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Abstract

Spectropolarimetry of Magnetic Stars

Lisa Rosén

A star´s magnetic field is important although stellar magnetic field generation is not
completely understood. It´s necessary to investigate different types of stars and stars
of different ages to learn how the magnetic fields are generated and how they affect
the star and its surroundings. In this thesis I investigated six stars, HD 171488, GQ
Lup, Tau Boo, HR 1099, HD 216489 and AU Mic with the help of high resolution
circular polarization observations. They are all cool stars with relatively weak
magnetic fields spanning in age from a young T-Tauri star, (GQ Lup), to an evolved
subgiant, (HR 1099). Some of them have never before been investigated in terms of
polarization. To obtain polarization profiles the Least Squares Deconvolution, LSD,
technique was applied. A magnetic field was detected for all stars except Tau Boo,
probably because the S/N ratio was too low. The values of the mean longitudinal
magnetic field varied from a few G for Tau Boo up to -300 G for GQ Lup. GQ Lup
also had two emission lines of HeI with even higher negative values up to -2000 G.
The shape of the LSD polarization profiles indicates that AU Mic might have a dipole
like field not aligned with the rotation axis, while GQ Lup showed the same polarity
in all observations, possibly indicating a stable magnetic structure being observed
pole-on. The two binaries, (HR 1099 and HD 216489), seemed to have complex
fields, while HD 171488 seemed to have an azimuthal field.   
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1 Introduction
The night sky seems covered with stars even though the stars that can be seen
with the naked eye is just a tiny little fraction of all the stars in the Universe.
That is one of the reasons to build telescopes, to see more stars. Stars are
not only beautiful to look at, they are also a necessary source for life. Our
closest star, the Sun, is a common type of star. It is quite cool and has a low
mass compared to the hottest and heaviest stars. The Sun also has a magnetic
field which will strongly influence the life of the Sun. A magnetic field can be
responsible for a lot of e!ects, it can be present when a star is born and influence
the formation, it will slow down the rotation rate for a low mass star entering
the main sequence, it will cause di!erent types of eruptions, it can create funnels
between two stars through which matter can flow, just to mention a few [16].

The e!ects of a magnetic field is not only influencing the star itself but also
its surroundings. The Sun constantly emits a solar wind consisting of charged
particles with high energies which are rushing towards the Earth. Fortunately,
the Earth also has a magnetic field which protects us from most of these par-
ticles. The Earth’s magnetic field is generated by the outer liquid iron core.
Iron is an electrically conductive material which is one necessary requirement
to generate a magnetic field. The liquid iron is also in a convective motion, con-
stantly rising and sinking, and it is influenced by the Earth’s rotation through
the Coriolis force. This type of magnetic field generation, interaction between
convection and rotation, is explained by dynamo theory. The mechanism behind
the magnetic field of the Sun is not completely understood although a dynamo
process is involved. It is therefore helpful to study other stars and their mag-
netic fields so that the existing theories can be tested on stars similar to the
Sun, but also on stars with di!erent properties so that new theories can emerge.
This study consists of six stars, HD 171488, GQ Lup, ! Boo, HR 1099, HD
216489 and AU Mic. They are all relatively cool, low mass stars like the Sun.

1.1 Magnetic fields and polarization
Stars are very distant but still there is starlight reaching us here on Earth. The
starlight contains a lot of information about the star and its properties. One of
these properties, is the star’s magnetic field.

In 1908 George Ellery Hale detected polarized light from the Sun. He used
his knowledge of the Zeeman e!ect, which explains the connection between
a magnetic field and polarized light, and interpreted the polarization as an
evidence of the Sun’s up until then unknown magnetic field. The concept of
the Zeeman e!ect was relatively new since Pieter Zeeman had discovered and
explained it only 12 years earlier, in 1896. This was the first detection of a
magnetic field on a star and the same principle to detect magnetic fields is used
today. Polarized light is detected and measured and from this the magnetic field
strength and distribution can be calculated.
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1.2 Magnetic field detection
The magnetic field of the Sun is quite weak and all the stars in this study also
have relatively weak magnetic fields. When the field is weak, the polarization
profiles will naturally also be weak and small compared to the noise level which
makes them hard to detect. To be able to detect the potential signals there is
a need to increase the S/N level and this can be done using the least-squares
deconvolution technique, LSD. LSD is a technique that instead of looking at
separate lines in a spectrum combines all lines into one single intensity profile
and also combines all their corresponding polarization profiles into one single
polarization profile.

1.3 Aim of this Work
This work aims to construct polarization profiles of active cool stars by us-
ing the least-squares deconvolution techinque, LSD, and to calculate the mean
longitudinal magnetic field strength, !Bz", and the corresponding false alarm
probability, FAP from this. Since the magnetic field generation of the Sun is
not completely understood, it is helpful to study other stars and their magnetic
fields so that the existing theories can be tested on stars similar to the Sun.
There are many di!erent types of dynamo theories today, almost too many, and
by investigating all types of stars some theories can be confirmed while some
might be discarded.

2 Magnetic field generation
The Sun has a convection zone that starts at a radius of about 0.7 R!. The
Sun also rotates and there is an interaction between convection and rotation
generating a magnetic field. This field is responsible for phenomena like flares
and solar wind. The global field is predominantly dipolar and only a few Gauss
in strength and it switches polarity about every 11 years. This can not be
explained solely by the magnetic field generated from the interaction between
convection and rotation [16, 28, 29].

On a rotating solid body the rotational velocity will be constant, but a point
on the equator will have a higher velocity than a point closer to the pole simply
because the point on the equator will have to cover a larger distance in one lap
compared to the point on the pole. On the Sun, the equatorial region rotates
faster than the polar regions, but the rotational velocity is not constant. The
equatorial region has a higher rotational velocity than the polar regions, i.e. the
rotational velocity changes with latitude and the Sun has di!erential rotation.
The radiative core, however, rotates like a solid body but at the point where the
convection zone starts the rotational velocity is no longer constant neither with
radius nor latitude. At the border between the radiative core and the convection
zone there is a thin layer called the tachoclone. Here the change in di!erential
rotation is the largest which means that the shearing force is the strongest here.
This shearing is believed to create a current which in turn generates a magnetic
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field [13, 16, 29, 60]. The di!erential rotation is also responsible for changing a
poloidal magnetic field to a toroidal magnetic field and it is called the !-e!ect.
A longitudinal field line gets dragged along the faster rotating equator and will
eventually be wrapped around the Sun and transformed into an azimuthal field
line instead. There is also a reverse process that converts an azimuthal field
back to a poloidal field and this is called the "-e!ect. Exactly how the "-e!ect
works is still unknown, but what is known is that convection and rotation plays
a big part.

Magnetic fields have been detected in other stars than the Sun. Some stars
are fully convective, which means they don’t have a tachocline region, while
other stars might have a very shallow or no convection zone at all. Other stars
may have smaller or larger di!erential rotation than the Sun and may also have
a higher or lower rotational velocity. Most of the stars in the universe have a
lower mass than the Sun, but there are also stars with higher mass. Most cool,
low mass stars are believed to have magnetic fields, and many observations have
confirmed this, while it seems to be more rare among hotter stars. Magnetic
fields have been detected in chemically peculiar A and B stars, but also in
some B and O stars with normal abundances. The measured field strengths
in magnetic stars varies from a few µG in molecular clouds to PG in magnetic
neutron stars. Since magnetic fields are present in so many di!erent types of
stars, the fields may be generated through di!erent processes depending on
di!erent stellar properties [16, 17].

3 Magnetic field influence on spectral lines
Electrons in an atom can have di!erent quantum numbers and can also be in dif-
ferent configurations. An atom can therefore have many di!erent energy states,
though atoms with di!erent electron configurations do not necessarily have dif-
ferent energies. If there is no magnetic field present, atoms with two di!erent
electron configurations can still be in the same energy state. Also, a transition
in an atom from one state to another, say a hydrogen atom transitioning from
n=3 # 2 will result in one spectral line with a certain wavelength.

Since the electron is charged and moves around the nucleus, it will have an
orbital magnetic moment represented by a quantum number M. If a magnetic
field is present, the Hamiltonian will be perturbed by the magnetic Hamiltonian

HB = e0h

4#mc
(L + 2S) · B + e2

0
8mc2 (B $ r)2 (1)

where L is the total orbital angular momentum of the electron cloud, S is the
total spin, B is the magnetic field vector and r is the position vector expressed
as a sum of the electron positions relative to the nucleus. The second term
on the right hand side of eq. 1 will only be significant if the magnetic field is
extremely strong, i.e. in the case of a magnetic white dwarf or neutron star.
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The magnetic Hamiltonian can therefore often be simplified to

HB = e0h

4#mc
(L + 2S) · B = µ0(L + 2S) · B (2)

where µ0 is the Bohr magneton. Since the Hamiltonian is perturbed, the cor-
responding energy eigenvalues will also be perturbed. A magnetic field will
therefore cause a slight shift in electron energy, but the shift will not be equal
for all electrons since they have di!erent orbital magnetic moments [33]. The
result of this is that the two atoms that used to be in the same energy state,
despite having di!erent electron configurations, no longer will. The same hy-
drogen transition, n=3 # 2, will now result in more than one spectral line. The
number of sublevels that the initial energy level of the electron will be split into
can be expressed as 2J+1 where J is the total angular momentum. The splitting
of energy levels due to a magnetic field is called the Zeeman e!ect.

The stronger the magnetic field, the larger will the di!erence in energy of
the split levels be. The magnetic field strength will a!ect the depth of the line
directly, but also indirectly by a change in temperature due to, for example,
magnetic spots on cool stars. The energy shift, "E, for a transition between an
upper energy level Eu to a lower energy level El is given by

El % Eu = "E = µ0B(glMl % guMu) = µ0B("gMl % gu"M) (3)

where µ0 is the Bohr magneton, gu and gl are the Landé factors describing the
magnetic sensitivity of the upper respectively lower energy level, "g=gl%gu, B
is the magnetic field strength and Mu and Ml are the projections of Ju and Jl

respectively, or the magnetic quantum numbers, where each M=%J,%J+1,...,J
and "M=Ml%Mu [16, 57]. Due to selection rules for an electric dipole transi-
tion, "M can only be equal to 0, -1 or +1. Depending on the value of "M,
the wavelengths of the corresponding lines will be distributed di!erently around
the line una!ected by a magnetic field. If "M=0 the lines will be distributed
symmetrically around the una!ected line and are then called # components. If
"M=+1 the lines will be distributed symmetrically on the "blue side" of the
una!ected line, and are then called $b components and if "M=%1 the lines will
be distributed on the "red side" of the una!ected line and are then called $r

components [33]. This is true as long as the Landé factor is positive, which it is
in most cases. A schematic illustration of the # and $ components can be seen
in Figure 1.
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Figure 1: The Zeeman components of a spectral line where the # components
are in the middle and drawn upward, while the $ components are distributed
symmetrically on each side. The wavelength increases to the right and the
central wavelength of the line in the absence of a magnetic field is in the middle
of the # components.

3.1 Polarization
The magnetic field will also make the light polarized. Light can be polarized
in di!erent ways corresponding to linear and circular polarization. The po-
larization is measured along the orientation of the electric field which oscillates
perpendicular to the direction of propagation. Assume that polarized light prop-
agates along the z-axis and that the electric field oscillates in the xy-plane. The
components of the electric field can then be expressed as

Ex(t) = E1 cos(%t % &1) (4)
Ey(t) = E2 cos(%t % &2) (5)

where E1 and E2 are the amplitudes, % is the angular frequency and &1 and &2
are the respective phases. Depending on the values of E1, E2, &1 and &2 the
light will be di!erently polarized. If the amplitudes and phases are arbitrary,
the resulting electric field vector will revolve around the z-axis. If the electric
field vector is looked at in the direction of propagation, the tip of the vector will
draw an ellipse. This ellipse is called the polarization ellipse and an illustration
of it can be seen in Figure 2.
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Figure 2: The polarization ellipse by an electric field vector rotating clockwise
around the propagation axis. [5]

If E1 or E2 is zero, the resulting electric field vector will naturally oscillate
in the same way as the remaining component, along the x-axis or y-axis, and
the light will be linearly polarized. If Ex and Ey are in the same phase, i.e. if
&1 = &2, or if they are shifted by half a wavelength, &1 = &2 ± #, the resulting
electric field vector will once again oscillate in one direction and the light will
be linearly polarized. If E1=E2 and &1 = &2 ± #/2 the length of axis a and b
of the polarization ellipse will be equal. The resulting electric field vector will
rotate in a circle, and the light is now circularly polarized. Depending on the
rotation direction of the vector, the light will be polarized either clockwise or
counter clockwise. Clockwise polarization is referred to as positive polarization
and counter clockwise polarization is referred to as negative polarization [33].

If "M=0 the light will be linearly polarized along the direction of the mag-
netic field, i.e. the #-components will always be linearly polarized parallel to the
magnetic field. If "M=±1 the light can be either linearly polarized perpendic-
ular to the magnetic field or circularly polarized, i.e. both $-components can be
either linearly or circularly polarized [33]. The circularly polarized light is sen-
sitive to the longitudinal magnetic field component, or line-of sight-component,
and the linearly polarized light is sensitive to the perpendicular magnetic field
component [16].

The polarization state of stellar radiation is fully characterized by Stokes
parameters, I, Q, U and V, which were introduced by George Gabriel Stokes.
These four parameters can be expressed as

Unpolarized light : I = I0! + I90! (6)
Linearly polarized light : Q = I0! % I90! (7)

Linearly polarized light : U = I45! % I135! (8)
Circularly polarized light : V = I+ % I" (9)
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where I0! , I90! , I45! , I135! corresponds to the intensity of light that has passed
through an ideal polarizer at a polarization angle given by the su"x and I+
and I" corresponds to the intensity of positively polarized light and negatively
polarized light respectively [51]. The Stokes parameters can also be expressed
as

I = I (10)
Q = I cos 2' cos 2( (11)
U = I cos 2' sin 2( (12)
V = I sin 2' (13)

which can be illustrated by the Poincaré sphere shown in Figure 3. The sphere
has radius I and P represents the polarization vector. When 2' = 0# the
polarization vector will lie on the equator and the light will be linearly polarized.
When 2' &= 0# and P is pointing to the upper hemisphere the light will be
positively polarized and when 2' &= 0# and P is pointing to the lower hemisphere
the light will be negatively polarized. When 2' = ±90# P will point north or
south and will then represent either positively or negatively circularly polarized
light [51].

Figure 3: The so called Poincaré sphere. [4]

4 Telescope and instruments
All treated data have been produced in April, May and August 2010 at the
European Southern Observatory, ESO, 3.6-m telescope located in La Silla, Chile,
see Figure 4. It has an equatorial mounting and is equipped with the High
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Accuracy Radial velocity Planet Searcher spectrograph, HARPS. HARPS is
a high resolution echelle spectrograph with a resolving power of 115000. As
the name implies, it is dedicated to search for extrasolar planets, but can also
be used to investigate stars and their magnetic fields when combined with the
polarimeter HARPSpol. The covered spectral range is 3780-6910 Å [3].

Figure 4: The ESO 3.6-m telescope [1].

4.1 Polarimeter
The polarimeter HARPSpol, [48], is placed at the Cassegrain focus and is con-
nected to the spectrograph through two optical fibers. A schematic of HARP-
Spol can be seen in Figure 5. The incoming beam first hits a retarder consisting
of a wave plate which has a di!erent refractive index, n, depending on the ori-
entation relative to the optic axis. Along the plate’s so called fast axis, the
refractive index is the lowest and perpendicular to the fast axis is the so called
slow axis where the refractive index is the largest. Since refractive index is the
ratio between the speed of light in vacuum and the speed of light through a
medium, n=c/v, a low refractive index indicates a higher velocity, hence the
names fast axis and slow axis. This will cause a phase shift of the incoming
beam since one part of the beam will propagate faster through the wave plate
than another part. The properties of the wave plate determines the magnitude
of the phase shift. The wave plate can be either a half-wave plate, HWP, or a
quarter-wave plate, QWP, and as the names imply they will cause a phase shift
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of half a wavelength, 180# and a quarter of a wavelength, 90# respectively.
If circularly polarized light falls on a QWP the light leaving the QWP will be

linearly polarized. The light will be shifted with a quarter of a wavelength and
since circularly polarized light has a phase shift of a quarter of a wavelength, it
will now either be in phase or shifted by half a wavelength, i.e. linearly polarized.
If linearly polarized light falls on a HWP the light will still be linearly polarized
when it leaves the HWP but the polarization angle can be changed depending
on the orientation of the HWP [33]. The e!ect will depend on wavelength
and to correct for this the wave plates need to be achromatic. HARPSpol can
handle all polarization states and consists of both a superachromatic HWP and
a superachromatic QWP. They can both be rotated so that the angle can be
changed [48].

The beam now has a distinct polarization. Before it leaves the polarimeter, a
beam splitter splits the beam into two beams with orthogonal polarization states
which is necessary since each Stokes parameter is the sum or the di!erence
between two orthogonal polarization states as written in equations 6-9. The
beam splitter can only handle linearly polarized light which is the reason to
why a retarder is needed, to change the polarization of the light. One beam is
then transferred through one of the two optical fibers connecting the polarimeter
to the spectrograph, and the other beam is transferred through the other optical
fiber.

Figure 5: The HARPSpol polarimeter [48].
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4.2 Spectrograph
When the beams enter the spectrograph each of them are collimated and hit
the echelle grating with the same angle of incidence. The light is reflected, but
no longer collimated although light of the same wavelength is still collimated.
The echelle grating works almost like a prism in the sense that the angle of the
outgoing light depends on the wavelength. Light with the same wavelength will
then interfere and the whole process can be described by the grating formula

) sin " · )sin* = m+ (14)

where ) is the length between the beginning of one groove and the beginning
of the next groove, " is the angle of incidence, * is the reflection angle, m is
the spectral order and + is the wavelength. HARPS has 31.6 grooves mm"1 [3].
Before the light hits the detector, it is split once again with a cross disperser
grism to create a 2D image. The light then passes through a camera which
focuses the light on the detector. Since there are two beams, every order on the
detector will contain two separate spectra, one for each polarization state. The
wavelength will increase along the order, and the intensity will be highest along
the middle of each order. The di!erence of the two beams will give information
about the current Stokes parameter and therefore also the magnetic field.

4.3 Detector
The detector is a CCD mosaic consisting of two CCD’s with 4000 $ 2000 pixels
each where each pixel is 15µm [3]. One of the CCD’s is optimized for blue
wavelengths between 3780 Å and 5258 Å while the other is optimized for red
wavelengths between 5340 Å and 6910 Å. It is covered by a layer of Silicon,
Si. When a photon of su"cient energy hits the Si layer, a photo-electron will
be emitted and collected in the corresponding pixel by a potential well. The
maximum number of electrons that can be accumulated in each pixel, also called
saturation level, is determined by the depth of the potential well. When the
saturation level is reached, the detector will no longer be linear, i.e. the signal
from the detector will not increase linearly with a linear increase of electrons.
When the exposure is finished, the amount of accumulated photo-electrons of
each pixel needs to be amplified and measured. Finally, when a signal has been
amplified it is digitized by an analog-to-digital converter, ADC. The amplifier is
logarithmic to make the signal more distinguishable from the noise and to make
it fit better with the dynamic range of the ADC. For further information about
the telescope and the instruments, check out [2].

5 Reduction
Before observational data can be analyzed, it needs to be reduced. The goal of
reduction is to convert a 2D image into a 1D spectrum by assigning pixels with
wavelengths and convert electron count to relative flux. Reduction will also take



5 REDUCTION 13

care of some false signals that can be due to outside sources such as cosmic rays,
but also to internal sources and e!ects in the instruments. Since the sources
are di!erent, di!erent procedures are needed to remove the false signals. The
REDUCE package [49] was used to reduce the data.

5.1 Calibrations
5.1.1 Bias frame
There can be some internal electronic noise in the detector, which can be cor-
rected for by making bias frames. Another use for a bias frame is to create an
o!set for the amplifier and estimate the read out noise. Since the amplifier is
logarithmic, a signal equal to zero will cause problems. A bias frame is produced
with a closed shutter and with zero exposure time. Usually, bias frames are pro-
duced both before and after a night of observations. All these bias frames are
then combined into a master bias frame.

5.1.2 Dark frame
A collection of atoms will have their energy distributed according to the Boltz-
mann distribution. The energy levels of the atoms will vary, and some might
even emit an electron without first being hit by a photon. The electron will be
collected by the detector in the same way as any photo-electron and will there-
fore contribute to the signal of that pixel. This is called dark current and is
caused by thermal e!ects in the detector. This can be corrected for by making
dark frames. A dark frame is a frame taken with a closed shutter and with
an exposure time comparable to real observations. There were no dark frames
produced for these observations because there was no need to. The stars that
were observed are bright enough to make the signal caused by dark current to be
insignificant. The detector is also very cool so the number of thermally emitted
electrons is very low.

5.1.3 Flat field frame
Some pixels may be more sensitive to incoming photons than others which means
that the same number of incoming photons for two pixels may still result in two
di!erent signals. To correct for this, a continuous source with no spectral lines
is used. The shutter is open and the exposure time is relatively short. The
di!erence in signal between the pixels is then simply due to di!erence in pixel
sensitivity. These frames are called flat fields and are usually produced both
before and after a night of observations. All flat field frames are subtracted with
the master bias and then combined into a master flat field frame by calculating
the median value for each pixel.

To correct for di!erent pixel sensitivities, the master flat field needs to be
normalized. The light hitting the detector corresponds to monochromatic 1D
images of the fibers. All these 1D images are stacked behind one another and
together they build up a 2D surface, i.e. a spectral order. The slit illumination
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functions are functions going across the orders describing the shape of these 1D
images. A 1D spectrum of the flat field goes along the orders. The product of
the slit illumination functions and the 1D spectrum will represent a 2D model
of the flat field. This model is used to normalize the flat field by dividing the
master flat field with the model.

Despite the name the master flat field frame is not flat, since it will contain
fringes and blaze functions. A blaze function makes the profile of each order
curved, with a maximum intensity value in the middle. All photons will not
be absorbed by the Si surface of the CCD but will instead be reflected. On
their way back they can interfere with other incoming photons and this causes
fringing. To correct for this a fit is made to the model of the flat field and a 1D
spectrum is obtained [49].

5.1.4 ThAr frame
Di!erent pixels will correspond to di!erent wavelengths. It is therefore necessary
to identify each pixel with a certain wavelength. To do so there is a need of a
frame with many lines at known wavelengths. Such a frame is produced by using
a ThAr lamp and detecting the emission lines. The ThAr lamp will produce
a lot of lines that are identified and well known. Usually ThAr frames are
produced several times during one night of observations but since the velocity
stability of HARPS is high, shifts are only about 1 m s"1, it is only necessary
to produce ThAr frames before and after a night of observations.

5.2 Order identification
There is also a need for order identification which is done in four steps as de-
scribed in [49]. The flat field frames can be used for this. The first step is to
smooth each column and then calculate the median of the di!erence between
the original and the smoothed column. This median value is then added to the
pixel value of the smoothed column. All pixels from the original frame that are
larger than this sum are selected as a pixel giving a signal. At this point, it
does not matter how strong the signal is, it is just a matter of signal or not.

The next step is to cluster all neighboring pixels giving a signal. A pixel
giving a signal is selected and all pixels within one pixel radius are checked if
they also give a signal. If they do, they will be put in the same cluster. In the
ideal case, all pixels within the same order will be put in the same cluster, but
due to bad pixel rows and low sensitivity, this will probably not be the case.

When all pixels are checked it is time to count them. A minimum value
of required pixels within a cluster is set, and all clusters below this value are
ignored. A polynomial fit is made to the remaining clusters.

The final step is to check if some separated clusters should be merged anyway.
This can be necessary when for example a bad row separates two clusters that are
actually within the same order. The program checks if two polynomials seem
to overlap and how many pixels within a cluster that are the same for both
polynomials. If more than 90% from code of the pixels are the same, the two
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clusters are automatically merged. If the number is high, but not above 90%,
the user is asked to either merge the clusters, discard one of the polynomials,
or keep the clusters separate.

5.3 Science spectra extraction
Everything is now prepared for the science spectra extraction. The science frame
is like all other frames in 2D. It also contains signals from internal electronic
noise, is a!ected by di!erent pixel sensitivity, and it contains blaze functions
and fringes. The science frame is first subtracted with the master bias frame
and then divided with the normalized 2D master flat field frame to correct for
the electronic noise and pixel sensitivity.

To perform an analysis, the science spectrum needs to be 1D. To obtain
a 1D science spectrum, the same procedure as for the flat field is performed,
i.e. a fit is made with the product of the slit illumination function and a 1D
spectrum. Then the obtained 1D science spectrum is divided with the 1D flat
field spectrum to remove blaze functions and fringes.

6 Wavelength calibration
The science spectra will contain emission and/or absorption lines which need to
be identified. To do that, each pixel has to be assigned a wavelength. Fortu-
nately, as described above, a set of ThAr spectra were produced for this very
purpose. The first thing to be done is to choose which ThAr spectra to com-
pare with. Preferably, a spectra produced closest in time to the observations
is chosen. Each line of the chosen ThAr spectrum is matched with lines from
previous calibrations from previous ThAr spectra. The lines from the ThAr
spectrum will be matched with the already stored lines and the corresponding
pixels can then be assigned a wavelength. The more lines that coincides the
better because the pixel-to-wavelength transformation will be more accurate.
Think of it as fitting a curve to points. The more points, the more accurate will
the corresponding function be.

There are more lines in total towards the blue, and the number of identified
lines was also larger for the blue, about 2000. The number of lines in the red
was typically just below 1000. The radial velocity precision was between 16 m
s"1 and 20 m s"1.

7 Continuum normalization
To be able to perform a scientific analysis the continuum line of the stellar spec-
trum needs to be at 1. When the extracted 1D stellar spectrum was divided with
the 1D flat field spectrum the blaze functions were removed and the spectrum
was flattened, but the spectrum is still slightly curved. The spectrum should
also be divided with a so called response function. The response function is
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estimated from the sensitivity of the CCD. The final step is to fit a smooth con-
tinuum line to the stellar spectrum. Figure 6 displays an example of continuum
normalization and the di!erence between the stellar spectrum before and after
division with the response function.

Figure 6: The spectrum of ! Boo from the continuum normalization process.
The green curve shows the spectrum after it was divided with the flat field
and the red curve is the green curve divided with the response function. The
grey window represent an area containing a strong line which is excluded from
the continuum fit. The white line is the continuum level and the two windows
represents the two fibers and their respective spectrum.

8 Polarization spectrum
For stars with a weak magnetic field, the polarization will be small. Circular
polarization will be about 10 times stronger than linear polarization which is
the reason to why only circular polarization is treated in these observations.
Linear polarization is therefore harder to detect but not impossible. A recent
study of all four Stokes parameters in active cool stars has been made and the
results prove that linear polarization can indeed be detected [31].

To make a polarization spectrum, there is a need of two or four exposures,
i.e. four or eight spectra to correct for spurious signals. If the fibers and
detector would be perfect, in principle only one exposure would be needed since
there would not be any spurious signals to correct for. The level of circular
polarization is given by

V

I
= R % 1

R + 1 (15)
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where
R2 =

i1,$/i1,%

i2,$/i2,%
(16)

if there are two subexposures and

R4 =
i1,$/i1,%

i2,$/i2,%

i4,$/i4,%

i3,$/i3,%
(17)

if there are four expousures. In both cases, su"x 1 corresponds to exposure 1
and su"x ' and ( corresponds to the two orthogonal polarization states [19].

The di!erence between exposure 1 and 2, and 3 and 4, is a switch in polar-
ization states between the fibers. If the parallel polarization state is transported
through fiber 1 and the perpendicular polarization state is transported through
fiber 2 in the first exposure, it will be the other way around for the second expo-
sure, i.e. the parallel polarization state will be transported through fiber 2 and
the perpendicular state through fiber 1. The profile of one polarization state
should be approximately the same for both exposures, so if there is a signature
only showing up for one of them it is probably due to the fiber or the detector.
If the same signature shows up for the second polarization state for the same
fiber, it is even more likely a spurious signal. By dividing the di!erent exposures
rather than subtracting, all spurious signals will be corrected for. Exposures 1
and 4 both correspond to when, for example, the parallel polarization state was
transported through fiber 1.

It can also be useful to calculate a null spectrum. The null spectrum should
not contain any signal at all and can be used to check if the Stokes V profile
contains real signals or if it is dominated by artifacts and noise. To create a null
spectrum, there is a need of four exposures, where R now is expressed as

R4 =
i1,$/i1,%

i4,$/i4,%

i2,$/i2,%

i3,$/i3,%
(18)

An example of a Stokes I, Stokes V and a null spectrum can be seen in
Figure 7. As can be seen in Figure 7, there are no significant di!erences between
the Stokes V spectrum, (upper black line), and the null spectrum, (blue line)
and there are no clear signatures in the Stokes V spectrum either. It would
therefore be di"cult to extract any information regarding the magnetic field
from individual lines other than that it is weak.
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Figure 7: The di!erent spectra of HD 171488. The lower black line represents
Stokes I, the upper black line represents Stokes V and the blue line represents the
null spectrum. Both the spectrum of Stokes V and the null spectrum have been
expanded with a factor of 10 and shifted vertically by 0.2 and 0.4 respectively
with respect to Stokes I for graphical purposes.

9 Least Squares Deconvolution
Least squares deconvolution, LSD, is a technique which can be used when the
magnetic field is not strong enough to be detected in individual lines and the
signal is weak in comparison with the noise level. The idea is to, instead of
looking at the magnetic signal from each line separately, combine all magnetic
signals from each line to get one profile for the whole spectrum. Each line
is assumed to have a specific depth and magnetic sensitivity, but all lines are
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assumed to have the same shape. This makes the method a bit crude but still
useful. LSD is further evaluated in [19].

9.1 LSD demonstration
The real advantage of LSD is the increase in S/N. Figure 8 shows a computed
polarized spectrum containing 1000 lines with varying strength. The red line
represents the spectrum without noise, and the blue line represents the spectrum
with added noise. The noise level is higher than the signal itself, i.e. the S/N
ratio is small and it would be di"cult to extract any information about the
magnetic field.

The first step in applying LSD is to calculate a so called line mask, M. M
is a matrix containing the weight of each line which depends on the central
wavelength, depth and magnetic sensitivity of the line. All lines are assumed
to have the same shape, as mentioned above, and this shape is described by a
function, Z. Here Z is assumed to be the derivative of a Gaussian curve. The
computed spectrum is actually built up by an interpolation of Z on velocities
within ±100 km s"1 of the central wavelength of each line. If the line mask M
is multiplied with function Z, the result should be approximately the polarized
spectrum without any noise. These two spectra are plotted together in Figure 9
where once again the red line represents the polarized spectrum without noise,
and the blue line represents the reconstructed spectrum, V, where V=M · Z.

When an observation is made, V is the observed stellar spectrum and what
is sought for is a single profile for the whole spectrum, or Z. Z can be found by
a least-squares solution,

Z = (MT · S2· M)"1 · MT · S2· V (19)

where M is the line mask, S is a square diagonal matrix containing the inverse
error bar and V is the observed spectrum, including noise. The result of this can
be seen in Figure 10 where the red line represents the original function Z, (the
derivative of a Gaussian curve), and the blue line represents the calculated LSD
profile. The red curve looks almost like a fit to the blue curve and the magnetic
profile is now visible, which implies that the S/N ratio has been increased.
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Figure 8: Polarization spectrum containing 1000 lines. The red line is the
spectrum without noise and the blue line is the spectrum with additional noise.
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Figure 9: The original polarization spectrum, red line, and the calculated
spectrum, blue line.
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Figure 10: The original function describing the polarization profile, red line,
and the calculated LSD profile, blue line.

9.2 LSD preparations
Before LSD can be used on a stellar spectrum, a line mask has to be calcu-
lated. As mentioned in section 9.1, the line mask contains a weight to each
line depending on the depth, wavelength and magnetic sensitivity. All lines in
the spectrum have to be evaluated in these terms. The Vienna Atomic Line
Database, VALD, contains laboratory and theoretical data of spectral lines in-
cluding their magnetic sensitivities and central wavelengths which are constant
[32]. The depth of a spectral line however, is not constant since it is influ-
enced by exterior conditions such as temperature and pressure. To be able to
calculate the line depth there is a need of an atmospheric model. For these
observations, MARCS atmospheric models are used [24]. Many di!erent kinds
of atmospheric models can be found in MARCS database, and to get the desired
one, some input parameters like e!ective temperature, Te! , surface gravity, log
g and metallicity [Fe/H] has to be specified. The information from the atmo-
spheric model can now be combined with the information from VALD and the
depth of each atomic species in the stellar atmosphere can be calculated.

The reason to why a model of the atmosphere is used and not the observed
stellar spectrum is because many lines in the stellar spectrum can be blended
and broadened and therefore impossible to identify. There is always a small
natural broadening to each line which is due to the uncertainty principle, but
a line can be further broadened if the star is a fast rotator or has a magnetic
field.

When all parameters and their corresponding values have been evaluated,
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the weight to each line is calculated di!erently depending on if it is the weight
for Stokes I, wI , or Stokes V, wV . wI is calculated as d/d0 where d is the depth
of the line and d0 is set to one. The magnetic fields dealt with in this work are
weak and the weak field approximation can be used, i.e. Stokes I does not have
to be weighted by any factor expressing the magnetic sensitivity since the lines
won’t be a!ected by the magnetic field significantly. wV on the other hand is
calculated as d/d0 · +/+0· g/g0 where g is the e!ective Landé factor describing
the magnetic sensitivity and g0 is assumed to be 1. The e!ective Landé factor
is calculated from the upper and lower Landé factors of individual lines. + is
the central wavelength of the line and +0 is set to a value close to the mean
wavelength, 4700 Å here, to get a number of the order of 1 instead of 1000.

The achieved S/N ratio after LSD was applied varied between about 160-650
for Stokes I and from about 1150-20900 for Stokes V and the number of used
lines varied between about 4100-9200.

10 Analysis of LSD profiles
When the profiles are calculated, there is a need to check if the signal is real or
due to noise. The so called False Alarm Probability, FAP is a measure of how
likely it is that the signal is just due to noise, i.e. a low FAP corresponds to a
high probability for a real signal. The FAP is based on '2 which is expressed
as

'2 =
n!

i=1

P 2
i

$2
i

(20)

where P is the profile intensity and $ is the error bar. The number of degrees of
freedom, n, is also needed and is equal to the number of points that the signal
consists of. There are some conventional values of FAP to decide if the signal
is real or not.

Definite detection, DD: FAP < 10"5

Moderate detection, MD: 10"5 < FAP < 10"3

No detection, ND: FAP > 10"3

The polarization profile also contains information about the mean longitudi-
nal magnetic field, !Bz", which is the projected magnetic field on our line of sight
integrated over the whole stellar surface. !Bz" can be calculated by integrating
the Stokes V profile and divide it by the integral of the Stokes I profile

!Bz" = %7.145 · 106

+0 · g0
·

"
V (v % v0)dv"
(1 % I)dv

(21)

where +0 is 4700 Å, g0 is 1, !Bz" is in G and v0 is the center-of-gravity which
can be expressed as

v0 =
"

v(1 % I)dv"
(1 % I)dv

(22)
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The shape of the polarization profile can tell something about the magnetic
field. If the profile has an S-shape the field is dominated by one polarity. If
the field is mainly positive the polarization profile will first have a maximum
and than a minimum as in Figure 10, and the other way around for a mainly
negative field. The side of the star rotating towards us will be blue-shifted while
the side turning away from us will be red-shifted.

Assume a star has a dipole field nearly, but not completely, aligned with
the rotation axis and that the line of sight lies on the star’s equator. At some
point only one of the poles will be visible on the side of the star being observed
and the polarization profile will have an S-shape. As the star rotates that pole
will turn away while the other will become more and more visible. When both
poles are visible they will both contribute to the polarization profile with S-
shapes, although inverted with respect to each other since they have di!erent
polarities. One of them will be blue-shifted and the other will be red-shifted
and the resulting polarization profile will have more of an M-shape. The profile
can also have a more complex form, for example in the case of a binary or if the
field is not dipole-like.

11 Results
11.1 HD 171488
HD 171488 is a variable star of BY Dra type. It is a young star, either a post
T-Tauri star or a zero age main sequence, ZAMS, star with an age of only about
50 Myr [22]. ZAMS is when the star first enters the main sequence. By doing
so, the star can spin up because it is no longer bound by its circumstellar disk.
HD 171488 is a fast rotator, but has other properties similar to the sun. For
example it is of the same spectral type and has similar e!ective temperature,
Te! . Table 1 contains some stellar properties.

HD 171488 has been studied before and is known to have a magnetic field.
Spots have been detected and mapped with Doppler Imaging, DI. Some mag-
netic spots other than the polar regions seems to have fixed positions. This has
been detected in some G-type stars while it is not detected in other G-type stars
which means that it is not a general feature [25]. A ring-shaped azimuthal field
has been detected around the pole which implies that the dynamo process is
generating a magnetic field throughout the whole convection zone. Otherwise
there would not be an azimuthal field this close to the surface since the field
generated by shearing lies on the tachocline [42, 43]. In [42, 43] the obtained
results imply that the shear between the poles and the equator seems to increase
as the depth of the convection zone decrease. HD 171488 is believed to have a
shallow convection zone and a di!erential rotation of d! = 0.52 ± 0.4 rad d"1,
where d! is the di!erence in rotation rate between the equator and the pole,
according to [27]. Even if the convection zone is shallow, the convection turn
over time, !c, is long compared to the rotational period, Prot, i.e. the so called
Rossby number, Ro, is small. This implies that the Coriolis force can influence
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the convection.

Table 1: Parameters of HD 171488.

Parameter Value Reference

Sp. type G2V [22]
Te! 5750 ± 130 K [22]
log g 4.3 ± 0.15 [22]
[Fe/H] 0.01 ± 0.09 [22]
Age 50 Myr [22]
Mass 1.2 M! [27]
Radius 1.13 R! [27]
Con. zone depth 0.206 R! [27]
Prot 1.33697 days [26]
Rossby number 0.116 [27]
Inclination 60# ± 10# [42]

All exposures of HD 171488 can be seen in Figure 11 and for the first expo-
sure, HJD=2455418.58176, the null spectrum roughly looks like the derivative
of Stokes V. The null spectrum seems to have its peak values where the slope
of the Stokes V profile is the largest and approximately zero where Stokes V is
at its maximum. This can be due to changes in the Stokes V profile because
of rapid rotation. HD 171488 has a rotational period of 1.33697 days as can be
seen in Table 1. For these particular subexposures, the exposure time was 800
seconds each and there were four subexposures in total. Between each exposure
there is a read-out which takes about 30 s, i.e. the total exposure time plus
read-out time was 800 ·4+30 ·3 = 3290 s ) 0.038 days. In general, the exposure
time should not be longer than about 1-2 % of the rotational period because the
stellar activity can vary a lot from one phase to another. In this case, the total
exposure time is about 2.8 % of the rotational period. If the four exposures are
divided into groups of two instead of four there is a visible di!erence in both
Stokes V and Stokes I which implies that the exposure time was too long. This
can be seen in Figure 12.



11 RESULTS 25

Figure 11: Stokes I and Stokes V LSD profiles and null spectrum for HD 171488
with the corresponding time for the observation expressed as HJD-2400000. The
black lines in the left plot represents Stokes I and each profile is shifted by 0.1
vertically with respect to the consecutive ones for graphical purposes, the black
lines in the right plot represents Stokes V and the blue lines represents the null
spectra. Both the Stokes V profiles and the null spectra have been expanded
by a factor of 25 and shifted by 0.1 vertically with respect to the consecutive
ones for graphical purposes. The velocity range between the vertical red lines
correspond to the velocity range from where !Bz" was calculated.
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Figure 12: LSD Stokes I and V profiles for HD 171488. The black solid lines
represents Stokes I and Stokes V for the first two observations and the green
solid lines represents Stokes I and Stokes V for the next two observations. The
Stokes V profiles have been expanded with a factor of 25 and shifted vertically
by 0.05 from Stokes I for graphical purposes.

In Figure 11, it looks like there is a magnetic signal for each observation.
The FAP and longitudinal magnetic field was calculated both for Stokes V and
the null spectrum for all exposures and the results can be seen in Table 2.
As seen in Table 2, there was definite detection for all exposures except for
two although they are quite close to moderate detection. The probability was
therefore calculated again, but with a lower resolution. This was achieved by
increasing the velocity bin, "v, to 1.6 km s"1 instead of the usual, very high
resolution, 0.8 km s"1. The latter limit is set by the average spacing between
the CCD pixels.

Each LSD profile contains three vectors. The first contains velocities, the
second contains values of the profile and the third contains values of the er-
ror bar. The change in velocity step was made by taking the average of two
consecutive values and then making a new vector containing only the averaged
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values.

v& = 1
2(v1 + v2) (23)

P & = 1
2(P1 + P2) (24)

$& = 1
2

#
$2

1 + $2
2 (25)

The FAP’s for the two nights were changed from no detection to moderate
detection and definite detection respectively and the results can be seen in Table
3.

Table 2: LSD analysis results for HD 171488 with "v=0.8 km s"1.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55418.58176 0.000 ·100=DD 8.293 ·10"1=ND 0.9 ± 7.6 12.9 ± 7.5
55418.71022 1.654 ·10"13=DD 9.916 ·10"1=ND -1.4 ± 11.1 -8.1 ± 11.1
55421.54301 6.461 ·10"2=ND 1.000 ·100=ND -16.6 ± 13.1 8.7 ± 13.1
55421.61665 7.900 ·10"3=ND 9.993 ·10"1=ND -49.4 ± 9.6 12.4 ± 9.6
55421.68960 8.818 ·10"9=DD 9.936 ·10"1=ND -16.7 ± 13.2 16.4 ± 13.1
55422.54282 0.000 ·100=DD 8.454 ·10"1=ND 21.1 ± 8.3 -2.0 ± 8.2
55422.61476 0.000 ·100=DD 1.000 ·100=ND -7.8 ± 7.7 -21.9 ± 7.7
55422.68654 0.000 ·100=DD 9.998 ·10"1=ND 0.5 ± 9.7 5.1 ± 9.7

Table 3: LSD analysis results for HD171488 with "v changed to 1.6 km s"1.

HJD FAP FAP
(2400000+) (Stokes V) (null spectrum)

55421.54301 7.475 ·10"5=MD 9.974 ·10"1=ND
55421.61665 1.242 ·10"6=DD 8.177 ·10"1=ND

The values of !Bz" are in this case useless and in figure 11 where the profiles
can be seen, Stokes V has more of an M-shape than an S-shape which implies
that the field might be mainly azimuthal rather than poloidal. This is also in
agreement with [16, 17].
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11.2 GQ Lup
GQ Lup is a T-Tauri star enclosed in a circumstellar disk with an age of about
1 Myr. Some parameters of GQ Lup has not yet been fully determined as can
be seen in Table 4, like the rotational period, and no magnetc field analyses
has been reported in any referred publications. One thing that is known, is
that GQ Lup is not the only object in the disk. It has at least one substellar
companion, GQ Lup b. It is not determined if the companion is a planet or a
brown dwarf and the suggested masses vary between 1 and 60 MJ. A summary
of some of the properties can be found in Table 5. It is believed to orbit GQ
Lup at a distance of about 100 AU, but they might not always have been this
separated. A theory suggested by [7] is that another more massive object might
have pushed GQ Lup b away.

Table 4: Parameters of GQ Lup.

Parameter Value Reference

Sp. type K7V [30]
Te! 4060 (K) [30]
Mass 0.8 ± 0.2 M! [56]
Radius 1.8 ± 0.3 R! [56]
" 2.55 ± 0.41 R! [8]
Prot 10.7 ± 1.6 days [56]
" 8.45 ± 0.2 days [8]
Inclination 51# ± 13# [56]
" 27# ± 5# [8]
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Table 5: Substellar parameters of GQ Lup b.

Parameter Value Reference

Sp. type L1 ± 1 [35]
Te! 2650 ± 100 (K) [55]
log g 3.7 ± 0.5 [55]
Mass 1-42 MJ [46]
" 25 MJ [55]
" 8-60 MJ [35]
Radius 3.50+1.5

"1.03 RJ [55]

GQ Lup showed relatively strong polarization profiles and all profiles can
be seen in Figure 13. The calculated values of !Bz" are also by far the largest
compared to all the other stars in this study. All the calculated values are listed
in Table 6. Stokes V has a constant S-shape which could indicate that the
magnetic field is dipole-like nearly aligned with the rotation axis since the same
polarity is dominating in all profiles. The inclination is not fully determined and
some suggested values can be found in Table 4. The three lowest profiles are
made from observations done in April and May 2010 while the two top profiles
are made from observations done in August 2010. It is about 100 days between
the observations but since the rotational period is not fully determined either,
it is hard to say if the star is being observed in approximately the same phase
in all observations or not.

In some cases there was even a clear signal for individual lines, for example,
for two emission lines of neutral helium at 5875.62 Å and 6678.15 Å respectively
and the field strength was therefore calculated for these individual lines. The
results can be found in Table 7 and Table 8 respectively.
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Figure 13: LSD Stokes I and V profiles and the null spectrum for GQ Lup
with the corresponding time for the observation expressed as HJD-2400000.
The black lines in the left plot represents Stokes I and each profile is shifted by
0.3 vertically with respect to the consecutive ones for graphical purposes, the
black lines in the right plot represents Stokes V and the blue lines are the null
spectra. Both the Stokes V profiles and the null spectra have been expanded
by a factor of 10 and shifted by 0.1 vertically with respect to the consecutive
ones for graphical purposes. The velocity range between the vertical red lines
correspond to the velocity range from where !Bz" was calculated.
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Table 6: LSD analysis results for GQ Lup with "v=0.8 km s"1.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55316.68301 0.000 ·100=DD 9.961 ·10"1=ND -213.9 ± 20.2 27.2 ± 20.0
55317.63179 0.000 ·100=DD 9.997 ·10"1=ND -295.6 ± 26.9 -37.8 ± 26.0
55319.78003 0.000 ·100=DD 9.913 ·10"1=ND -132.4 ± 9.2 -4.0 ± 9.0
55416.59651 0.000 ·100=DD 9.994 ·10"1=ND -204.6 ± 19.3 -35.4 ± 18.7
55418.67382 0.000 ·100=DD 9.967 ·10"1=ND -267.3 ± 15.9 0.3 ± 15.5

Table 7: Analysis results for the HeI line at 5876 Å.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55316.68301 0.000 ·100=DD 1.000 ·100=ND -2065.8 ± 1172.3 -218.8 ± 1171.9
55317.63179 0.000 ·100=DD 1.000 ·100=ND -873.6 ± 1610.2 1281.2 ± 1610.3
55319.78003 0.000 ·100=DD 1.000 ·100=ND -1343.9 ± 650.7 -283.4 ± 650.6
55416.59651 0.000 ·100=DD 1.000 ·100=ND -1516.9 ± 1021.8 93.2 ± 1021.6
55418.67382 0.000 ·100=DD 1.000 ·100=ND -1648.7 ± 841.7 110.4 ± 841.5

Table 8: Analysis results for the HeI line at 6679 Å.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55316.68301 0.000 ·100=DD 1.000 ·100=ND -883.5 ± 1410.5 1200.1 ± 1410.6
55317.63179 1.110 ·10"16=DD 1.000 ·100=ND -2060.7 ± 1929.9 247.9 ± 1923.8
55319.78003 0.000 ·100=DD 1.000 ·100=ND -1481.1 ± 758.6 359.3 ± 758.3
55416.59651 3.330 ·10"16=DD 1.000 ·100=ND 4.9 ± 1345.5 1138.3 ± 1345.7
55418.67382 0.000 ·100=DD 1.000 ·100=ND -1058.8 ± 1127.2 -479.8 ± 1127.1
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11.3 ! Boo
! Boo is a variable star with a planetary companion, ! Boo b. The orbital
period of the planet and the rotational period of ! Boo is approximately the
same, which could be accidental or due to tidal locking. Some parameters for !
Boo and ! Boo b are listed in Table 9 and Table 10 respectively.

! Boo has been investigated before and it is known to have a magnetic field
although only a few G in strength [18]. The planetary companion is large and
lies very close to the star and the position can be due to the star’s magnetic
field. A young magnetic star with a protoplanetary disc can create a cavity
in the center of the disc within 0.1 AU from the star. If a planet is migrating
towards the star, it may eventually enter this cavity and this can halter the
migration according to [53]. Many planets have also been found within this
distance. The planet on the other hand can influence the magnetic field of the
star. The tidal e!ects may enhance the turbulence which will lead to a local
dynamo e!ect or the planet can also induce magnetic reconnection when it is
crossing the star’s magnetosphere. In [18] they have mapped the magnetic field
of ! Boo and there are no signs of any enhanced magnetic field where the tidal
e!ect should be the largest.

The field changes between being mainly poloidal and mainly toroidal. The
poloidal field is not very dipole like. Observations from January, June and
July 2008 are evaluated in [21] and they found a variation between poloidal
and toroidal field. They also found a polarity switch compared to observations
done in June 2007 which in turn proved to have a switched polarity compared
to observations done in June 2006. There was no polarity switch observed
between June 2007 and January 2008. ! Boo is actually the first star except
for the Sun where a global magnetic polarity switch has been observed. The
complete solar cycle is about 22 years, (it switches polarity about every 11
years), while the magnetic cycle of ! Boo seems to be about 2 years [21, 27].
The shorter magnetic cycle period is believed to be due to a shallow convection
zone and large di!erential rotation. In [18] they determined the rotation rate
of the equator, !eq, to be 2.10 ± 0.04 rad d"1 and the di!erence in rotation
between the equator and the pole, d!, was determined to be 0.50 ± 0.12 rad
d"1. This gives a relative di!erential rotation of 24 % and a latitudinal shear
8-10 times stronger than on the Sun. It also corresponds to a rotational period
of 3.0 days at the equator and 3.9 days at the pole.
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Table 9: Parameters of ! Boo.

Parameters Value Reference

Sp. type F7 IV-V [10]
Te! 6407 K [11]
log g * 4.27 [23]
[Fe/H] 0.28 [11]
Mass 1.33 M! [62]
Radius 1.48 R! [27]
Prot 3.31 days [58]
Con. zone depth 0.108 R! [27]
Rossby number 1.07 [27]

Table 10: Parameters of ! Boo b.

Parameters Value Reference

Mass 5.7+2.6
"1.5 MJ [52]

Radius 1.2 RJ [36]
Porb 3.31245 days [36]
Orbital radius 0.049 AU [36]

The observations treated here can be seen in Figure 14. Some of the Stokes V
profiles seems to contain a real signal although the FAP points to no detection.
The data for the first observation are of poor quality due to bad weather and
while all other Stokes V profiles are expanded with a factor of 1000, the first
exposure is only expanded with a factor of 20. The results of the LSD profile
analysis of ! Boo can be found in Table 11.
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Figure 14: LSD Stokes I and V and the null spectrum for ! Boo with corre-
sponding time of the observation expressed as HJD-2400000. The black lines
in the left plot represents the Stokes I profiles and each profile is shifted by
0.3 vertically with respect to the consecutive ones for graphical purposes, the
black lines in the right plot represents the Stokes V profiles and the blue lines
represents the null spectra. Both the Stokes V profiles and the null spectra has
been expanded by a factor of 1000 except the first profile, (at the bottom of
the right plot), which has only been expanded with a factor of 20, and shifted
by 0.3 vertically with respect to the consecutive ones for display purposes. The
velocity range between the vertical red lines correspond to the velocity range
from where !Bz" was calculated.
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Table 11: LSD analysis results for ! Boo with "v=0.8 km s"1.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55415.49003 9.894 ·10"1=ND 9.985 ·10"1=ND 27.2 ± 30.6 21.3 ± 30.4
55416.47607 8.577 ·10"1=ND 1.000 ·100=ND 1.4 ± 1.1 -0.5 ± 1.1
55417.48805 9.850 ·10"1=ND 9.587 ·10"1=ND -0.4 ± 0.9 -0.3 ± 0.9
55418.49081 9.972 ·10"1=ND 1.000 ·100=ND 0.7 ± 0.8 -0.4 ± 0.8
55421.48955 5.743 ·10"1=ND 9.999 ·10"1=ND 0.2 ± 1.0 2.5 ± 1.0
55422.49508 1.000 ·100=ND 9.965 ·10"1=ND -0.7 ± 0.8 0.1 ± 0.8

For two of the exposures it looks like there might have been a visible signal,
and the FAP was calculated again for all observations with twice the size on the
velocity step. The FAP decreased, but not enough to be counted as a detection.
The values can be found in Table 12.

Table 12: LSD analysis results for ! Boo with changed "v=1.6 km s"1.

HJD FAP FAP
(2400000+) (Stokes V) (null spectrum)

55415.49003 9.900 ·10"1=ND 9.966 ·10"1=ND
55416.47607 2.969 ·10"1=ND 9.984 ·10"1=ND
55417.48805 6.003 ·10"1=ND 8.480 ·10"1=ND
55418.49081 9.245 ·10"1=ND 9.985 ·10"1=ND
55421.48955 4.185 ·10"2=ND 9.576 ·10"1=ND
55422.49508 9.945 ·10"1=ND 7.911 ·10"1=ND

11.4 HR 1099
HR 1099 is the primary star of an RS CVn type binary system. It is a K1
subgiant and the secondary star is a G5 dwarf. HR 1099 is tidally synchronized
with the companion, [12], i.e. the rotational period is equal to the orbital period
of the companion. Some stellar properties of both the primary and the secondary
star can be found in Table 13 and Table 14 respectively.



11 RESULTS 36

Table 13: Table containing values of stellar properties of HR 1099.

Parameter Value Reference

Sp. type K1 IV [34]
Te! 4750 K [14]
log g 3.3 [14]
Mass 1.0 M! [14]
Radius 4.2 R! [58]
Prot 2.83774 days [44]

Table 14: Table containing values of stellar properties of secondary star.

Parameter Value Reference

Sp. type G5 V [34]
Te! 5500 K [14]
log g 4.26 [14]
Mass 0.8 M! [14]
Porb 2.8376658 ± 0.0000039 days [45]

HR 1099 is a fast rotator and that can be due to the tidal synchronization.
The fast rotation together with an extended convection zone generates a mag-
netic field [34]. The field is predominantly azimuthal which is considered as a
sign that the magnetic field is generated throughout the entire convection zone
and not mainly at the tachocline as in the Sun [15]. HR 1099 has a deep convec-
tion zone, rc/R! = 0.16, where rc is the radius where the convection zone begins
[20], and a small di!erential rotation in the order of tens of mrad d"1 [47]. HR
1099 has been studied many times before and the field has also been imaged
before, see [15, 63] for example. The magnetic field has also previously been
investigated with the use of LSD, see [19] for example, and the results found in
this study are consistent with what has been previously found. In Figure 15,
all derived Stokes I and Stokes V profiles and the null spectra are plotted. As
seen in Figure 15, there is a clear magnetic signature in the Stokes V profiles
for the primary star, although complex as previous work has pointed out. The
longitudinal field, !Bz", and also the FAP was once again calculated and the
results can be found in Table 15. There is definite detection for all exposures
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but the value of !Bz" is significantly larger for the exposures taken during the
night of 2010-08-09, (HJD=2455418), compared to the others. The polarization
profile is quite complicated which means that the values of !Bz" are not useful
characteristics of the magnetic field. This could have something to do with the
fact that the profiles of the two stars almost overlap on this night. The signal
is strengthened which could imply that the secondary star also has a magnetic
field, even if it is hardly visible in the Stokes V profile, or that the secondary
star influences the primary star to an increased magnetic activity due to tidal
e!ects. In [34] they describe the companion as rapidly rotating, but with a more
shallow convection zone than the primary and that this can be a reason for the
star to have less magnetic activity.
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Figure 15: LSD Stokes I and V profiles and the null spectra for HR 1099 with
corresponding HJD-2400000. The black lines in the left plot are the Stokes I
profiles and each profile is shifted by 0.1 vertically with respect to the consecutive
ones for graphical purposes, the black lines in the right plot are the Stokes V
profiles and the blue lines in the right plot are the null spectra. Both the
Stokes V profiles and the null spectra has been expanded by a factor of 35 and
each profile is shifted by 0.1 vertically with respect to the consecutive ones for
graphical purposes. The velocity range between the vertical red lines correspond
to the velocity range from where !Bz" was calculated for the primary star and the
velocity range between the vertical green lines correspond to the velocity range
from where !Bz" was calculated for the secondary star. The orange vertical
lines indicate that the maximum velocity for the primary coincides with the
minimum velocity of the secondary.
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Table 15: LSD analysis results for HR 1099 with "v = 0.8 km s"1.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55416.90193 0.000 ·100=DD 9.880 ·10"1=ND -23.8 ± 10.1 7.5 ± 10.0
55418.87048 0.000 ·100=DD 9.922 ·10"1=ND 87.2 ± 7.5 0.7 ± 7.5
55418.89532 0.000 ·100=DD 6.899 ·10"1=ND 83.6 ± 5.9 -5.1 ± 5.9
55418.91781 0.000 ·100=DD 5.187 ·10"1=ND 80.4 ± 5.2 -5.5 ± 5.2
55422.86501 0.000 ·100=DD 9.993 ·10"1=ND -17.6 ± 5.7 -2.2 ± 5.7
55422.88794 0.000 ·100=DD 9.983 ·10"1=ND -6.3 ± 5.6 -2.0 ± 5.6
55422.91107 0.000 ·100=DD 1.000 ·100=ND -16.3 ± 5.3 -10.6 ± 5.3

To investigate the companion further, the longitudinal field !Bz" and the
FAP was calculated and the results can be found in Table 16. The results are
varying from observation to observation and once again the most probable de-
tections are made during 2010-08-09, (HJD=2455418), when the profiles almost
overlap. Since the resolution, or velocity bin, seem to matter for the FAP, it
was calculated again for the secondary star with "v =1.6 km s"1. The results
can be found in Table 17. All values of the FAP for Stokes V have decreased,
i.e. the probability of detection has increased.

Table 16: LSD analysis results for the G5 companion with "v = 0.8 km s"1.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55416.90193 5.964 ·10"1=ND 9.384 ·10"1=ND 0.9 ± 8.8 -4.0 ± 8.8
55418.87048 2.268 ·10"1=ND 1.000 ·100=ND 25.1 ± 6.5 7.7 ± 6.5
55418.89532 1.232 ·10"4=MD 1.000 ·100=ND 16.0 ± 5.0 -3.2 ± 5.0
55418.91781 2.778 ·10"6=DD 9.961 ·10"1=ND 25.2 ± 4.6 7.2 ± 4.6
55422.86501 1.007 ·10"1=ND 9.963 ·10"1=ND -0.2 ± 5.1 -8.7 ± 5.1
55422.88794 1.306 ·10"1=ND 9.902 ·10"1=ND -14.9 ± 4.9 6.0 ± 4.9
55422.91107 1.841 ·10"3=ND 9.959 ·10"1=ND 3.6 ± 4.7 0.6 ± 4.6
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Table 17: LSD analysis results for the G5 companion with "v changed to 1.6
km s"1.

HJD FAP FAP
(2400000+) (Stokes V) (null spectrum)

55416.90193 3.364 ·10"1=ND 9.081 ·10"1=ND
55418.87048 3.217 ·10"2=ND 9.998 ·10"1=ND
55418.89532 4.053 ·10"8=DD 9.916 ·10"1=ND
55418.91781 2.505 ·10"10=DD 9.597 ·10"1=ND
55422.86501 2.723 ·10"4=MD 9.323 ·10"1=ND
55422.88794 3.209 ·10"3=ND 7.212 ·10"1=ND
55422.91107 2.580 ·10"6=DD 9.034 ·10"1=ND

11.5 HD 216489
HD 216489 is like HR 1099 the primary star of a RS CVn type binary but with
an early G companion. The rotational period of HD 216489 is commensurate
with the orbital period of the companion, also like in the case of HR 1099 and
its companion. More stellar parameters of both HD 216489 and its companion
can be found in Table 18 and Table 19 respectively.

Table 18: Parameters of HD 216489

Parameter Value Reference

Sp. type K2 II [64]
Te! 4550 ± 50 K [6]
log g 2.4 ± 0.1 "
Mass 1.8 ± 0.2 M! [41]
Radius 13.3 ± 0.6 R! [6]
Prot 24.4936 ± 0.0024 days [59]
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Table 19: Parameters of the secondary star.

Parameter Value Reference

Sp. type early G V [41]
Te! 5650 ± 200 K "
Mass 1.0 ± 0.1 M! "
Radius 1.00 ± 0.07 R! "
Porb 24.64877 ± 0.00003 days "

HD 216489 has been investigated before and it is known to have spots. It
was used as a guide star for the Gravity Probe B experiment but the spots
could have caused problems since the star’s brightness would vary and therefore
its observed position. As it was further investigated, it turned out that these
spots were not a problem. The spot’s brightness were imaged through Doppler
imaging, see [40]. To increase the S/N ratio from about 100 for a single line,
they combined all 2700 lines to a single LSD profile and got an average S/N
ratio of 700. In this work, about 9200 lines were used and the achieved S/N
ratios were 470 for Stokes I and almost 13000 for Stokes V although the velocity
bin is only 0.8 km s"1.

HD 216489 was only observed during one night, so there is only one set of
LSD profiles available in this paper and they can be seen in Figure 16. As can
be seen in Figure 16, the Stokes V profile show a clear magnetic signal, while
there is no clear sign of the companion star. The calculated values of both the
FAP and !Bz" can be found in Table 20. The Stokes V profile looks complex
and the Stokes I profile is not symmetric. The two stars may be overlapping or
the primary star may have a much stronger magnetic field than the companion
star. The primary is of spectral type K2 II and the secondary is of spectral
type G V which makes the primary much brighter which makes the secondary
hard to detect. In [40] they find a polar spot that is present throughout all
observations, which corresponds to 2.7 years. They also find a main spot group
at a lower latitude at the side of the primary facing the secondary. This could
imply that the secondary star influences the magnetic activity of the primary.

Another property of HD 216489 that will influence the magnetic field is its
deep convection zone, rc/R! = 0.059 [20]. It also has a very small di!erential
rotation, d! = 0.0142 ± 0.0007 rad d"1 according to [40]. This once again
points to the relation between a deep convection zone and a small di!erential
rotation rate, and vice versa.
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Figure 16: LSD Stokes I and V profiles and the null spectrum for HD 216489
with corresponding HJD-2400000. The lower black line in the plot is the Stokes
I profile. The upper black line is the Stokes V profile and the blue line is the null
spectrum. Both the Stokes V profile and the null spectrum has been expanded
by a factor of 30 and they are also shifted by 0.05 vertically with respect to the
Stokes I profile for graphical purposes. The velocity range between the vertical
red lines correspond to the velocity range from where !Bz" was calculated.

Table 20: LSD analysis for HD 216489 with "v=0.8 km s"1.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55421.78445 0.000 ·100=DD 1.000 ·100=ND -11.7 ± 2.8 6.2 ± 2.8

11.6 AU Mic
AU Mic is an active flare star with a debris disk. The disk is believed to have
a mass of about 0.01 M', a radial extent of 210 AU and a temperature of 40
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K [39]. The inner part of the disk seems to be rather empty which can be
explained by a companion. This companion has been searched for, but it has
not yet been found. What has been determined though, is that the companion
has to be less massive than a massive brown dwarf, which means that it could
be a planet [39]. Some other stellar properties can be found in Table 21.

Table 21: Parameters of AU Mic.

Parameter Value Reference

Sp. type M1 [9]
Te! 3649 K [61]
Mass 0.31 M! [50]
Radius 0.84 R! [50]
Prot 4.86 days [37]

M dwarfs can have a similar activity as that of the Sun, like flares and X-ray
emission, but on a much larger scale [38]. Since these phenomena are caused by
a magnetic field, the magnetic field of an M dwarf can be many times stronger
compared to that of the Sun. In [54] the average field strength on AU Mic is
measured to 4.2 kG for active regions covering 55 % of the surface. This can be
compared to an average field strength of 1.5 kG for active regions covering 0.01
% of the surface on the Sun.

All LSD profiles can be found in figure 17 and all Stokes V profiles except
one show a magnetic signal. As mentioned in section 9.2, the VALD database is
used to retrieve line masks for all stars. The atmosphere of AU Mic may contain
a lot of molecules, but VALD only contains atoms. Despite this, AU Mic show a
clear polarization profile. Molecules are usually not sensitive to magnetic fields,
so even if they would have been taken into account, the result might not have
been very di!erent.

As can be seen in Figure 17, the Stokes V profile is changing shape from one
observation to the next. There is about 5 days di!erence between the last expo-
sure, (HJD=2455421.85520), and the second exposure, (HJD=2455416.87263),
and the Stokes V profiles have the same S-shape which implies that the field
is dominated by one polarity. The rotational period of AU Mic is 4.86 days,
about 5 days, which could imply that this magnetic region was stable for at
least a full period. The combination of the profiles might imply that the field
is dipole-like not aligned with the rotation axis. However, the observation done
on HJD=2455417.87454 does not fit in for this type of field but on the other
hand the noise level during this observation is larger compared to the others.

All calculated values of !Bz" and the corresponding FAP can be found in
Table 22. There is definite detection for all exposures except one where the
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Stokes V profile is not as strong as for the other exposures and the null spectrum
is larger compared to the other exposures. The FAP was calculated again with
a changed velocity step, but the value, which is listed in Table 23, is still a little
bit to high to be counted as a detection.

Figure 17: LSD Stokes I and V and null spectra for AU Mic with the corre-
sponding time for the observation expressed as HJD-2400000. The black lines
in the left plot represents Stokes I and each profile is shifted by 0.3 vertically
with respect to the consecutive ones for graphical purposes, the black lines in
the right plot represents Stokes V and full blue lines are the null spectra. Both
the Stokes V profiles and the null spectra have been expanded by a factor of 15
and shifted by 0.1 vertically with respect to the consecutive ones for graphical
purposes. The velocity range between the vertical red lines correspond to the
velocity range from where !Bz" was calculated.
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Table 22: LSD analysis results for AU Mic with "v=0.8 km s"1.

HJD FAP FAP !Bz" [G] !Bz" [G]
(2400000+) (Stokes V) (null spectrum) (V) (N)

55319.89864 0.000 ·100=DD 9.980 ·10"1=ND 1.3 ± 3.6 7.8 ± 3.6
55416.87263 0.000 ·100=DD 9.805 ·10"1=ND 44.5 ± 7.1 8.9 ± 7.1
55417.87454 3.786 ·10"2=ND 9.459 ·10"1=ND -30.5 ± 13.4 -5.5 ± 13.1
55418.83936 0.000 ·100=DD 9.936 ·10"1=ND 4.6 ± 6.0 -10.8 ± 6.0
55421.85520 0.000 ·100=DD 9.532 ·10"1=ND 48.3 ± 4.3 10.3 ± 4.3

Table 23: LSD analysis results for AU Mic with a changed "v=1.6 km s"1.

HJD FAP FAP
(2400000+) (Stokes V) (null spectrum)

55417.87454 3.173 ·10"3=ND 8.731 ·10"1=ND

12 Summary and Conclusions
This study consists of six cool active stars namely HD 171488, GQ Lup, !
Boo, HR 1099, HD 216489 and AU Mic. The treated data are taken from
observations done in April, May and August 2010 with the ESO 3.6-m telescope
and the high resolution spectrograph HARPS. The data were reduced with the
REDUCE package and science spectra could be extracted. In August there were
6 nights of observations and 144 observations of these 6 stars were done. After
reduction, these observations were combined into 36 polarization spectra since
4 observations are needed to create a null spectrum. Already reduced data from
observations done in April and May were also used for GQ Lup and AU Mic.

All 6 stars have relatively weak magnetic fields and there were almost no
clear magnetic signals for individual lines. To increase the S/N ratio the least-
squares deconvolution technique, LSD, was applied. All lines in the intensity
spectrum were combined and so were all the lines in the corresponding polar-
ization spectrum. This resulted in one single profile for Stokes I and Stokes V
respectively with an increased S/N ratio and, in most cases, a clear magnetic
signature. From these profiles the mean longitudinal magnetic field on our line



12 SUMMARY AND CONCLUSIONS 46

of sight, !Bz", was calculated and also the false alarm probability, FAP. The
calculations resulted in field strengths of a few G up to some hundred G and
with FAP’s from 1 to 0, (no detection to definite detection).

All stars displayed a relatively clear polarization profile except ! Boo. This
is probably due to an insu"cient S/N ratio. ! Boo is known to have a magnetic
field and the field has even been mapped. The field strength is quite low, only a
few G, and it changes from being mainly poloidal to mainly toroidal and back.
It is also the first star except for the Sun where a global magnetic polarity switch
has been observed. The period of the switch is much shorter, about 2 years,
compared to 22 years for the Sun. The shorter period is believed to be because
of the shallow convection zone and large di!erential rotation of ! Boo. ! Boo
also has a planet companion, but it seems like the planet does not a!ect the
magnetic activity on ! Boo.

There is no referred publication that report a magnetic field detection on
GQ Lup and many other stellar parameters are still not completely determined
either. It proved to have a clear magnetic signature in the LSD profiles for
all observations and two interesting emission lines of neutral helium even had
visible signatures in the Stokes V spectrum. The calculated values of !Bz"
were clearly the largest for all of the stars, varying between -130 G down to
almost -300 G. The HeI lines themselves had even larger values although they
are di"cult to interpret. An accretion stream connects the accretion disk to
the stellar surface. This leads to an increased temperature at that point on
the stellar surface which makes these emission lines possible. The values of
!Bz" will then only characterize the magnetic fields at those points and not over
the entire stellar surface. The polarization profiles have the same shape for all
observations which could imply that the field is dipole-like and nearly aligned
with the rotation axis. The phase coverage is unclear since the rotation period is
not fully determined. It would be useful to do a full phase coverage of GQ Lup
to determine if the profiles still would have the same shape which could imply
that the field is aligned with the rotation axis and that it is being observed
pole-on.

AU Mic has been previously studied and it is known to have a magnetic field
but there are no published polarization studies. A magnetic field was detected in
4 out of 5 observations and the LSD profiles are changing in shape although this
may necessarily not imply that the magnetic field is changing. It could instead
imply that the filed is dipole-like and not aligned with the rotation axis. The
third observation, (HJD=2455427.87454) does not fit into this picture of the
field, but the S/N ratio was also the lowest for this observation compared to the
others, (1300 compared to 2600-5600 for Stokes V). The magnetic signatures
for the last observation, (HJD=2455421.85520), and the second observation,
(HJD=2455416.87263), are similar both in shape and strength. There is about
5 days between these observations, which is about equal to one rotational period,
(4.86 d). This could imply that this magnetic feature is stable for at least one
rotational period. Further observations are needed to determine if the field is
stable or not and to learn more about the magnetic field distribution.

HD 216489 is the primary star of a binary system although there is no clear
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sign of the secondary star in the profile. This is the first time polarization
measurements have been done for HD 216489 but unfortunately it was only
observed once. This also makes it hard to tell if there actually is something to
be seen from the secondary or not but since the primary is so much brighter it
is probably di"cult to detect anything from the secondary. HD 216489 proved
to have a relatively clear polarization profile and a magnetic field was detected.
HD 216489 has been studied before, even with the use of LSD, but only its
brightness. The brightness was also mapped and a polar spot which was stable
for at least 2.7 years was observed. Another group of spots located at the side
facing the secondary was also found in that study. This could imply that the
secondary impacts the magnetic field activity of the primary.

HR 1099 is also the primary of a binary system and the secondary is visible in
the profiles. The two stars seem to influence each other in the matter of magnetic
field strength. The polarization profiles are very complex which also could be
a sign that both stars have a magnetic field. A magnetic field was detected in
all 7 observations for the primary, while there were only 2 detections for the
secondary with the velocity step "v=0.8 km s"1. When "v was changed to
1.6 km s"1 a magnetic field was detected in twice as many observations for the
secondary. The primary clearly has a magnetic field and the calculations done
in this work imply that also the secondary could have a detectable magnetic
field. However, the highest values and probabilities of detection was measured
when the two profiles seem to overlap.

HD 171488 has also been studied before and it has been mapped with
Doppler Imaging. It was found to have an azimuthal field in the shape of a
ring around the pole. This is a sign of the dynamo process working through-
out the entire convection zone and not just at the tachocline. In this study, a
magnetic field was detected in 6 out of 8 observations when "v was equal to
0.8 km s"1. When "v was changed to 1.6 km s"1 a magnetic field was detected
also for the two observations that previously didn’t show any detection. The
LSD Stokes V profiles have more of an M-shape than an S-shape which implies
that the field is either mainly azimuthal or that it is a poloidal field not aligned
with the rotation axis. HD 171488 is a rapid rotator, Prot=1.33697 d, and the
di!erence in days between the first night of observations and the last is about
equal to 4. During this time HD 171488 made almost exactly 3 revolutions
which means that the same phase of the star was observed during these two
nights. The profiles corresponding to these observations are somewhat similar
in shape.
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