas the dotted histogram yields
hdϕ i = 21◦ ± 3◦ and σ = 40◦ ± 3◦ . Importantly, setting a more stringent Stokes Q or U
threshold does not significantly decrease the apparent twist.
Figs. 4.3 & 4.4 present the following coherent picture concerning the twist in the magnetic
field. There appears to be an overall clockwise twist in all the plage analyzed here. The
apparent counter-clockwise in Fig. 4.4 twist is to be expected for fields in a scenario where
a (idealistic) cylinder of magnetic fields bearing a clockwise twist is bent in order to loop
back on itself.
A common way to express the twist in a sunspot is the twist parameter α where Bα = ∇ × B
(Seehafer 1990). The parameter α is positive (negative) when a clockwise (counterclockwise) twist is present in the magnetic field. Following Tiwari et al. (2009) we
estimate the twist using a ’global’ twist parameter, αg , where,
αg =

Σ(∇ × B)z Bz
.
ΣB2z

(4.2)

For the core pixels with a Stokes Q or U amplitude > 5σ we find αg = 6.5 × 10−8 m−1 for
plages with positive magnetic polarity and αg = 8.7 × 10−8 m−1 for plages with negative
polarity in the field of view. This confirms the clockwise twist inferred from Figs. 4.3
& 4.4 and corresponds to a positive helicity. Furthermore, previous αg measurements for
sunspots Tiwari et al. (2009) finds typical values between 1 × 10−7 m−1 and 1 × 10−9 m−1 .
The αg values calculated for the plages support Hale’s helicity law (Hale 1927) and are
in agreement with Pevtsov et al. (1995); Abramenko et al. (1996) who showed that the
majority of active regions follow this law. However, care must be taken when evaluating
the significance of the αg , since the (∇ × B)z term in Eq. 2 was calculated along a constant
log(τ) surface rather than a constant geometrical height as Eq. 2 requires. In order to
minimize this source of error, the αg values were calculated at log(τ) = −2.3. Also the
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An immediate question to the results presented in this section is whether the twist is
introduced by accident during the azimuth ambiguity removal routine. This concern was
tested for and Fig. 4.5 shows the azimuths of the same core pixels as used in Fig. 4.3 but
the azimuth ambiguity has not been removed. The figure demonstrates that the ambiguity
removal routine does not introduce the twist, nor does it appear to alter the hdϕ i in the
plages. Also, the apparent anti-clockwise twist in Fig. 4.4 was discernible in the azimuth
ambiguous distributions (not shown here). Since the azimuth removal routine is based
on an acute angle method which seeks to minimize the difference between neighbouring
vectors, it would by default attempt to minimize any twist present in the data. Fig. 4.5
proves this initial assumption to be correct since the magnitude and direction twist is left
unchanged by the azimuth removal routine. From this it was also concluded that it was not
necessary to resolve the azimuth in order to be both able to discern the existence of a twist
in plages and its direction (clockwise or anti-clockwise).
The results presented in this section indicate that there is a twist in the magnetic fields in
plage. The fact that this twist is present across many different individual MFCs making up
the plage further suggests that the twist is unlikely to be due to a local solar effect, such
as granular vortices. The clockwise direction of twist agrees with Hale’s law and the αg
values retrieved agree well with the values obtained by Tiwari et al. (2009), suggesting
that the inversion is indeed capable of retrieving the twist in magnetic fields directly from
the Stokes spectra.

4.4

Twist in ARs across the solar disc

The results obtained in Sect. 4.3 caused an investigation aimed to both determine whether
a twist can also be found in other ARs inverted by SPINOR and if so, whether the twist
has a hemispherical dependence in accordance with Hale’s law. The data sets used for this
section are listed in Tab. 4.1. In total 12 data sets found in the southern hemisphere and 8
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Figure 4.6: Continuum image of AR 10956 recorded by Hinode SOT/SP on the 18th May
2007 at UT 12:00:07. The red contour encompasses areas where Ic < 0.8hIc i.
data sets from the northern hemisphere were investigated, covering the end of cycle 23 and
the beginning of cycle 24.
A continuum image of AR 10956 used in this investigation is shown in Fig. 4.6. The AR
emerged at the end of cycle 23 and was therefore located very close to the solar equator.
In fact one of the pores of the AR is situated below the solar equator. Nonetheless, using
Stokes V it was possible to determine that this AR belonged to the northern hemisphere.
Fig. 4.6 displays a very complex penumbral structure and some of the penumbral filaments
appear to curl, indicating that there may be a global twist in the magnetic field. There were
several other ARs listed in Tab. 4.1 that had a similar complex structure as the one shown
in Fig. 4.6.
The magnetic fields in plage regions of every AR listed Tab. 4.1 were selected based on
the same selection criteria used in Sect. 3 in order to make the results comparable. All
the ARs showed twisted magnetic fields, which proved that the twisted magnetic fields
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threshold of 5σ in either the Stokes Q or U amplitude was imposed prior to the selection
of the pixels. This demonstrates that, similar to the plage in AR 10953, the twist in plage
of the ARs was not the result of poorly constrained azimuths due to weak Stokes Q or
U signals. Not all ARs had the peak of their azimuth distribution around 50◦ , but were
spread between 10◦ to 60◦ , see Tab. 4.1. The largest azimuth difference peak values were
generally found in those ARs belonging to cycle 23, such as Fig. 4.5.
While the majority of ARs studied here were observed close to the disc centre, AR 10933
was observed at µ = 0.69. As a result the MFCs belonging to plage were very inclined with
respect to the line of sight. The twist in the unresolved azimuth of these inclined magnetic
fields was very weak, peaking at 5◦ . The reduction of azimuthal twist with decreasing µ is
expected, since for small µ values Stokes Q and U measure the inclination of the magnetic
field rather than its azimuth in the instrument’s reference frame.
However, even though all MFCs found in plage in the ARs listed in Tab 4.1 show twisted
magnetic fields, they all possess a clockwise twist and never show an anticlockwise twist.
This clearly speaks against Hale’s law and has, as a consequence, given weight to the
notion that an artifact of the inversion or a residual effect in the measured Stokes parameters
might be responsible for the twist.

4.5

Cross talk

In this section we investigate whether a residual cross talk between the measured Stokes
parameters could be responsible for inducing a twist in the inversion results. A cross talk
between the Stokes parameters can occur easily, since many optical components within the
satellite can alter the polarization of the incoming light. These effects are typically taken
into account during the data reduction process by applying the telescope calibration model.
The azimuth distributions in Figs. 4.3 & 4.4 display an apparent clockwise and an
anticlockwise twist, respectively. For Fig. 4.3 the Stokes V polarity was positive whilst for
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Figure 4.9: Stokes I cross talk in core plage pixels from AR 10953 with a correlation
coefficient of r = 0.2.
Fig. 4.4 Stokes V was negative. This Stokes V dependence of the apparent twist direction is
common among all the investigated ARs and might suggest a cross talk between Stokes V
and Stokes Q and U. Such a Stokes V dependence could be caused by the leaking of some
Stokes V signal into the Stokes Q and U measurements. A clear correlation between the
strength of the twist and the strength of the Stokes V signal should therefore be observed.
Fig. 4.8 displays a scatter plot between the Stokes V amplitude in core pixels and their
azimuthal twist for MFCs found in the plage of AR 10953. The correlation coefficient of
this plot is merely 0.1 and suggests that the twist is independent of the Stokes V amplitude.
Another potential cross talk source that could induce the observed twist is from Stokes
I. The azimuth angle of the observed magnetic field is calculated from the ratio between
the Stokes Q and U measurements. In order to obtain a twist, the Stokes Q and U ratio
within an absorption line must have a wavelength dependence. A cross talk from Stokes
I could induce such a wavelength dependence in the Stokes Q and U ratio due to the
characteristic shape of the Stokes I profile. Fig. 4.9 displays a scatter plot between the
Stokes I line depth of core pixels and their twist. The correlation coefficient is only 0.2,
indicating that there is no relation between the Stokes I line depth and the observed twist.
The correlations shown in Figs. 4.8 & 4.9 were also performed by weighting the Stokes V
and I signals with the linear polarisation for each pixels first. However, no improvement in
the correlations coefficients was achieved. Although both Figs. 4.8 & 4.9 argue against the
cross talk being the culprit for the observed twist in core pixels, we decided to perform
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Figure 4.10: Black line shows the synthesized Stokes profiles of a plage-like atmosphere
and red line depicts fitted spectra using SPINOR.

another test to conclusively rule out the possibility of a cross talk.
The SPINOR inversion code is based on the STOPRO routines (Solanki 1987), which
perform a forward calculation. By providing STOPRO with a (solar) atmosphere, it can
calculate the emergent Stokes profiles produced by the atmosphere assuming LTE. We
proceeded by supplying STOPRO with a plage-like atmosphere based on the atmospheres
calculated by SPINOR for AR 10953. The ideal emergent Stokes parameters of this plagelike atmosphere can be seen in Fig. 4.10. The black line shows the original synthesized
spectra and the red line displays spectra fitted by SPINOR. The atmosphere employed
here is already comparatively complex for it contains a gradient in the LOS velocity,
the magnetic field and the microturbulence. The asymmetries in the emergent Stokes
spectra are effected by these gradients. The atmospheric parameters at log(τ) = 0 for this
atmosphere were a magnetic field strength of 1600G, an inclination of 20◦ , an azimuthal
orientation of 0◦ , LOS velocity of 1.1km/s, a microturbulence of 1.3km/s and a temperature
of 6000K. For this particular atmosphere both the inclination and azimuth did not vary
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Figure 4.11: Black line shows the synthesized Stokes profiles of a plage like atmosphere
with a cross talk from Stokes I to Stokes Q. A noise of 1 × 10−3 Ic has been added as well.
The red line depicts the fitted spectra using SPINOR.

with log(τ). Other plage-like atmospheres with a varying degree of complexity were tested
as well, however, the results obtained from these atmospheres are similar to the ones
presented in the remainder of this section and are, therefore, not discussed further. A
common trait between all the tested atmospheres was the invariance of the azimuth with
height.
The spectra in Fig. 4.10 were then progressively altered by adding various cross talks to
either Stokes Q or U, or both from Stokes I or V. A noise of 1 × 10−3 Ic was also added to
every spectrum to simulate a Hinode SOT/SP observation. After a cross talk was added to
the spectra they were inverted using SPINOR. The inversion setup including the placement
of the log(τ) nodes was identical to the setup used for Sects. 4.3 & 4.4, the only difference
being that only one pixel was inverted at a time. By comparing the atmospheric parameters
of the initial synthesized atmosphere with the atmosphere retrieved by SPINOR, we could
reliably determine if and how much of a cross talk was necessary to produce a twist in the
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azimuth with height.
A large number of ARs studied in this Chapter showed average azimuth twists in their
magnetic field of 30◦ , with one AR having an average of 60◦ . Therefore, it was decided
that a cross talk must be able to reproduce a twist of at least 30◦ in the magnetic field for it
to be a possible source for the observed azimuth twist.
The analysis revealed that every type of cross talk is capable of producing the observed
twist, be it Stokes I into Stokes Q and/or U, or Stokes V into Stokes Q and/or U. A cross
talk between Stokes Q and U was also able to produce the required twist. An example of
Stokes I cross talk into Stokes Q producing a 30◦ twist can be seen in Fig. 4.11. The black
line in all four spectra shows the artificial observation with the added cross talk and the red
line shows the SPINOR fit to the spectra. The typical non-zero off set in the continuum
produced by a Stokes I cross talk was removed in Stokes Q and U prior to the inversion. A
typical example of a Stokes V cross talk into both Stokes Q and U is shown in Fig. 4.12.
Again the added cross talk is able to produce a 30◦ twist in the azimuth. The significance
of the black and red spectra is identical to Fig. 4.11.
Figs. 4.11 & 4.12 confirm the assumption that a cross talk is capable to reproduce the
observed azimuth twists, however, in both cases a large cross talk of 1% of the Stokes
V profile was necessary. The size of these cross talks is too large to be credible and
in particular Fig. 4.12 displays clear Stokes V-like spectra in both Stokes Q and U.
Furthermore, the fits by SPINOR to the Stokes Q and U spectra are poor. If such a large
Stokes V cross talk would affect the observations then Fig. 4.8 should have shown a clear
correlation. A 1% cross talk from Stokes I is similarly unlikely since it would produce
a large Stokes Q or U signal in all quiet Sun areas, which is not observed. Whilst we
have shown that a cross talk can produce a twist in the magnetic field, the large cross talk
required to achieve the necessary twist makes a cross talk as the source of the observed
twist unlikely.

4.6

Absorption line damping

The widths of photospheric absorption lines such as the 6300Å line pair are affected by
several physical processes, which cause them to broaden. When an observed spectrum is
fitted by an inversion code such as SPINOR, it is important to take these processes into
account accurately to retrieve reliable atmospheric parameters. By simultaneously fitting
several absorption lines, a cross talk between these various line broadening mechanisms
can be constrained. The most familiar broadening mechanisms, discussed so far, are the
broadening due to the Zeeman effect as well as the microturbulence, both of which are free
parameters within the inversion and thermal broadening.
However, there are further quantum mechanical effects, which can cause a line to broaden
and in the case of solar absorption lines collisions between the emitting atom and neutral hydrogen is the dominant effect (de Jager and Neven 1970). The cross section, σ,
determining the strength of this interaction needs to be supplied to the inversion. As a
first approximation σ can be estimated using a van der Waals interaction, however, for
the transitions Fe I transitions used here, this approximation yields cross sections which
are too small by a factor of 2 (Omara 1976). The cross sections used by SPINOR are
taken from Anstee and O’Mara (1995); Barklem and O’Mara (1997); Barklem et al. (1998)

90

4.6 Absorption line damping
x=15 y=12
0.8

I

0.7

0.6

0.5
0.02

Q

0.01
0.00
ï0.01
ï0.02
0.02

U

0.01
0.00
ï0.01
ï0.02
0.15
0.10

V

0.05
0.00
ï0.05
ï0.10
ï0.15
6301.0

6301.5

6302.0
Wavelength [Å]

6302.5

6303.0

fitted
observed
/data/slam/home/buehler/spinor/xfits/ps/inverted_atmos.x0015y0012.ps

Figure 4.12: Black line shows the synthesized Stokes profiles of a plage like atmosphere
with a cross talk from Stokes V to Stokes Q and U. A noise of 1 × 10−3 Ic has been added
as well. The red line depicts the fitted spectra using SPINOR.

who employed the more elaborate ABO theory characterizing the interaction. The cross
sections were calculated for a relative collision velocity of 104 m/s and then scaled for other
relative collision velocities using an exponent α in the form of v−α , where v is the relative
velocity. The broadening of the absorption lines by this process affect the wings of the lines
disproportionately, which could in turn produce an artificial twist in the magnetic field. In
the attempt to minimize χ2 , SPINOR may use a free parameter such as the magnetic field
to compensate for an erroneous line damping parameter.
For the two Fe I transitions studied here σ takes a value of 847a.u. for 6302Å and 832a.u.
for 6301Å according to Anstee and O’Mara (1995); Barklem and O’Mara (1997); Barklem
et al. (1998), where a.u. ≈ 2.8 × 10−17 cm2 , the Bohr radius squared. The red lines in Fig.
4.13 show a fit the to synthesized plage-like atmosphere, black lines, where σ was changed
by 100% from those given by (Anstee and O’Mara 1995; Barklem and O’Mara 1997;
Barklem et al. 1998), with 6301Å having σ = 100a.u. and 6302Å with σ = 1500a.u.. The
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Figure 4.13: Black line shows the synthesized Stokes profiles of a plage like atmosphere
with altered σ for each line. A noise of 1 × 10−3 Ic has been added as well. The red line
depicts the fitted spectra using SPINOR.
twist in the magnetic field resulting from these changes in σ amount to 10◦ , which is too
small to account for the on average 30◦ twist observed for some ARs. Furthermore, the
implied uncertainty of 100% in σ far outstrips the uncertainty of around 10% estimated
by Anstee and O’Mara (1995) for their calculated cross sections. Other σ values were
also tested but generally yielded twists of < 10◦ and are therefore not discussed further.
Changes to α also did not reproduce the necessary twist.

4.7

Other tests

A series of further tests were carried out to discern a potential non solar origin of the
observed twist in the magnetic fields. All of the tests described in this section were found
to be incapable of producing the observed twist.
When a SPINOR inversion is started each free parameter is given an initial value from
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which to converge to the solution. A free parameter such as azimuth angle can be poorly
constrained when some of the Stokes profiles are noise dominated. The returned solution
for such a parameter after the inversion can then strongly depends on the initial values
given. In order to test if the observed twist is merely the result of the initial input values
each pixel was given the exact opposite twist as its input. It was found that such an
initialized inversion was able to retrieve the clockwise twist direction described in sect.
4.3, demonstrating that the twist is well constrained.
The SPINOR inversion procedure performs a spatial deconvolution between neighbouring
pixels using the Hinode SOT/SP PSF. However, the PSF employed is calculated from the
instrument’s specifications prior to launch and thus may not be identical to the actual PSF
of SOT/SP. The sensitivity of the SPINOR solution to the employed PSF was tested by
performing several inversion using PSFs with different amounts of added artificial defocus.
The inversion results including the twist were negligibly affected by various the PSFs.
An earlier version of SPINOR did not perform a deconvolution of neighbouring pixels
using the SOT/SP PSF but rather used a local straylight approximation (Orozco Suárez
et al. 2007), whereby every profile had a straylight profile subtracted from it before it
was inverted by SPINOR. It was found that the twist was also present in inversion results
obtained using this version of SPINOR.
Furthermore, we tested if a change in the placement of the three log(τ) nodes affected the
observed twist. In particular, the placement of the highest node was changed, ranging
between log(τ) = −2 to −2.5. The lowest node was always kept at log(τ) = 0 to obtain a
good fit for the continuum. The middle node was kept at either log(τ) = −0.9 or −0.8 since
the contribution functions for the 6300Å line pair have their maximum over this range.
The observed twist displayed no dependence on the placement of the log(τ) nodes over the
considered log(τ) ranges.

4.8

Conclusion

In this chapter we conducted an investigation into the apparent twist observed in magnetic
fields in plage indicated by SPINOR inversion results. The inversion results analyzed in
chapter 3 suggested that magnetic fields in plage in AR 10953 may posses a twist, but it
was unclear whether this twist was conforming to Hale’s helicity law or whether magnetic
fields in other ARs inverted using SPINOR would show a similar behaviour.
Our initial investigation focussed on the magnetic fields in AR 10953 and we showed that
both polarities of the magnetic field possess an overall clockwise twist, which is in good
agreement with Hale’s helicity law. Following Tiwari et al. (2009) we also calculated the
global twists parameter αg for the magnetic field in plage, which was in good agreement
with αg values obtained by Tiwari et al. (2009) for sunspots and also indicated an overall
clockwise twist. Whilst the inversion results allows us to determine the twist in magnetic
fields for each pixel individually by comparing different log(τ) layers, the αg parameter is
calculated from the curl in the magnetic field in a single log(τ) layer across all selected
pixels. Based on these encouraging results we proceeded to analyze magnetic fields in
other ARs.
We analyzed a further 19 ARs located in both the northern and southern hemispheres all
of which were recorded by Hinode SOT/SP and subsequently inverted by SPINOR. All
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the ARs were found to have twisted magnetic fields located in areas of plage, even though
the average twist varied between 10◦ to 50◦ . However, all of the ARs displayed an overall
clockwise twist and showed no reversal of the twist at the solar equator predicted by Hale’s
law and confirmed by Pevtsov et al. (1995); Abramenko et al. (1996) using magnetograms.
This lack of agreement with Hale’s helicity law strongly suggested that an instrumental or
inversion based error might be responsible for the observed twists.
A series of tests were conducted in order to find a likely non-solar source for the observed
twist, starting with an analysis examining a potential cross talk between the measured
Stokes profiles. Even though no correlations were found between the twist and, both, the
measured Stokes I or V amplitudes, we generated synthetic Stokes profiles of a plage-like
atmosphere, containing a magnetic field with no twist, and added cross talks to Stokes Q
and/or U from Stokes I or V before inverting the artificial profiles using SPINOR, to see
if a cross talk could produce the necessary amount of twist. It was quickly realized that
cross talks were indeed capable of producing a twist of 30◦ , but cross talks of 1% were
considered too large to be credible, which ultimately excluded them as the source of the
observed twists.
Another considered source of the twist was a potential error in the line damping parameter,
σ, arising from collisions between the emitting atom and neutral hydrogen, which mainly
affects the wings of absorption lines. The σ values for both the transitions inverted by
SPINOR were altered with the aim of producing the required twist in the magnetic field.
Once again artificial Stokes profiles were generated, which contained no prior twist in the
magnetic field to isolate the effect. Although a change in σ could produce a twist in the
magnetic field, only a twist of 10◦ was achieved when both σ’s were altered by 100% from
the values normally employed by SPINOR. From this it was concluded that an error in σ
was unlikely to produce the observed twist, since the quoted uncertainties in σ are only
around 10%.
Whilst several more tests were performed to uncover the source of the twist none were
found to be credible, leaving open the possibility that the twist might be solar in origin after
all. Nonetheless, the lack of agreement with Hale’s helicity law make a solar interpretation
of the twist challenging.
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In the preceding chapters we have studied various aspects and properties of small scale
solar magnetic fields using Hinode SOT/SP observations.
The first investigation, described in Chapter 2, looked at magnetic fields found in internetwork regions in the disc centre of the quiet Sun. The stable, seeing-free data provided by
SOT/SP allowed us to study the internetwork magnetic field over a period of six years,
from November 2006 to May 2012. We were particularly interested in determining any
cycle dependence in these fields. After considering instrumental degradations affecting the
Stokes measurements, above all temperature variations aboard the satellite, the distribution
of the LOS magnetic flux followed a power law with spectral index α = −1.82 ± 0.02, in
agreement with previous publications and the variation of α for every year did not exceed a
significance of 1σ. The SOT/SP data also allowed us to analyse magnetic fields orientated
parallel to the solar surface via Stokes Q and U measurements, whose distribution also
followed a power with α = −2.60 ± 0.06. Again, the yearly indices did not vary beyond a
1σ significance. Furthermore, we carried out a patch size analysis. Both, the LOS magnetic flux and the linear polarisation distributions of their magnetic patches follow power
laws with indices, α = −2.20 ± 0.05 and α = −3.03 ± 0.08, respectively, indicating that
the magnetic flux increases rapidly with patch size. These results show the internetwork
magnetic fields to be invariant over the considered time period, suggesting that independent
local dynamo action may be the main source for these fields.
An immediate extension of this investigation would be the addition of quiet Sun disc centre
SOT/SP scans recorded after May 2012, to determine if the stated conclusion holds over
longer time periods. The motivation for such an extension is deeper than mere curiosity
when comparing this study to investigations analysing the variation of sunspot numbers
with time, with reliable measurements starting in the 1600s. Starting with the considerable variation between solar cycles, and more longer secular variations of the Sun’s
magnetic fields to the extended periods of grand minima such as the Maunder minimum,
the investigation conducted in Chapter 2 is, both, insufficient and yet indispensable, when
considering that it suggests that local near-surface dynamos could render the Sun magnetically active even during a grand minimum. Another extension to this study could be a
combination of SOT/SP results with SDO/HMI measurements, with the aims of increasing
the field-of-view from the relatively limited 30” × 240” currently employed and increasing
the temporal resolution from currently one measurement per month to at least a daily
measurement of the internetwork magnetic fields. Furthermore, SDO/HMI could be used
to study the emergence rate of magnetic flux similar to the study performed by Hagenaar
et al. (2003). The emergence rate reported by Thornton and Parnell (2011), using SOT/NFI
data, could be extended to cover the entire solar disc and a longer time scale, with the aim
of potentially verifying the somewhat lower emergence rate published by Guglielmino
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et al. (2012). However, it remains to be determined whether the lower spatial resolution of
0.”5 and spectral resolution of HMI will be sufficient to study the quiet Sun internetwork
in the necessary detail.
In the second investigation, detailed in Chapter 3, we analysed the properties of magnetic
fields found in plage in AR 10953. The SOT/SP spectra were inverted using an extended
version of the SPINOR code, which performed a spatially coupled 2D inversion. By
allowing gradients in the atmospheric parameters, such as LOS velocity and magnetic field
gradients, and a proper treatment of the instrument’s point-spread-function, we were able
to fit the observed Stokes spectra using only one atmospheric component per pixel, thereby
setting the filling factor equal to one. The results of the inversion were then employed to
examine some of the properties of the kG magnetic features found in plage. The inversion
results were able to confirm several previously discovered properties that used the 6300Å
line pair, such as an average field strength of 1490G, with typical inclinations of 10◦ − 15◦
and only weak LOS downflows of 0.37km/s on average. With the inclusion of gradients
we were, in addition, able to analyse the height dependence of the atmospheric parameters.
In particular we studied the expansion of the magnetic features with height and compared
it to two empirical zeroth order thin flux-tube models. Not only could the expansion be described reasonably well by such a model, we were also able to show that of the two models,
the plage flux tube model resembled the observed structures better than the network flux
tube model. This was apparent the most in the temperature stratifications. Furthermore,
each magnetic feature was surrounded by a ring of strong downflows typically 1 − 3km/s.
Within these downflows small patches bearing the opposite magnetic polarity to the main
feature were found. These patches contained magnetic fields with apparent strengths barely
higher than 100G and were hidden below stronger fields forming the canopy of the main
feature. Such weak opposite polarity patches are predicted by MHD simulations but so far
had eluded observational confirmation. The azimuthal orientation of the magnetic fields is
in general isotropic and only fields found in the direct vicinity of another magnetic feature,
such as a sunspot, can display highly inclined magnetic fields and deformed canopies.
Furthermore, an increased microturbulence was observed both in and especially around
magnetic features when compared to the quiet Sun possibly hinting at waves, or unresolved
velocities.
Chapter 4 presents a followup study of the investigation described in Chapter 3. The
azimuthal orientations of the magnetic fields found in plage in AR 10953 were not constant
with height and implied the presence of a twist in the magnetic field. We sought to determine if this twist is solar in origin or an artifact of the inversion or SOT/SP. To this end we
examined several plage regions in other ARs across the solar disc recorded by SOT/SP
using the same inversion method. All active regions displayed a twist in the azimuth with
height, however, a hemispherical dependence in the twist direction, in accordance with
Hale’s helicity law, could not be established. This, in turn, led to several tests to determine
a possible instrumental or inversion-based cause for the observed twists. Among the tested
scenarios were various cross talks between the Stokes parameters as well as uncertainties in
the line-damping parameters used by the inversion. However, no instrumental or inversion
based effect could be found to conclusively explain the observed twists.
There are several ways in which the work described in Chapters 3 & 4 could be extended.
First and foremost among those should be the completion of the investigation started in
Chapter 4, since uncovering the source of the observed twists would, in any case, result
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in a greater understanding of the employed inversion method and its reliability. Another
immediate extension could come in the form of turning the azimuth ambiguity removal
method, written specifically for analysing the magnetic field vector in plage in AR 10953,
into a general tool accompanying SPINOR inversions. Other potential future investigations
could be a reexamination of the filament in AR 10953 using the extended SPINOR code
employed here, with the aim of extending upon the ME-based investigations of this filament
by Okamoto et al. (2008, 2009). Of particular interest would be its emergence and rise
through the photosphere as well as the orientation of its magnetic fields during this process.
With the extended SPINOR inversion method it may be possible to conclusively identify
this filament as an emerging twisted flux rope as well as study its internal structure as it
rises though the photosphere. The database of ARs already used in Chapter 4 could also be
used to study other aspects of magnetic fields in plage, in particular the morphology and
its relation to other physical parameters. The relationship between magnetic field strength
and continuum intensity (Kobel et al. 2011) and the comparison between observations
and MHD simulations (Danilovic et al. 2013) could be reexamined, given our improved
treated of local straylight, which allows us to fit profiles using only a single atmospheric
component. This investigation could then also be extended to a centre-to-limb investigation. Other investigations could aim at examining the dependence between the size or flux
density of magnetic features with the line-of-sight velocities to ascertain whether the ring
of downflows surrounding a feature (see Chapter 3) is related its size, as was indicated by
Cho et al. (2010) by analysing pores. A similar analysis could be performed to determine a
possible relationship between the microtubulence and the size or flux density of a feature,
given the clear association of high microturbulence and magnetic features in our inversions.
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