
THE INVERSE-C SHAPE

OF THE CA II 8542Å SPECTRAL L INE
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Chapter 1

Introduction

The Sun’s atmosphere provides a fascinating area to study with many enigmas.
The chromosphere is the least understood part (Judge & Peter, 1998) of the Sun’s
outer atmosphere, where it resides between the photosphere and the corona. All the
energy that heats the corona goes through the chomosphere and this makes it very
interesting to study. There are few spectral lines produced in the chromosphere
that are visable from the ground. One of these which has been used the most,
and especially recently, is the CaII 8542Å absorption line. This has a asymmetric
line profile shape which it shares with the other infrared triplet lines (Uitenbroek,
2006). As opposed to the photospheric iron lines exhibiting a blue asymmetry with
a bisector in the shape of a C, the infrared triplets has a red asymmetry with a bi-
sector in the shape of an inverse C (Beckers & Nelson, 1978; Nordlund, 1980). The
inverse-C shape is found in the spatially averaged profile, and this bisector shape
of the CaII 8542Å line has been seen many times. This special spectral signature
can give us an understanding of the dynamical properties in the chromosphere.

The inverse-C shape of the CaII 8542Å spectral line has been studied in both
observations and simulations, see Leenaarts et al. (2009), Uitenbroek (2006) and
Pietarila & Livingston (2011). Uitenbroek (2006) proposes that part of the inverse-
C shape is a result of the asymmetry in the time the atmosphere spends in down-
ward motion compared to upward motion when it is traversed by acoustic shocks,
in addition to area asymmetry. However, shock waves alone cannot account for
the observed spectral shape. Leenaarts et al. (2009) investigated a 3D non-LTE
radiative transfer MHD computation that included both convection and shocks.
The authors found that the simulated CaII 8542Å profiles had narrower cores and
did not exhibit the inverse-C shape. The former was attributed to that the Sun is
dynamic on scales not resolved by the simulation. Pietarila & Livingston (2011)
found a correlation between the solar cycle magnetic activity and the amplitude of
the bisector when studying the full disk of the Sun: the amplitude decreased during
highest activity.
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2 CHAPTER 1. INTRODUCTION

This thesis aims to figure out whether there is a similar explanation for the inverse-
C shape as for the C-shape or not. We wish to study which main types of inten-
sity profiles that contribute the most to the spatial averaged profile exhibiting the
inverse-C shape. This will be done by the use of high spatial and spectral reso-
lution observations obtained at the Swedish 1-m Solar Telescope with the CRISP
instrument. Principal component analysis will be used to remove redundant infor-
mation from the spectral line profiles, and to obtain an objective classification of
the profiles.



Chapter 2

Methods

2.1 The Swedish 1-m Solar Telescope (SST)

SST is currently the most highly resolving solar telescope in the world, and is
operated by The Institute for Solar Physics under the auspices of the Royal Swedish
Academy of Sciences. SST is located on La Palma, which is an island in the North-
West of the Spanish Canary Islands.

In this section we describe the telescope, the main instruments and reduction pro-
cedures used to obtain the observations in this thesis. The section starts with a
short description short description of “seeing” - an obstacle to obtaining high res-
olution observations. Here most of the information is taken from Stix (2004), but
also from Kitchin (2003). Then a brief description of what happens to the light on
its first part of the travel through the Swedish 1-m Solar Telescope (SST) is given.
This information is taken from Scharmer et al. (2003a). From here we continue to
follow the beam through the adaptive optics, which corrects for most of the seeing
(information from Scharmer et al. (2003b), Stix (2004) and Kitchin (2003)), and
into the final instrument used, the CRisp Imaging SpectroPolarimeter (CRISP). .....
The information on the ...

Before the recored images can be used for scientific studies, they go through ex-
tensive postprocessing. This is described shortly in the last subsection, and here
the information is found in van Noort et al. (2005).

2.1.1 Seeing

For all telescopes situated on the ground, there is a lot of air that the light from
objects outside our atmosphere has to pass. This low-viscosity air has turbulent
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4 CHAPTER 2. METHODS

thermal convection, and the temperature differences cause the refractive index to
fluctuate. This causes the planar wave front, from an object being observed, to be
distorted and the image of the object to become degraded. This effect is called
seeing. Usually we separate between “good” and “bad” seeing, meaning little and
a lot of degradation respectively.

Seeing is caused both by local convection and from turbulence higher up in the
atmosphere. The local convection is especially a problem for solar telescopes since
the Sun is heating the ground, the observatory building and the telescope into which
it shines. SST has a 15 m tall telescope tower that makes it rise above most of the
local convection layer. In addition the telescope building and tiles on the ground
surrounding it are painted white in order to reflect away heat. Convection inside the
telescope itself is limited by lowering the air pressure inside the enclosed telescope
tower to near vacuum.

The seeing caused by turbulence in the atmosphere is firstly compensated for by
choosing the telescope site. SST is placed on a mountain at about 2400 m height,
so that there is less atmosphere above the telescope. In addition SST is located
on a steep island at the edge of a group of islands and therefore benefits from the
laminar airflows generated over the large stretches of water in the Atlantic Ocean.

In addition to minimizing the causes of termal convection, seeing can be corrected
for by altering the light itself. At SST this is done by so called adaptive optics, and
is decribed in section 2.1.3.

2.1.2 The Vacuum Tower

The primary optical system om SST is located in a turret on top of a 15 m tall tower.
It consists of a singlet lens of size 0.97 m in clear aperture diameter, and two flat
folding mirrors in an altazimuth mount. The singlet objective has a focal length
of 20.3 m, has a small aspherical correction and is corrected for coma. During the
observations, the turret follows the Sun across the sky while the tower below stands
still. The tube through the tower is, as previously mentioned, evacuated and the top
entrance window is the singlet lens.

Light first passing the primary optics, now hits a field mirror reflecting the light up
to the side to a Schupmann corrector. The corrector consits of a concave lens and
a mirror making the light pass the lens twice. The lens cancels out the chromatic
abberation of the 1 m single lens on top of the tower, and the Schupmann correc-
tor creates a perfectly achromatic image at the secondary focus close to the exit
window. The Schupmann system is free of coma.

The light reflected and refracted in the Schupmann system, next goes through the
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field lens at the bottom of the vacuum tube. This acts as the vacuum exit window,
before the light hits the re-imaging optics on an optical table.

2.1.3 Adaptive Optics (AO)

The re-imaging system consists of a tip-tilt mirror, a deformable mirror and an re-
imaging lens. The two former, together with a Shack-Hartmann sensor, constitute
the adaptive optics, which measures, extracts and corrects wave-front perturba-
tions.

The tip-tilt mirror is used to compensate for rapid tilts of the whole wave-front.
This can be caused by seeing or defects in the telescope servo or gear system. The
tilt of the wave-front causes the whole image recorded by a CCD-camera to be
displaced. This shift is measured and the counter-motion is applied by the tip-tilt
mirror.

The deformable or adaptive mirror compensates for tilts in part of the wave-front.
These tilts are found similarily as for the tip-tilt corrections, only on smaller sec-
tions of the light by the use of a Shack-Hartmann sensor. This is done by further
down the optics table diverting a part of the light into a two-dimensional array of
small lenses. This separates the beam into smaller sections and the sub-images
they create are recorded by a CCD-sensor. From the displacement of these images,
the wave-front is approximated by a linear combination of Karhunen-Love (KL)
polynomials. A 37-electrode bimorph mirror being able to deform 50 times per
second into these linear combinations, is then used to straighten up the wave-front.
The KL-polynomials are used because their lower orders are similar to pure focus,
coma, astigmatism and spherical abberation. They can also correct for a limited
number of high-order aberrations, and can thus in total correct for many of the
aberrations caused by atmospheric seeing and telescope aberrations. At the obser-
vations site of the SST, the seeing is mostly concentrated in two layers, one right
above the telescope tower and one higher up in the atmosphere. The AO in SST
can only focus on one layer and is set to correct for the one closest to the telescope.

After the adaptive mirror the light passes the re-imaging lens. This is an apochro-
matic triplet performing the final focusing of the beam. From here the beam is
separated into different scientific instruments and recorders on the optical table.

2.1.4 The CRISP instrument

A dichroic beam splitter separates the light into a blue and a red/near-infrared
beam. The latter is sent into CRISP and this is the instrument used to obtain the
data in this thesis.
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Figure 2.1: Schematic setup of CRISP.

CRISP, see figure 2.1, is a narrow-band imaging system which uses two tunable
Fabry-Ṕerot interference filters to obtain a narrow pass-band. It can be used to
obtain observations of all four Stokes parameters, but only the intensity will be
used in this thesis. CRISP is usable from 5100 to 8600Å, and was installed at SST
in 2008.

In CRISP the light first passes an optical chopper. This synchronizes three fast,
low-noise CCD-cameras of size 1024×1024 pixels at different locations inside
CRISP. The chopper gives a frame rate of about 36 Hz, and sets the exposure
time to 16 ms. During the dark periods of the chopper cycle, the CCD-readout is
performed.

Next the light passes the wide-band filter in the prefilter wheel suitable for the
desired wavelength band. This is usually centered at the core of an apsorption or
emission spectral line, and extends to the continuum of either side. This prefilter
removes the light from all other wavelengths than these and therefore prevents
stray-light coming from these wavelengths. For CaII 8542Å the prefilter has a full
width at half maximum (FWHM) of 9.3̊A.After the prefilter a beam splitter sends
10 % of the light to a CCD-camera recording this wide-band (WB) light. The rest
of the light continues through a liquid crystal. This is used for the polarimetic
observations not used here.

Then the light goes through the dual Fabry-Pérot interferometer (FPI) or etalon,
performing the narrow-band selection. Each FPI consists of two parallell, semi-
transparent plates. When light comes through one of the plates, a portion of the
beam is reflected and another transmitted. Parts of the reflected light is reflected
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back and then transmitted at the same side as the former transmitted light. If the
phase of these rays are the same, controlled by the separation between the plates,
they interfer constructively. Adding up with the light that is reflected several times
and then transmitted, we get an interference pattern similar to that of a diffracion
grating. This has an infinite number of tall, narrow principal maxima with many
small secondary maxima in between.

By mounting a high resolution etalon (HRE) with close, narrow peaks, in tandem
with a low resolution etalon (LRE) with more spaced, wider peaks, one is able
to nearly fully cancel out many of the HRE principal maxima. By also using the
prefilter, only one tall, narrow peak is isolated. Still there are some residuals from
the HRE principal maxima that is almost fully cancelled out (see figure 2.5 in
section 2.4.2), and these will introduce some stray-light from the wings and into
the core of the CaII 8542Å absorption line (see figure 2.6 section 2.4.2).

By changing the distance between the two plates in the etalons, the wavelength of
the narrow, combined transmission peak can be changed. This is used to record
light at different wavelength positions within the wavelength range of the wide-
band light, and hence scan through the observed spectral line. For each chosen
wavelength position one waits for the chopper to perform a chosen number of cy-
cles. This is recorded as several intensity images by the two CCD-cameras located
after a polarizing beam splitter. After repeating this for all the chosen wavelength
positions in the line, one starts over again. One such cycle will in this thesis be
referred to as one line scan.

2.1.5 Postprocessing

MOMFBD

MOMFBD only corrects for the seeing in smaller pathes in the images. Sometimes
the seeing causes image warping on the whole image and this is later compensated
for by destretching.

2.2 The Observations

2.2.1 The Intended Data Set

As a part of this thesis, observations in the CaII 8542Å spectral line were obtained
at the SST on the 18th of September 2011 with CRISP. In order to obtain observa-
tions similar to the atlas observations done of the same line (see section 2.3), we
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observed a quiet sun region at disc center, critically sampled with two points per
resolution element yelding a spacing of 55 mÅ.

Unfortunately this data set suffers from many granular sized dust particles spread
out across the whole FOV. The dust particles move between each scan, but also
between the images taken at the different spectral positions within each scan. These
dust particles were located at the exit vacuum window close to secondary focus.
When the AO mirror changed shape to compensate for seeing, the dust particles
started moving in the image. Due the fact that the dust partices would be hard
to mask out because of their motion, and especially their non-negligible size and
amount, we decided to use a similar data set, but with less spectral resolution.

2.2.2 The 15th of June 2008 Data Set

This data set was recorded on the 15th of June 2008 at the edge of a coronal
hole. This was located close to disk centre at the heliosentric coordinates(x, y) ≈
(150,−28), with cos(θ) ≡ µ = 0.99, whereθ is the line of sight angle. It was
recorded in good seeing conditions between 08:24:00 and 09:04:25 UTC, with a
cadence of 11.3 seconds giving a total of 215 time steps. Both Stokes I and V
parameters were recorded, but only the intensity is used in this thesis. One pixel is
approximately 0.069´́ in size, and so the field of view (FOV) in these observations
were about 71´́×71´́ .

The CaII 8542Å absortion line is sampled at 29 wavelength positions, symmetric
around the line centre. In the wings, from 1.94Å to 0.776Å on either side of
the line centre, the spacing is 194 mÅ. In the core it is 97.0 m̊A, which is almost
twice the spacing of the intended data set. Each of the wing steps corresponds
to a Doppler velocity of 6.8 km/s, and the core steps to a velocity of 3.4 km/s.
The Doppler velocity corresponding to the range from the wings to line centre is
68 km/s. The line centre was found by performing a single line scan before the
recordings. The lower part of the core of the spatial mean spectral line was fitted
by a Gaussian curve and the wavelenth of the minimum of this curve was used as
the centre wavelength sampling point.

Luc Rouppe van der Voort performed the image restoration using the MOMFBD
method described in section 2.1.5. In addition the images were de-rotated and the
scans aligned and combined to form time series. They were also destretched and
deconvolved with the prefilter profile.

In the moments of bad seeing, the image restoration failed and created dark patches
in some of the images. These images were removed automatically by a computer
program. The images where the restoration did not fail, but where the seeing was
still bad, were also removed. The dark images for each spectral position were found
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in the program by comparing the mean intensity in each image at the same spectral
position throughout the time series, with the mean intensity of all time steps at that
spectral position. All the 29 images in a scan were discarded if one or more of them
were darker than a user defined percentage of the mean intensity value. The images
with bad seeing causing blurry images, were found by calculating the contrast in a
similar manner. Contrast is defined as the standard deviation divided by the mean
of an area, and is often used as a measure of seeing.

Since the observations were done in the morning, the intensity increased during the
recordings as the Sun got higher in the sky and less of the extincting Earth atmo-
sphere was in the light path. This effect was removed before the mean intensities
were found, after also removing the outliers outside pluss and minus one standard
deviation from a least-square linear polynomial fit to the data points.

By experimenting with the threshold defining dark images and images with low
contrast, we made three data sets. One data set had only the worst time steps
removed, another had only the eight best remaining, and the final one consisted
only of the best scan. Then we compared the bisector of the spectral line averaged
over space and the time steps in each data set. We found that the bisectors were so
similar that we decided to consentrate only on the best scan in the further studies.
This scan has a resolution close to the diffraction limit of the telescope. The angluar
resolution is then given by the Rayleigh criterion given as

Angular resolution = 1.22
λ

D
≈ 0.22 arcseconds, (2.1)

whereλ is the observed wavelength andD is the clear aperture diameter of SST.

With the optical set-up used for the observations, the square FOV of the CRISP
CCD-cameras was greater than the circular FOV of the telescope. This caused the
images to have grey corners. These were avoided by using a smaller, rectangular
section of the image, and have been used throught the sudies. This section shows
an area of approximately 66´́×70´́ in size, and is seen at some of the wavelength
sampling positions in figure 2.2 and figure 2.3. Figure 2.2 shows this image
section from the blue wing. As previously mentioned, the wings in this dataset do
only extend out to±1.94Å. Therefore the the data set does not include the lower
photosphere. In the photosphere the intergranular lanes are dark. As we can see
from the figures not all the intergranular lanes are dark here, and so this maps a
height close to that of the reversed granulation in the low chromosphere?

As we can see from the bright points, there are not so many magnetic field concen-
trations in this scan. The bright points are mostly concentrated in a low diagonal
from the lower left corner to the upper right, with some larger consentrations in the
lower half. On either side of the diagonal there are larger areas without any bright
points.
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Figure 2.2: Intensity images from one good scan in the 15th of June 2008 dataset taken
at different wavelength positions in the CaII 8542Å spectral line. Relative to the line
minimum found before the observations, the wavelength positions are -1.94Å (upper left),
-0.970Å (upper right), -0.38Å (lower left) and -0.193Å (lower right).
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Figure 2.3: Intensity images from one good scan in the 15th of June 2008 dataset taken
at different wavelength positions in the CaII 8542Å spectral line. Relative to the line
minimum found before the observations, the wavelength positions are 0.0Å (left) and
0.970Å (right).
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When viewing the images from spectral positions closer to the line core we see
features from higher up in the Sun’s atmosphere. In the line core we can see the
chromosphere.

We have made extensive use of CRISPEX (Vissers & Rouppe van der Voort, 2012),
a versatile analysis tool for effective exploration of the multi-dimensional CRISP
data sets.

2.3 The Fourier Transform Spectrometer (FTS) Atlas

One solar atlas showing the inverse-C shape in the core of the CaII 8542Å line,
is the Fourier Transform Spectrometer (FTS) atlas (Neckel, 1999), and descibed in
Neckel & Labs (1984). This is an atlas of the solar disk-center intensity spectrum
from 3290Å to 12509Å, based on observations with the Fourier Transform Spec-
trometer at the McMath-Pierce telescope at Kitt Peak done by Brault and Tester-
man.

In this thesis the FTS atlas has been used to calibrate the centre of the observed
CaII 8542Å line (section 2.4), and to compare the observations with. The version
of the altas used here is given in intensity relative to the continuum intensity. It is
corrected for the Doppler shifts occuring due to the Earth’s rotation and it’s mo-
tion relative to the Sun. Since the altas observations were done at the Sun centre,
no Doppler shifts would occur due to the Sun’s own rotation. The gravitational
redshift of the Sun is, however, not taken into account, as it neither is for the ob-
servations done at SST. This redshift is about 18 mÅ, corresponding to a Doppler
velocity of 633 m/s. When comparing the centre wavelength of the CaII 8542Å
line with the laboratory wavelength of the same line, we will therefore add this
redshift to the laboratory wavelength.

2.4 Calibration of the Observations

When observing at SST, the instruments might shift the wavelength of the spectral
line we observe. Exactly by how much it is shifted is unknown. This is partly
because we do not know exactly what we should observe. We do not know all the
proesses happening to the emitted light on its way out of the Sun and down to SST.
These might cause Doppler shifts of the spectral line relative to that measured in a
laboratory.

The other reason is that when the observations are done, one never use the wave-
length itself. The prefilter is only centered at about the centre wavelength of the
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spcatral line one wants to observe. Then the distance between the parallell plates
in the Fabry-Ṕerot etalons is regulated to do a single scan of the spectral line, by
altering the voltage of some piezoelectric elements. As described in section 2.2.2
one then fits a Gaussian curve to the data points. The x-axis used is given in volt.
The voltage of the minimum of the Gausssian curve is calculated, and voltages are
applied to the etalons to sample the spectral line symmetric around this FPI offset.
Then a conversion factor is used to convert from these voltages to wavelengths,
where the FPI offset is set to zero wavelength. Which wavelength this zero wave-
length actually is, is never found.

Therefore one frequently use the centre wavelength of the spectral line in the FTS
atlas as reference wavelength. We will now describe how this is done in this thesis.

The spectral line observed with CRISP does not resolve the line as well as the
FTS atlas. In order to get a good comparison of the these two observations, we
therefore wanted the FTS altas CaII 8542Å spectral line to be affected similarily
by the instruments as the observations. Most of the influence from the instruments
on the light observed, is caused by the prefilter and the dual Fabry-Pérot inside
CRISP. Since the transmission profiles of these filters were not measured with the
set up used, we used models of them instead.

2.4.1 The Effect of the Prefilter

As described in section 2.1.4 the light inside CRISP first passes the prefilter. The
transmission profile of the interference prefilter is found theoretically by taking
into account its measured FWHM of 9.3̊A and the number of cavities, which for
this filter is two.

The prefilter in CRISP is measured by the manufacturer to have a centre wave-
length of 8541.6̊A at normal incidence. This is slightly to the blue of the centre of
the laboratory wavelength of the CaII 8542Å absortion line at 8542.11̊A where
the gravitational redshift has been added. In order to correct for manufacturing er-
rors the prefilter is tilted by a small angle. This causes the path lengths for the light
inside the interferece filter to become shorter and the resulting transmitted wave-
lengths to become slightly more blueshifted. In addition, the tilt of the filter causes
the transmission profile to widen and the maximum transmission to decrease. Un-
fortunately the tilt angle has not been registred. We have therefore not taken into
account the effects of tilting the filter, and have used the center wavelength of
8541.6Å measured by the manufacturer when centering the transmission profile
on the atlas. However, the effects of the uncertainty of the exact shape and position
of the prefilter transmission profile will have a negligible effect on the results.

Since the prefilter stays in the same position during the observations, the effect of
it on the atlas is calculated by multiplying the atlas intensities by the transmission
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Figure 2.4: Intensity relative to the continuum intensity as function of wavelength for
the original FTS atlas (solid), the theoretical prefilter transmission (dotted) and the result
from multiplying these (dashed). The prefilter transmission is centred on the measured
wavelength of the untilted prefilter at 8541.6Å (dot-dashed).

profile. This was done for a range of 34̊A to either side of the untilted centre
wavelength of 8541.6̊A. The result is shown in figure 2.4 for a subsection of this
range.

Ideally the transmission profile of the prefilter should have been a rectangular func-
tion letting all light through in a desired range and no light anywhere else. This
is unfortunately not the case and light from further out than the desired range is
let through. This will, as we will see in section 2.4.2, cause more stray light to
contribute to the core intensity and hence make the core less deep. The effect of
the prefilter not being centred at the core of the CaII 8542Å spectral line affects
the wings of the line the most. An additional blueshift of the transmission profile
would enhance this effect.

2.4.2 The Effect of the Fabry-Ṕerot Etalons

The combined transmission profile of the HRE and LRE is found theoretically and
is shown in figure 2.5 for the used range of±27Å. The residuals of the HRE prin-
cipal maxima that is not fully cancelled out by the LRE transmission, as described
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Figure 2.5: Relative intensity as function of wavelength displacement from line minimum
at 8542.13Å for the original FTS atlas multiplied with the theoretical prefilter transmission
profile, (dashed), and the sampling range (dotted) of ± 2 Å used for the convolution with
the theoretical FPI transmission profile (solid) (here shown in its centre position).
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in section 2.1.4, are the greatest at about± 14 Å and± 23 Å from the central, tall
peak. When convolving the FPI transmission profile with the spectral line multi-
plied by the prefilter transmission profile, the residuals at± 23 Å will have little
effect since the intensity at this wavelength is nearly zero. The intensity at the
± 14 Å residuals is larger, and so these residuals will add light into the dark line
core we want to sample by the central transmission peak. This effect will increase
when sampling the wings of the CaII 8542Å spectral line which is done by shift-
ing the FPI transmission profile, since one of these residuals will be located at a
wavelength of higher intensity. Even though the residuals at the wavelengths of ap-
proximately± 4 Å and± 9 Å are small, the intensity at these wavelengths is very
high. These will therefore contribute substantially to the scattered light decreasing
the core depth of the convolved spectral line.

When creating a calibration standard for the CaII 8542Å spectral line observed
by CRISP for the 15th of June 2008 dataset, we convolved the FPI transmission
profile with the FTS atlas profile multiplied by the prefilter transmission. This was
done in the range of± 2 Å relative to the line minimum, which is slightly wider
than the range of the 15th of June 2008 datset of 1.94Å. In order not to indroduce
extra errors by sampling the FTS atlas as sparsly as the observations, we sampled
the line in steps of 2 m̊A. The result is shown in figure 2.6, where the resulting
intensity profile has been ajusted to that of the original atlas in the wings of the
profile. The resulting line core is substantially less deep than that of the profile
before convolution.

2.4.3 The Calibration

Since the effect of the prefilter has been removed from the observations, this was
also done here by dividing with the same prefilter transmission profile as used
before the convolution with the FPI transmission. A comparison of the resulting
profile with those from the previous section is done in figure 2.7. When removing
the effect of prefilter we see that this mostly affects the wings of the profile.

Now, we can find the centre wavelength of the FTS atlas being affected similarily
as the observations by the observation instruments. Since we later use this centre
wavelength to calibrate the sparsely sampled spectral line of the 15th of June 2008
dataset, using a weighted mean is a better measure for the centre wavelength than
the minimum. We therefore calculated the balancing point of the line core below
the relative intensity value of 0.45, turned upside-down. This was found to be at
8542.115Å, which is very close to the laboratory wavelength of 8542.11Å where
the gravitational redshift has been added.
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Figure 2.6: Relative intensity as function of wavelength displacement from line minimum
at 8542.13Å for the original FTS atlas multiplied with the prefilter transmission profile,
(dashed) and convolved with the FPI transmission profile (solid), (dot-dashed).
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Figure 2.7: Relative intensity as function of wavelength for the original FTS atlas
(dashed), multiplied with the prefilter transmission, (dotted), convolved with the FPI trans-
mission profile, (dot-dashed), and divided by the prefilter transission, (solid).
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Figure 2.8: Relative intensity as function of wavelength for the original FTS atlas (solid
purple), and for the FTS atlas multiplied with the prefilter transmission, convolved with the
FPI transmission with three different sets of wavelength sampling positions, and divided
by the prefilter transmission. The FPI sampling positions is that of the 15th of June 2008
dataset (steps in core: 97 mÅ) (dot-dashed blue), that of the 18th of September 2011
dataset (steps in core: 55 mÅ) (dotted yellow) and that used for the line calibration (steps:
2 mÅ) (dashed red). The corresponding bisectors are shown in the same colours, amplified
by a factor of 20 relative to the laboratory centre wavelength of 8542.11Å (gravitational
redshift included) (solid black), and with an offset of 1̊A (dashed black).

2.5 Verifying the Data Set

2.5.1 Spectral Resolution

As described in section 2.2 we decided, due to dust particles in the dataset we
obtained in 2011, to use the 15th of June 2008 dataset with half the spectral reso-
lution in the line core of that from 2011. In order to see whether this would affect
the shape of the bisector substantially or not, we calculated the effect of the dif-
ferent FPI sampling distances for the 2008 and 2011 data sets on the FTS atlas
in a similar manner as described in section 2.4, with the center sampling position
on the minimum of the original FTS atlas. Figure 2.8 indicates that the difference
in the spectral resolution between the 2011 and the 2008 data set, would have a
neglectable effect on the shape of the bisectors. The largest effect on the bisectors
comes from the influence of the CRISP instrument. Due to the higher core inten-
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sity resulting from the convolution with the FPI transmission profile, the bisector
of the resulting intensity profile starts higher up. In general the inverse-C shape of
the bisector of this profile has a less amplification to the red and is more straight.

2.5.2 Calibration of the 2008 Data Set Spectral Line

In order to compare the intensity profile and bisector of the observations with the
that of the FTS atlas, we calibrated the observations to the FTS atlas affected by
the CRISP transmission profiles as described in section 2.4. Since the FTS atlas
is a spatial average profile, we calibated the spatial average profile of the cutout of
the good scan from section 2.2.2. The pixelvalues in the observed images are not
scaled to the continuum intensity value as the atlas is. We therefore first scaled the
intensity so that the intensity in the wings of the profile was that of the atlas. Then
we used the same threshold value of 0.45 that was used to find the centre of the
atlas (see section 2.4.3), to find the balancing point. This value was then set to the
balancing point of the atlas from section 2.4.3). Figure 2.9 shows the result. The
bisectors in the same figure will be discussed in the next section (2.5.3).

2.5.3 Comparing the Observed Bisector With the FTS Atlas

Now that the calibration of the observed average spectral line is done, we can
compare the intensity proiles and the bisectors of the observations with that of the
FTS atlas. This is done in figure 2.9, and will also be used to compare bisectors of
smaller areas in the scan in later figures. As we can see the average spectral line
profile of the observations is not exactly the same as the FTS atlas affected by the
theoretical transmission profiles of CRISP. The observed profile is broader than the
atlas between the realtive intensity values of about 0.30 and 0.55, but has a more
shallow core. This might have many causes. One possible cause is the fact that the
transmission profiles of the prefilter and the FPI are found theoretically and are not
measured.

The observed profile bisector goes more or less straight down from the greatest red-
shift, as opposed to the bisector of the atlas which decreases in redshift amplitude
when getting closer to the line core. Therefore it is hard to quantify the inverse-C
shape. The exact redshift amplitude of the amplified bisectors shown in the figure,
is very sensitive to the calibration of the line core. Therefore one should when
comparing bisectors, focus mosty on the shapes of the bisectors. The difference
in the height of the bisectors are only due the fact that the bisector cutoff intensity
was set before the observations were scaled to the atlas.
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Figure 2.9: Relative intensity as function of wavelength and bisectors for the FTS atlas
affected similarily by the CRISP transmission profiles as real observations, but sampled
denser (solid red) (yellow in figure 2.8) and for the spatial averaged observations of one
good scan from the 15th of June 2008 data set (solid blue) where the effect of the prefilter
has been removed. The original sampling points of the observations (plusses) have been
interpolated by the cubic spline algorithm. The interpolated observed spectral line is scaled
vertically to fit the solid red line in the wings, and horizontally to have the same balancing
point as the solid red line below the threshold value of 0.45 in relative intensity (solid
black).
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2.6 Principal Component Analysis (PCA)

2.6.1 Motivation

Now we will look at a mathematical way of simplifying the task of finding almost
identical spectral line profiles.

All spectral line profiles in the observations, are sampled at the same 29 wavelength
positions. If one makes a coordniate axis for each of these 29 positions, a spectral
line profile will be one point, or vector, in this 29-dimensional space, having one
intensity value for each dimension. If two spectral line profiles are identical, they
will appear as two points at the same location in this 29-dimensional space. The
same would apply if the mean spectral line profile was subtracted first: two iden-
tical profiles would still appear as two points at the same location as one another,
only at a different place than if the mean profile had not been subtracted. If two
profiles are almost identical, only differing in that one of them has a different in-
tensity value at wavelength position four, the points in the 29-dimensional space
would be at the same location except for along the fourth axis. We see that profiles
that do not differ too much in their intensities will appear as points quite close to
one another. So all we have to do in order to find similar profiles is to find where
in this 29-dimensional space the points cluster together.

Unfortunately, there is one drawback by doing this, and that is that the data is cor-
related: the intensity in neighbouring wavelength positions often varies together.
This means that there is redundant information in the data. A mathematical method
especially designed to remove such redundant information is the principal compo-
nent analysis (PCA).

2.6.2 The PCA Method Step by Step

The PCA method is a method that transforms potentially correlated measured data
values, given in one coordinate system or basis, into a coordinate system where the
data is uncorrelated (Lay, 2006). The new coordinate axis are called principal axis
or principal components, and are orthonormal. They are ordered in such a way that
data along the first axis, called the first principal component, accounts for most of
the variance in the original data. The second principal component accounts for the
second most variance and so on.

The information on the PCA method in this thesis is taken from Rees et al. (2000),
Shlens (2005) and Lay (2006).

Here we give a description of how the PCA has been performed.
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1. Convert each of the two-dimensional intensity images from each wavelength
position into a one-dimensional array. Store these in anPix × nλ matrix,
wherenPix denotes the number of pixels in one image, andnλ denotes the
number of wavelength positions, or images, in the scan. Now each column
is one image taken at one wavelegth position, and each row is the spectral
line in one pixel. If we letsPix denote the spectral line at row numberPix,
we get the row vector

sPix =
[
I1 I2 . . . Inλ

]
, (2.2)

whereIλ denotes the intensty in wavelength positionλ.

2. Calculate the sample mean of each column, or image, and subtract this off
each element, or pixel value, in the corresponding column. Now each pixel
value in one image is the deviation from the mean pixel in that image. If one
consider the rows instead of the columns, one is calculating the sample mean
for each wavelegth position. This is the same as calculating the sample mean
spectral line profile,

s̄ =
1

nPix

nPix∑
Pix=1

sPix. (2.3)

This mean spectral line is then subtracted off the spectral line in each pixel,
or row. The result in each row is now the deviation of each spectral line from
the mean spectral line, and the sample mean of these difference spectral lines
will be zero. The matrix,D, of these deviations then becomes

D =


s1 − s̄
s2 − s̄

...
snPix − s̄

 . (2.4)

3. Calculate the sample covariance matrix,C,

C =
1

nPix− 1
DT D. (2.5)

4. Calculate the eigenvalues and normalized eigenvectors of the covariance ma-
trix, and order them by decreasing eigenvalue. The largest eigenvalues will
give the eigenvectors that are the most important, that is the first principal
components. There will benλ eigenvalues and eigenvectors. The number of
elements in the eigenvectors will also benλ.

5. Calculate the eigenvalue percentage for each eigenvalue: divide each eigen-
value by the sum of all the eigenvalues and multiply by 100. This eigen-
value percentage gives the amount of data accounted for by the correspond-
ing eigenvector. Choose a number of eigenvectors to project the data onto,
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by looking at the cumulative eigenvalue percentage. If all eigenvectors are
used in the projection and later the reconstruction, the reconstruction will be
without any loss of information.

6. Project the data values into the chosen principal components by calculating
the matrix multiplication of the matrixD and the transpose of the eigenvector
matrix consisting only of the chosen eigenvectors. The projected data will
have the same number of rows as the matrixD, but with a number of columns
being the same as that of the numbers of eigenvectors used in the projection.

7. Reconstruct the data by matrix multiplication of the projected data and the
same eigenvector matrix as used in the projection.

8. Add back the average subtracted before the PCA was done.

In the reconstruction of the data, the first projected data column is multiplied by the
first eigenvector, the second column by the second eigenvector and so on. Hence
each row or profile in the reconstruced data can be described as a linear combina-
tion between the chosen eigenvectors with the projected data values in the same
row being the weights.
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Results

3.1 PCA as a Dimensional Reduction Method

Since the first principal components describe most of the variation in the data,
using only these in the reconstruction of the original profiles would reconstruct
the most abundant profiles well, and the less abundant profile less good. Before
we decided how many eigenvectors we would need in order to account for most
of the different profiles in the scan, we needed to figure out whether the number
of eigenvectors used in the reconstruction of the original data would affect the
mean spectral line profile or not. Since the mean spectral line profile is subtracted
before PCA is applied to the data, the mean of each of the data columns for each
wavelength position, is zero as described in section 2.6.2. We therefore needed
to check whether the mean of the reconstructed data also was zero or not, before
the mean profile was added back. By performing the PCA analysis on the whole
scan cutout and on one pixel column, and reconstructing with a lagre number of
different eigenvectors, we found that the mean of the reconstruced data always
was zero within the precition of the data type. This means that the PCA method
preserves the mean.

3.1.1 Choosing the Number of Eigenprofiles

When performing the PCA on the whole scan cutout, we found that a projection
along six eigenvectors would be sufficient to reconstruct most of the profiles, re-
constructing 98.73% of the data, as seen in figure 3.1.

Figure 3.2 and 3.3 shows the weights for each of the eigenprofiles.

25
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Figure 3.1: Recontruction of the whole image with six principal components.

First of all the resulting images show that, since the images are not homogeneous,
there are different weights on the eigenprofiles in different spatial locations. Look-
ing at the first image showing the values of the weights only for the first eigenpro-
file, we see that this looks very similar to the upper right image in 2.2 and the lower
right image in 2.3, showing the inverse granulation.

3.1.2 Reconstruction of Selected Profiles

Figure 3.4 through 3.11 shows the reconstruction of six profiles different profiles
done with the PCA on the whole image and on a pixel column.

3.1.3 Locating the Most Abundant Profiles

By calculating the histogram of the 6 dimensional weight space of PCA done on
the whole scan cutout, we were able to study the most similar profiles. The pro-
files being most similar would here have eigenvector weights very similar to one
another. We studied the histogram with a binsize of 32 in all 6 dimensions. The bin
having the most members had 67 members. We found the bisector of the average
profile of these and found that thes exhibited an inverse-C shape, as seen in figure
3.12. Since these pofiles were residing in the same bin, this shows that also very
similar profiles exhibit an inverse-C shape. This shows that the inverse-C shape is
not caused by averaging profiles of different regions as it is for the regular C-shape.
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Figure 3.2: Weight values for the first principal component for each pixel in the scan (up-
per left), for the second principal component (upper right), the third principal component
(lower left) and fourth principal component (lower right).
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Figure 3.3: Weight values for the fifth principal component for each pixel in the scan (left)
and for the sixth principal component (right).
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Figure 3.4: Reconstruction with one eigenvector of the spectral line profile in selected pix-
els (solid) when performing PCA analysis on one whole scan (mean profile (long-dashed),
reconstruction (dashed)) and on a single column (mean profile (dot-dot-dot-dashed), re-
construction (dotted)). Vertical line (dotted) marks the central colum number to aid com-
parisons.



30 CHAPTER 3. RESULTS

Figure 3.5: Same as in figure 3.4, but with two eigenvectors.
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Figure 3.6: Same as in figure 3.4, but with three eigenvectors.
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Figure 3.7: Same as in figure 3.4, but with four eigenvectors.
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Figure 3.8: Same as in figure 3.4, but with five eigenvectors.
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Figure 3.9: Same as in figure 3.4, but with six eigenvectors.
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Figure 3.10: Same as in figure 3.4, but with seven eigenvectors.
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Figure 3.11: Same as in figure 3.4, but with eight eigenvectors.
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Figure 3.12: Average spectral line profile and bisector (solid purple) of the 67 original
profiles having principal component weights in the most populated bin in the 6th dimen-
sional weight space, compared with the average profile of the whole scan (solid red) and
the convolved FTS atlas (solid blue) as described in figure 2.9.
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Chapter 4

Conclusion and outlook

In the preceding work we have studied the spectral line profiles possibly contribut-
ing to the spatial averaged CaII 8542Å spectral line having a bisecor in the shape
of an invers C.

We used high spatial and spectral resolution images recorded with the CRISP in-
strument at the SST taken in a quiet Sun region at disk centre. By modelling the
different transmission profiles of the filters inside CRISP and applying these to the
FTS atlas, we were able to compare the observed intensity profile bisectors with
that of the atlas.

This also made it possible to assess the CRISP instrument’s suitability for studying
the inverse-C shape. By calculating the response in the FTS atlas CaII 8542Å
bisector to different sampling sets, we found that all sets resolved the bisector
equally well, and that the straightening of the inverse-C shape bisector was due
to the limitations of the CRISP instrument as a whole.

Principal component analysis has been used to reduce the amount of factors con-
tributing to the average profile exhibiting the inverse-C shape. We were able to
reduce the number of principal axis from 29 to six and still being able to recon-
struct the most abundant profiles with little error.

PCA has also been used as an objective method for classifying different spectral
line profiles contributing to the mean spectral line. Our results suggests that the
inverse-C shape is inherit in similar spectral profiles, and is not caused by averaging
profiles of different areas, as it is for the regular C-shape.

Since numerical simulations have failed to reproduce the inverse-C shape of the
CaII 8542Å line, a PCA analysis done on synthetic intensity images in this line,
could reveal possible causes for the discepancies. By comparing the eigenvectors

39
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and the abundancies of their weights in a simulation of a quiet Sun region by those
found in this thesis, one could quantify differences.
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