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Abstract

Magnetic fields are important for multiple physical processes in and around stars, for these
reasons improving the understanding of how they are generated and maintained is of great value.
In this work the magnetic field structure of the eclipsing binary UV Piscium is investigated. This is
done by utilising the Zeeman-Doppler Imaging technique that reconstructs stellar magnetic maps
by combining the information of how the magnetic field affects spectral lines with the rotational
modulation of spectral lines. In order to improve the signal-to-noise ratio the least squares de-
convolution technique was used to combine multiple spectral lines into an average line profile.
The high resolution circular polarisation observations analysed in this work were taken by the
ESPaDOnS spectograph at the Canada-France-Hawaii Telescope during August and September
of 2016. We reconstructed detailed magnetic field maps and obtained the average magnetic field
strengths of 137G for the primary and 88G for the secondary, which is not unusual values for stars
of this type. The methods used are however likely to underestimate the magnetic field strengths.
This is because the lack of linear polarisation profiles likely results in systematic underestimation
of magnetic field strengths, especially meridional components. Another issue that became appar-
ent in this work is that in eclipsing binaries, without linear polarisation observations, there is a
degeneracy between the different hemispheres, resulting in further uncertainties in the determina-
tion of surface magnetic field geometry. We also found that there is indication of surface evolution
on the time scale of months as some observations taken around fifty days earlier were could not
be phased with the main data set.
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Sammanfattning

I det här projektet har magnetfältstrukturen p̊a ytan av de tv̊a stjärnorna i dubbelstjärnan UV
Piscium studerats. Detta är av intresse d̊a magnetfält runt stjärnor kopplas till aktiviteten p̊a ytan.
Att bättre först̊a hur denna koppling fungerar skulle göra det möjligt att förutsäga aktivitet runt
stjärnor. Förutom en mer komplett modell över hur stjärnor fungerar har detta ocks̊a praktiska
applikationer. Om stora mängder massa, som slungas ut ur solen i en s̊a kallad koronamassut-
kastning, skulle träffa jorden finns det en risk att elektriska system skadas och dessutom riskerar
astronauter som befinner sig i rymden att utsättas för höga doser str̊alning. För att bättre först̊a
och förutsäga s̊adana fenomen krävs det ocks̊a att andra system än solen studeras för att f̊a en mer
komplett bild av fysiken. UV Piscium är av särskilt intresse d̊a observationer visar att stjärnorna i
systemet har större radie än vad konventionella modeller förutsäger. Modeller som inkluderat mag-
netfält för att bestämma stjärnors struktur har dock kunnat förklara denna avvikelse. En studie
av UV Pisciums magnetfältstruktur skulle därför även testa denna hypotes.

För att studera magnetfält runt UV Piscium används tekniken som kallas för Zeeman-Doppler
avbildning (Zeeman-Doppler Imaging). I denna metod kombineras kunskap om hur magnetfältet
p̊averkar spektrallinjers energi och polarisering samt hur dessa spektrallinjer förskjuts när olika de-
lar av stjärnan rör sig relativt observatören. Observationer av polariserat ljus fr̊an UV Piscium var
tagna vid Canada-France-Hawaii-Telescope, där enbart cirkulärt polariserat ljus kunde detekteras
under observationerna. Genom att använda Zeeman-Doppler avbildning kunde dessa observationer
användas för att kartlägga magnetfältet p̊a b̊ada stjärnorna i UV Piscium.

Under arbetet utfördes även test av metoden för att se om den har n̊agra systematiska problem
med att producera en korrekt magnetfältstruktur. Resultatet pekar p̊a att metoden har problem
med att urskilja norra och södra halvklotet fr̊an varandra, vilket gör att samtliga parametrar har
symmetrisk struktur i förh̊allande till ekvatorn. Dessutom underskattar metoden magnetfältets
styrka. B̊ada dessa problem skulle kunna åtgärdas om även linjär polarisering kunde observeras.

Även om den erh̊allna magnetfältstrukturen troligen är p̊averkad av systematiska fel är dessa
fel välkända och inte unika för UV Piscium. Resultatet ger därför fortfarande en grund för fortsatt
analys av UV Piscium samt en bättre först̊aelse för begränsningarna med Zeeman-Doppler avbild-
ningen. Magnetfältstyrkan för stjärnorna var svagare än styrkan som skulle krävas för att förklara
stjärnornas storlek. D̊a metoden gör underskattningar av fältstyrkan krävs vidare studier för att
säkert säga om magnetfältet p̊averkar radien i tillräckligt hög utsträckning för UV Piscium.
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1 Introduction

Stars are important to their surroundings, they constantly eject particles into the stellar wind that
interact with the planetary bodies they encounter. The activity on the Sun is responsible for the
aurora when the Earth’s magnetic field is affected by the solar wind. Strong activity on the Sun, could
cause issues by disabling satellites in orbit and endanger astronauts working in space. Methods to be
able to predict this space weather, in order to adequately prepare for future events, are important to
mitigate the damage that could be done by an energetic event. For this to become a reality the source
of stellar activity must be studied and understood.

Donati and Landstreet [2009] highlights some ways the magnetic field is understood to affect stars.
Magnetic fields are closely tied to the activity that can be observed on stars. In order to obtain a more
complete understanding of these phenomena the magnetic fields needs to be studied. The current
understanding of the magnetic field generation in Sun-like stars is that it is done by a magnetic
dynamo, where the rotation of the star is interacting with convection leading to amplification of weak
seed magnetic field. This is a process that generates magnetic fields at the bottom of the convective
zone, known as the tacholine. Dynamo models have been applied to the Sun in order to understand
its magnetic field structure. Since the magnetic field of the Sun is easily accessible, it has served as a
benchmark in developing the models of the magnetic dynamo. Only relying on the Sun to construct
models that describe the magnetic field will unlikely be able to reproduce the magnetic fields on stars
with different properties, such as mass and rotation rate. Especially low-mass stars that are entirely
convective, possessing no tacholine necessary for current magnetic dynamo models must be treated
differently. Performing magnetic field observations on other stars thus lead to the construction of a
more complete model that can describe the magnetic field generation in a more general way.

A challenge with observing local magnetic field structures is that only the Sun and a few other
stars can be spatially resolved using direct imaging or interferometry. Indirect imaging techniques
that are capable of obtaining information about surface structures must be used. The method used in
this study is the so called Zeeman Doppler Imaging (ZDI) technique described by Kochukhov [2016],
utilising the effect magnetic fields have on stellar spectra in combination with the Doppler shift caused
by stellar rotation. This allows a reconstruction of the magnetic field structure on the surface even if
the surface is not directly resolved.

Another important aspect of magnetic fields is that they are tied to the slowing down of stellar
rotation, this comes from the fact that the stellar wind is connected to the surface thanks to the
magnetic field. This connection allows angular momentum to be transported away from the star,
increasing the rate at which the star slows down its rotation. Söderblom [2010] highlights this as a
promising method to determine ages of stars by measuring their rotation rate and comparing the result
with rotational rates of stars with ages determined through other methods.

Magnetic fields on stars are also dynamic, they evolve over timescales ranging from minutes, where
the change originates from flares, to cyclic behaviour with periods of several decades. This makes
magnetic fields one of the few properties of stars that varies on timescales that can easily be observed
and studied. The Sun has a known periodicity of 22 years where its magnetic field changes polarity,
during this process the stellar activity also changes as the number of sunspots increase and decrease.
The magnetic field variation around other stars has been observed in other studies [Rosén et al., 2018].
According to Donati and Landstreet [2009], most stars seem to have changing magnetic fields. If this
is a cyclic behaviour similar to the Sun, the polarity switch should not occur much faster than the
Sun. Some exceptions have been observed, for example τ Boo is believed to have a polarity cycle of
about two years, around ten times shorter than the Sun.

This work is focused on a particular star system, UV Piscium (UV Psc), which is a double-lined
eclipsing binary system. The star has been observed previously, for example by Popper [1997]. In
that paper the age estimation of the components gave a value of 9 Gyr for the primary while the
secondary was estimated to be more than twice as old. This is in contrast to how most binary stars are
believed to be formed, namely at the same time and from the same proto-stellar cloud. Magnetic fields
could possibly influence the stars, resulting in the mismatch of ages for the two components. This
was investigated by Feiden and Chaboyer [2013], where stellar structure models including magnetic
fields where used to obtain a consistent age estimate while also removing the discrepancies between
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observed and predicted radii of eclipsing binary components. They managed to revise the age of the
UV Psc system to 4.7 Gyr. This age estimate did however assume a magnetic field strength stronger
than what the authors could obtain from indirect magnetic field proxies such as X-ray emission.

The use of magnetic fields to mitigate the age discrepancy between binary star components and
explain abnormally large radii commonly found for cool eclipsing binaries makes the magnetic field
determination of UV Psc particularly interesting. By making direct observations to constrain the
magnetic field present on the surface we can verify or challenge the models used to study stars and
their magnetic fields. Another helpful aspect of eclipsing binaries is that many of the components’ fun-
damental properties can be determined independently from stellar models. Previous work by Torr̊ang
[2019] has already detected the presence of magnetic fields on the primary component of UV Psc by
analysing the effect magnetic fields have on polarisation of emitted light. So far no detailed magnetic
field structure on the surface of the components have been obtained. Finding the magnetic field struc-
ture on the surface of UV Psc and measuring the field strength will be the objective of this work. For
this the underlying methods will also be covered and explained.

Section 2 will cover the theoretical background that allows magnetic fields to be observed on stellar
surfaces. In section 3 the models employed for calculation of spectral profiles used to analyse the
magnetic field are described. This is followed by section 4, where the Least-square deconvolution
(LSD) technique, used to improve the signal to noise ratio by combining multiple spectral lines into
an average line profile, is presented. In section 5 the method to obtain the brightness distribution
and magnetic field structure from the LSD profiles is described. With the theory and techniques used
in this study covered, section 6 is dedicated to describing the observations and work that went into
obtaining the magnetic field structure of UV Psc. This result is then shown in section 7 and some
properties that are of interest to characterise the magnetic field structure are highlighted. Section 8
presents the investigation of ZDI’s ability to recover from simulated observations simple structures on
the surface of a system with the same orbital properties as UV Psc. This gives a good idea of the
limitations of the technique. Finally, the results of ZDI analysis are discussed in section 9, keeping
in mind what was learned from section 8. The section also compares our result with some previous
studies of UV Psc and other stars. Future steps that can be taken in the study of magnetic field
structures on stellar surfaces are also considered.

2 The Zeeman effect

Electrons orbiting an atomic nucleus will have different energy levels depending on which state they
occupy. In the simplest case, neglecting any perturbations, many of these energy levels will be degen-
erate, that is different states will have the same energy. If a magnetic field is introduced to the system
this will remove symmetry of the system along the direction of the magnetic field, so that some of this
degeneracy is broken, this causes shifts in the energy levels to appear. The result is that one spectral
line will split into multiple spectral lines that are close to each other for a weak magnetic field, but
spreading further apart as the field strength increases. In addition, this also results in polarisation
of the light, depending on the strength and orientation of the magnetic field. This means that by
observing how the light is polarised it is possible to reconstruct the full mangetic field vector. This
section will discuss how the Zeeman effect affects atomic spectra, both in context of energy splitting
and polarisation.

2.1 Atom in a magnetic field

In the presence of a magnetic field the Hamiltonian for an electron in the atom changes, here it is
given according to Landi Degl’innocenti and Landolfi [2004] and is of the form,

H = H0 +
e

2mec
(L + 2S) ·B +

e2

8mec2
(B× r)2. (2.1)

The H0 term is the Hamiltonian in the absence of a magnetic field while the other two terms are the
effects that the magnetic field has on the system. Using the fact that J = L + S where J is the total
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angular momentum, L is the orbital angular momentum and S is the spin angular momentum and
assuming that the magnetic field is along the ẑ-direction it is possible to rewrite the linear magnetic
term as

e

2mec
(J + S) ·Bẑ =

eB

2mec
(Jz + Sz). (2.2)

Under the assumption that the magnetic field strength is weak, the quadratic term in the Hamiltonian
can be neglected. With this, the energy shift caused by the magnetic field can be computed from
perturbation theory. To first order, the energy shift for each state is defined to be

eB

2mec
〈Jz + Sz〉 =

eB

2mec
〈l, s; j,M | Jz + Sz |l, s; j,M〉 . (2.3)

Here the states are eigenstates of the operators L2, S2, J2 and Jz with respective quantum numbers l,
s, j and M . Solving for each term individually, the Jz-operator has eigenvalues of ~M which results
in the following contribution from the Jz-term,

〈l, s; j,M | Jz |l, s; j,M〉 = ~M. (2.4)

To find the expectation value for Sz it is possible to use the projection theorem which states,

〈l, s; j,M |Sz |l, s; j,M〉 =
〈l, s; j,M |J · S |l, s; j,M〉

~2j(j + 1)
〈l, s; j,M | Jz |l, s; j,M〉 . (2.5)

The scalar product J ·S can be rewritten in terms of the angular momentum operators J2, L2 and S2

as

J · S =
J2 + S2 − L2

2
. (2.6)

Since the state is an eigenstate of all those operators with eigenvalues j(j + 1)~2, s(s + 1)~2 and
l(l + 1)~2 respectively, equation 2.5 can be written as

〈l, s; j,M |Sz |l, s; j,M〉 =

(
1

2
+
s(s+ 1)− l(l + 1)

2j(j + 1)

)
~M. (2.7)

Combining the terms from equations 2.4 and 2.7 gives the energy perturbation for each state,

∆E =

(
3

2
+
s(s+ 1)− l(l + 1)

2j(j + 1)

)
e~B
2mec

M. (2.8)

Here the factor that is dependent on the s, l and j quantum numbers is defined as the Landé factor g
which gives the sensitivity different states have to magnetic field.

g =

(
3

2
+
s(s+ 1)− l(l + 1)

2j(j + 1)

)
. (2.9)

The result is an energy shift from the unperturbed levels that is proportional to the magnetic field
strength and the quantum number M . This also means that the transition energies between different
states will also split, the energy shift of such a transition is simply given by the difference of the energy
perturbation of each state,

∆Et =
e~B
2mec

(glMl − guMu). (2.10)

Where l and u refers to the lower and higher energy states respectively. Due to selection rules, only
transitions with the property that the quantum number M changes by 0 or ±1 between the initial
and final state are allowed. Here the transition corresponding to ∆M = 0 is called the π-component
while the transitions from ∆M = ±1 are called the σ-components. One of the more simple transitions
between J = 0 and J = 1 is shown in figure 1, in this case only one blue- and redshifted component is
created. In general there may be multiple components of each type depending on the type of transition
that occurs.
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Figure 1: Schematic illustration of the possible transitions between the J = 0 and J = 1 states. In the
absence of a magnetic field all transitions have the same energy but when a magnetic field is introduced
the energy levels split depending on the value of the quantum number M .

The wavelength shift caused by the Zeeman effect for a specific transition is given by

∆λ(Ml,Mu) = (glMl − guMu)∆λB , (2.11)

with ∆λB defined as

∆λB =
eBλ2

0

4πmec
. (2.12)

Here λ0 being the unperturbed wavelength of the spectral line. This shows that the Zeeman effect
depends quadratically on wavelength, which means that observations at higher wavelengths are bene-
ficial to study the Zeeman effect since a lower resolving power is needed to discern the line structure
caused by the Zeeman effect.

Another useful parameter is the effective Landé factor ḡ, defined as

ḡ =
1

2
(gl + gu) +

1

4
(gl − gu)[Jl(Jl + 1)− Ju(Ju + 1)], (2.13)

which corresponds to the separation of the center of gravity of the σ-components to the unperturbed
wavelength of the line. This is useful when treating a more complicated transition with multiple π and
σ-components as a Zeeman triplet.

The strength of the different components is given by the 3-j symbol,

T (Ml,Mu) = 3

(
Ju Jl 1
Mu Ml −q

)2

. (2.14)

The q represent which type of transition it is, 0 for π-transition and ±1 for σ-transitions. The sum of
all these transition strengths is normalised to unity,∑

Ml,Mu

T (Ml,Mu) = 1. (2.15)

This means that the 3-j symbol measures the probability for different transitions to occur. Those
transitions that are allowed due to the selection rules can be expressed algebraically, these expressions
can be seen in table 3.1 of Landi Degl’innocenti and Landolfi [2004].

2.1.1 Regimes of the Zeeman effect

The perturbation in the energy levels that was computed above neglected any contribution from the
quadratic term in the Hamiltonian given in equation 2.1. This means that deviations from this result
might occur when the quadratic term becomes comparable in size to the linear term. Another factor
is that the Hamiltonian in the absence of a magnetic field also contains a perturbation that originates
from the spin-orbit coupling. The term that dominates the perturbation will cause the Zeeman effect
to occur in different regimes, depending on the strength of the magnetic field.

If the quadratic term� the linear term� the spin-orbit term, the system is in the so-called Linear
Zeeman effect. This is the case when the quadratic term can be neglected and the perturbation is
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symmetric for the σ-components. For most lines this approximation is valid up to a magnetic field
strength around 100kG but for certain lines deviations may occur as low as 2-5kG. Most non-degenerate
stars have magnetic field with strengths that result in the linear Zeeman effect.

When the magnetic field strength becomes stronger the linear field term might become the dominant
component of the energy perturbation. In this case the system enters the Paschen-Back regime. This
happens for magnetic field strengths of around 100kG and results in the loss of symmetry between the
σ-components. At even higher field strengths the quadratic term becomes the dominant perturbation
which causes the system to enter the Quadratic Zeeman regime. These more extreme field strengths
can be detected in neutron stars and strongly magnetic white dwarfs. Eventually the magnetic terms
become comparable with the electric potential, in this case the perturbation approach can no longer
be used.

In this project the focus lies on UV Piscium, which is a binary system of two cool, main sequence
stars. These stars typically have magnetic field strengths of a few hundred Gauss, for this reason the
magnetic field is expected to be within the linear Zeeman regime. The fact that the magnetic field
is expected to be weak will be used in later sections to simplify certain aspects of the calculation in
order to save computational time.

2.2 Polarisation

Besides the shift in energy discussed above, the magnetic field also causes polarisation in the emit-
ted light. The different components caused by the Zeeman splitting also have unique polarisation
properties. This can be discussed from a classical perspective by considering the atom as a harmonic
oscillator inside a magnetic field. This results in an equation of motion for the electron in the form,

me
dv

dt
= −meω

2
0r− ev ×B. (2.16)

ω0 corresponds to the resonant frequency of the harmonic oscillator, in this case it would be the fre-
quency of light emitted by the atom without the magnetic field. By once again considering a magnetic
field in the ẑ-direction and introducing the Larmor frequency ΩL = eB

2me
the equation becomes,

r̈ + 2ΩLṙ× ẑ + ω2
0r = 0. (2.17)

This second order differential equation can be solved with the ansatz

r =

xy
z

 exp(−iωt). (2.18)

Under the assumption that ΩL � ω0 eigenvalues of this problem are ω = ω0 and ω ≈ ω0 ± ΩL which
gives the solutions to the differential equation,

r =

 1
−i
0

 e−i(ω0−ΩL)t

√
2

,

1
i
0

 e−i(ω0+ΩL)t

√
2

and

0
0
1

 e−iω0t. (2.19)

This means that the electron is oscillating, either along the magnetic field or in a circle around the
magnetic field lines. In addition, the frequency of the motion around the magnetic field lines get shifted
up or down proportional to the magnetic field strength. The motion of an electron can therefore be
seen as an oscillation of an electric dipole at different frequencies. The polarisation of the light can be
inferred from the electromagnetic fields generated by this oscillating dipole. The electric and magnetic
fields are given by the vector potential A(x, t), which for a dipole is,

A(x, t) =
µ0

4π
e−iωt

eikr

r

∫
J(x′)d3x′. (2.20)
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Figure 2: The polarisation observed from a oscillating dipole along the coordinate axes where the
magnetic field is along the ẑ direction. The polarisation from the σr,b-components are represented
by the red and blue lines respectively. Note that the π-component (black) has no polarisation in the
ẑ-direction since the dipole corresponding to it does not radiate in that direction. In the case of a star
only non-polarised continuum will be observed in this case.

Using integration by parts and the continuity equation, which states that iωρ = ∇ · J, it is possible to
rewrite the integral in equation 2.20 in terms of the electrostatic dipole moment p.∫

Jd3x′ = −
∫

x′ ∗ (∇′ · J)d3x′ = −iω
∫

x′ρ(x′)d3x′ = −iωp. (2.21)

Which simplifies the expression for the vector potential,

A(x, t) = − iµ0ω

4π
p
eikr

r
e−iωt. (2.22)

With the vector potential it is possible to calculate the magnetic and electric field by using the relations,

B = ∇×A, E =
i

ω
∇×B. (2.23)

At large distances these fields become,

B =
µ0ω

2

4πc
(n× p)

eikr

r
e−iωt, E = cB× n. (2.24)

Here n is the normalised radius vector pointing away from the dipole. What this shows is that
the direction the electromagnetic fields will point depends on the structure of the oscillating electric
dipole p. This means that the polarisation for the solutions of equation 2.17 will be different. In
the case of the horizontal oscillation along the magnetic field the electric dipole moment is along the
ẑ-axis which means that no polarisation is observed in that direction. For the other solutions the
resulting polarisation would be circular along the ẑ-axis since the electric dipole moment will move
periodically in the xy-plane. If the system is observed from the side, the x̂-direction for example, the
horizontal component would show a field oscillating vertically corresponding to vertical polarisation
while the circular oscillation results in a horizontal polarisation. The polarisation of the different types
of oscillations along the primary axes can be seen in figure 2.

2.2.1 Observing polarisation

With the effects magnetic fields have on the emitted light of affected atoms it is also important to
briefly discuss how these effects can be observed. When polarisation is observed it is done by observing
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the so-called Stokes parameters
I = {I,Q, U, V }T. (2.25)

Each component in I has unique polarisation properties defined as follows:

• I is the total intensity of incoming radiation and is measured as the sum of intensity transmitted
by two beams with orthogonal polarisations.

• Q is the difference between the intensity of two beams transmitted by a perfect, linear polariser
with transmission axis 0◦ and 90◦: Q = I0 − I90

• U is also the intensity difference between two beams transmitted by a perfect, linear polariser,
but with transmission axis 45◦ and 135◦: U = I45 − I135

• V is the intensity difference between beams transmitted by ideal left and right circular polarisers:
V = I� − I	

The process of observation us described by Donati and Landstreet [2009]. To observe polarisation
a polarimeter is needed, this is an instrument that measures the intensity difference between two
orthogonal polarisation states. The polarimeter can be set up in different ways as to measure different
configurations of polarisation states, which allows the observation of all Stokes parameters.

In order to observe polarisation in the optical and near infra-red (nIR) part of the spectrum, a
beam splitter that has a refractive index dependent on the polarisation direction of incoming light is
used. This device will split the incoming light in two directions depending on polarisation, these two
light beams can then be measured separately. This is combined with various retardation devices that
work by shifting the phase of one polarisation direction relative to the other which allows selection of
the appropriate polarisation state.

In order to measure linear polarisation the beam splitter is aligned such that it splits the incoming
light into the two polarisation states of interest, depending on the Stokes parameter that is observed.
Comparing the intensities of the two beams gives one of the linear polarisation Stokes parameters. To
measure circular polarisation a retarder is used to shift the phase of one polarisation direction relative
to the other. This will in turn be sent into the beam splitter and measured in the same way as the
linear polarisation.

A polarimeter can be used to obtain information on polarisation but does not offer the details
necessary to observe the polarisation caused by the Zeeman effect inside spectral lines. For these mea-
surements to be successful, the polarimeter needs to be connected to a spectrograph, this observational
technique is called spectropolarimetry. For this process to work effectively the polarimeter should not
be sensitive to the wavelength of the incoming light, otherwise multiple exposures of different parts of
the spectra using different polarimeters would need to be carried out.

3 Stokes parameter profiles of spectral lines

The presence of polarisation caused by stellar magnetic fields has been discussed in the section above.
Here focus lies on covering the numerical models used to calculate synthetic Stokes signatures. In
principle these calculations can be done exactly but sometimes it is beneficial to introduce simplifying
assumptions about how the stellar atmosphere interacts with the polarised light. This serves to produce
model spectra that can then be used to compare with observational results.

3.1 Polarised radiative transfer

In order to study the interaction between radiation and matter the radiative transfer equation is used.
Usually this is a scalar equation for the intensity but in the presence of magnetic field the equation is
replaced by a vector equation with the stokes vector I instead.

dI

dt
= −KI + J. (3.1)
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This is the polarised radiative transfer (PRT) equation with J as the emission vector and K as a
4× 4-matrix that describes the absorption of light and how the polarisation properties of the light are
affected by the matter. Provided that the continuum is not polarised, K can be written as,

K = kc1 +
∑
l

klΦl. (3.2)

The subscripts c and l represents the contributions from the continuum and lines respectively. When
scattering is ignored, the emission vector J can be written as

J = kcScJ +
∑
l

klSlΦlJ . (3.3)

Here J = {1, 0, 0, 0}T. Both the line and continuum source function is given by the Planck function
Sc = Sl = Pλ(T ) assuming local thermodynamic equilibrium. kc and kl are the continuum and
line absorption coefficients respectively The sum is carried out over all lines contributing to a given
wavelength. Φl is the absorption matrix that contains information about the magnetic field strength
and orientation.

Φl =


ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

 (3.4)

These components are the absorption coefficients (η) and anomalous dispersion coefficients (ρ) that
are given by,

ηI =
1

2

[
φp sin2 θ +

φb + φr
2

(1 + cos2 θ

]
ηQ =

1

2

[
φp −

φb + φr
2

]
sin2 θ cos 2χ

ηU =
1

2

[
φp −

φb + φr
2

]
sin2 θ sin 2χ

ηV =
1

2
[φr − φb] cos θ

ρQ =
1

2

[
ψp −

ψb + ψr
2

]
sin2 θ cos 2χ

ρU =
1

2

[
ψp −

ψb + ψr
2

]
sin2 θ sin 2χ

ρV =
1

2
[ψr − ψb] cos θ.

(3.5)

The angle θ is defined as the angle between the magnetic field and line of sight and χ gives the direction
of the magnetic field component transverse to the line of sight, see figure 3. The φp,b,r and ψp,b,r are
the line absorption and anomalous dispersion profiles of the Zeeman π- and σ-components.

Knowing the conditions for the stellar atmosphere it is possible to compute the Stokes parameter
spectra from PRT, but detailed information about the magnetic field and line properties are required.
This makes the exact numerical method a very computationally expensive technique to determine the
Stokes parameters. By making some simplifications it is possible to reduce the computational time,
especially when a large number of lines are considered. The simplifications that will be made are those
of the Milne-Eddington atmosphere approximation.

3.2 Milne-Eddington atmosphere

The Milne-Eddington (ME) atmosphere is built on the assumptions that the magnetic field, the ratio
kl/kc between line and continuum opacities and the profiles φq and ψq are constant in the line formation
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Figure 3: Geometry of the magnetic field components, the angle θ is defined between the magnetic
field strength and the line of sight (ẑ), χ is the angle that gives the direction in the plane perpendicular
to the line of sight. χ is defined as the angle between the x̂-axis, defined parallel to the sky meridian
and the perpendicular magnetic field.

LoS

τ = 1

µ

Figure 4: A schematic illustration of limb darkening. In the figure the red lines represent the light
travelling towards the observer. The light from the limb that reaches the observer is created at a lower
geometrical depth to compensate for the fact that it does not take the shortest possible path out of
the star.
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region. In addition, the source function is assumed to be linearly dependent on the optical depth τ ,
giving the expression

Sc = Sl = P0(1 + β0τ). (3.6)

Here P0 is the local Planck function that varies linearly with optical depth, β0 is a free parameter that
is adjusted empirically, by matching the model to observations. The continuum intensity Ic originating
from different areas of the star will be affected by limb darkening. The effect can be seen in figure 4
where the light that is observed at the limb originates from higher altitudes in the photosphere, where
the temperature is lower, resulting in a reduction of emitted light. The result is that the continuum
intensity is given by

Ic(µ) = P0(1 + β0 cosµ). (3.7)

Where µ is the angle between the line of sight and the normal to the stellar surface. The Stokes
parameters I,Q, U, V are also defined by analytic functions dependent on the limb darkening but also
the absorption and dispersion parameters from equation 3.5.

X(µ) = P0FX(β0, µ, η0, ηI , ηQ, ηU , ηV , ρQ, ρU , ρV ). (3.8)

The complete set of equations can be found in Landi Degl’innocenti and Landolfi [2004]. η0 is a free
parameter connected to the absorption profile intensity. Solving the PRT equations under the ME
atmosphere can accurately approximate most Stokes vector by modifying the free parameters β0 and
η0 in FX . The accuracy of this approximation is however affected by the strength of the magnetic
field, Kochukhov [2018] demonstrates that this method is accurate for field strengths of 1kG, but that
noticeable errors occurs at around 5kG. In the case of the cool stars that are studied here their field
strengths are not expected to significantly exceed 1kG.

The analytical solution obtained from the ME approximation provides a powerful way to study
magnetic field structures on the surface of stars. The solution is however rather cumbersome. To
obtain some conceptual understanding it is beneficial to make some further simplifications. Here
the weak field approximation is used as a means to obtain more manageable equations. Kochukhov
[2018] defines the condition for the magnetic fields to be considered weak when ḡ∆λB � ∆λD. This
conditions states that the Zeeman splitting is significantly weaker than the intrinsic line width of a
given line (usually dominated by thermal Doppler broadening). With this condition satisfied it is
possible to re-write the PRT equations by using Taylor expansion and only retaining the low order
terms. By considering the first-order terms only, the magnetic field will only give rise to circular
polarisation. The Stokes V profile is obtained from

V (λ) = −∆λB ḡ cos θ
∂I

∂λ
= −4.67× 10−13ḡλ2B||

∂I

∂λ
, (3.9)

where the field strength is given in Gauss and the wavelength in Ångström. To obtain the Stokes V
profile the Stokes I profile needs to be known. In order to get a complete set of analytical functions
the weak line formation is considered where the line can be described by a Gaussian function,

1− I(λ)

Ic
∝ ηI = η0exp

[
− (λ− λ0)2

2w2

]
. (3.10)

With the continuum intensity given by Ic, w is the full width at half maximum (FWHM) of the line.
This simplification gives the normalised Stokes profiles,

Q(λ)/Ic = −5.45× 10−26Ḡ(λ2
0B⊥)2 ∂

2ηI
∂λ2

cos 2χ

U(λ)/Ic = −5.45× 10−26Ḡ(λ2
0B⊥)2 ∂

2ηI
∂λ2

sin 2χ

V (λ)/Ic = −4.67× 10−13ḡλ2
0B||

∂ηI
∂λ

. (3.11)

Where Ḡ has the same role for describing the linear polarisation sensitivity of Stokes Q and U as the
Landé factor ḡ does for Stokes V . In the case of a Zeeman triplet spectral line, Ḡ = ḡ2. These equations
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Figure 5: The Stokes I (left), V (middle) and Q (right) profiles obtained from the ME atmosphere
approximation in equation 3.11. Note that these profiles are not to scale relative to each other and
only represents the shape of the profiles. The red line marks the zero point for each Stokes profile or
in the case of Stokes I it marks the continuum intensity.

provide a complete analytical solution to the PRT problem which can be used to significantly reduce
the computational cost of finding magnetic field structure of a star. The typical shape of different
Stokes profiles can be seen in figure 5.

3.3 Disk integrated Stokes profiles

The results obtained so far have not accounted for the fact that the objects that are observed might not
be resolved. This means that the methods covered above are limited to studying the local properties
of magnetic fields on the Sun and a handful of giant stars. In order to obtain useful results on surface
structure for all other stars, the combined contribution from the entire stellar disk must be cconsidered.
The data that are obtained from a spectropolarimetric observation in this case are disk integrated
Stokes profiles. Due to variable magnetic fields over the disk and stellar rotation these profiles will in
general not be as trivial as those that were obtained in the discussion of the ME atmosphere. Often
the symmetric behaviour of the spectra seen in figure 5 can disappear. If a point on the surface has
magnetic fields present, its contribution to the disk integrated Stokes profiles will vary over a rotational
period. Due to the rotational Doppler shift the contribution will be red or blue shifted in the spectra
and also affected by limb darkening as it moves further from the centre of the stellar disk. Gray [2005]
covers the basic numerical treatment required to determine disk integrated profiles of some spectral
feature.

Without rotation the total flux Iv of a star, where the subscript v means that the flux is defined
as a function of velocity, is given by the integral over solid angle on its surface,

Iv =

∫
Iv cosµdω. (3.12)

Where Iv is the local spectrum and µ is the angle between the line of sight and the surface normal.
Another helpful definition is to define the intrinsic line profile as I(v) as the ratio between spectrum
and continuum intensity. With this the flux profile can be written as,

Iv
Ic

=

∫
I(v)Ic cosµdω∫
Ic cosµdω

. (3.13)

Here I(v) refers to the vector containing the Stokes profiles according to equations 3.10 and 3.11, each
providing a separate disk integrated profile in Iv.

In order to obtain an expression for the disk integration taking rotation into account one has to
consider the velocity of the stellar surface. This velocity is given by the radius R of the star combined
with its angular velocity Ω that can depend on the latitude if the star exhibits differential rotation.

v = Ω×R. (3.14)
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Figure 6: Geometry of the stellar disk projected on the plane perpendicular to the line of sight.
The coordinate system is defined such that the stellar rotation is pointing along the yz-plane. The
rotational Doppler shift will be proportional to the displacement from the rotational axis projected
onto the plane in the figure. The limb darkening is given by the angle µ, between the line of sight and
a surface normal on the circular segment.

The angular velocity can be obtained readily if the period of the star is known. By defining the
coordinate system as in figure 6, with the rotational axis directed somewhere in the yz-plane and the
line of sight along the ẑ axis. With the definition the Doppler shift is given by the velocity component
in the ẑ direction, which given how the coordinate system is defined will depend on the angular velocity
Ωy = Ω sin i and the displacement in the x̂ direction. Here i is the angle between the rotational axis
and the line of sight.

vz = xΩ sin i. (3.15)

This velocity will contribute to shifting the line profiles I(v) depending where on the surface the
contribution originates from. This changes equation 3.13 slightly,

Iv
Ic

=

∫
I(v − vz)Ic cos θdω∫

Ic cos θdω
(3.16)

This expression is enough to obtain the disk integrated spectra from a surface distribution. If the
surface is homogeneous the continuum intensity can be defined from equation 3.7, this still means that
it is dependent on where the point is located on the stellar disk due to the limb darkening given by
the angle θ in figure 6. In reality stars are not entirely homogeneous. Darker or brighter spots will
affect the continuum intensity, resulting in a more complicated function.

Since most observations of stars do not resolve their surfaces, inverting the disk integration allows
us to recover surface structures as long as they leave signatures in the stellar spectra. By introducing
surface inhomogeneities that can reproduce the observed spectra it is possible to obtain information
about structures that would not be possible to observe with direct imaging.

4 Least-squares deconvolution

Full information about the magnetic field can in principle be obtained from a single spectral line.
In practice however, the signal-to-noise ratio (S/N) of spetropolarimetric observations of stars with
weak magnetic fields is too low to reliably make detections of the Stokes parameters that measure
polarisation and are required to study the magnetic field structure. A realisation that can help solve
this problem is that the magnetic field will affect most spectral lines in a similar way. This means
that it is beneficial to introduce a method that can consider multiple lines simultaneously to increase
the S/N ratio of the Stokes parameter measurements. The method that will be used is called least-
squares deconvolution (LSD). This is a method that considers many spectral lines simultaneously to
significantly increase the S/N and was initially introduced by Donati et al. [1997].
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One of the key assumptions of the LSD method is that all lines used in the analysis can be
described by the same line profile, scaled by some factor that depends on the strength of the line. The
objective of LSD is to find this average line profile Z(v), called the mean Zeeman signature. Because
of the assumption of similar profiles for all lines, care has to be taken as to not include lines that are
significantly different in shape from the average line. This means that the analysis must exclude a few
strong spectral lines.

Another assumption when using the LSD method is that lines that are overlapping add up linearly.
This simplification further complicates using line blends that might become saturated. Multiple weaker
lines might add up to saturation that would not occur if each line was independently absorbing photons.

To find this mean Zeeman signature the line pattern function M(v) is defined by

M(v) =
∑
i

wiδ(v − vi). (4.1)

Here wi is the weight of each spectral line. In the weak field and line case the weight for intensity is
given by the depth di of each line while the circular polarisation weight is given by ḡλidi. vi is the
position in velocity space corresponding to the centre of each spectral line vi = c∆λi/λi. The total
spectrum can then be written as

Y (v) =
∑
i

wiδ(v − vi)Z(vi). (4.2)

This expression can also be written as a matrix multiplication where Z is a m-element profile spanning
a range in velocity space and M is a n ×m matrix with information about each line’s position and
strength.

Y = M · Z. (4.3)

The goal is to obtain the best fit between the observations Y o and the model spectrum in equation 4.2.
This is achieved by adjusting the average line profile Z(Vi) until the best fit is found. The problem
can be expressed in terms of minimising the χ2-function

χ2 = (Yo −M · Z)T · S2 · (Yo −M · Z), (4.4)

Yo is the observational spectrum and S2 is a diagonal matrix containing the inverse variance for each
point in the observations.

An issue with the LSD method highlighted by Kochukhov et al. [2010] is that it amplifies the noise
of the data. In order to mitigate this problem they introduced a regularisation function R to penalise
large variations between adjacent pixels in the LSD profile.

R =
Λ

2

∑
i

∣∣(Zi − Zi−1)2 + (Zi − Zi+1)2
∣∣ . (4.5)

Here Λ is the regularisation parameter. The function to be minimised in order to obtain the LSD
profile is a combination of equations 4.4 and 4.5,

χ2 + ΛR → min. (4.6)

By rewriting R in matrix form as R = ZT ·R ·Z, one can find the Z that minimises equation 4.6. The
resulting expression for Z is

Z = (MT · S2 ·M + ΛR)−1 ·MT · S2 ·Yo. (4.7)

This expression will give the average line profile with the smoothness regularisation introduced to
reduce the noise amplification of the original method. The resulting average line profile is given an
effective Landé factor and central line profile by taking the average of all lines used in the analysis.
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Figure 7: Image from Kochukhov [2018] showing a magnetic field spot on the surface moving over the
stellar disk as the star is rotating. Below is the circular polarisation profile that shifts to the left or
right depending on where the spot is located on the stellar disk.

5 Zeeman Doppler Imaging

With the background theory and methods established in the previous chapters it is now possible
to introduce the key technique used for determining the magnetic surface structures on stars. This
method is called the Zeeman Doppler Imaging (ZDI) and combines the information obtained from the
Zeeman effect with how this information is modified by the Doppler shift due to the rotation of the
star. The observed spectra are first used to generate LSD profiles in order to increase S/N ratio. The
obtained average line profiles can then be used to derive the surface structure that best reproduces
the time variation of these profiles.

A simple illustration of the ZDI technique can be seen in figure 7, here a radial magnetic spot
is shown on the surface as the star rotates. As the spot moves over the stellar disk the magnetic
signature in the Stokes V profile will be affected by the Doppler shift and displaced from the original
position. It is also reduced in strength by the limb darkening and projection effects. These effects
make it possible to determine orientation and strength of magnetic field within the spot and figure out
where on the stellar disk the surface structure is located at the time of the observation. By making
observations during multiple phases the motion of these surface structures can be followed. In order
to study a stellar surface distribution one can create a synthetic surface structure and compare the
resulting theoretical profiles with the observed profiles.

The surface structures used to produce a synthetic spectra is the magnetic field and the brightness
distribution. Here brightness is referring to the local flux on the surface. It is related to temperature
but since the LSD process removes the possibility to constrain temperature, brightness is used instead.

The goal of ZDI is to find the surface magnetic field structure that best reproduces the observed
polarisation profiles. This is accomplished with least-squares fitting.. An important issue is that using
simple least-square fitting in this problem will over interpret the noise of the observations. In order to
mitigate this, regularisation functions are introduced in order to penalise less physical solutions and
reduce the effect the noise has on the result. In total three different regularisation functions are used
in this ZDI method, two are related to the reconstruction of the brightness map and the third one to
the magnetic field. The functions used are the same as in Rosén et al. [2018], their shape and physical
interpretation are discussed below.
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5.1 Surface brightness distribution

The brightness distribution on the surface of the star is constrained in two different ways. The first con-
straint is that the temperature should be continuous on the surface which means that there should be
no large jumps in temperature. This constraint can be implemented using the Tikhonov regularisation,
where the brightness of adjacent elements is compared.

R
(1)
T = Λ

(1)
T

∑
i

∑
j

(Ti − Tj(i))2. (5.1)

The first sum is carried out over every surface element on the star while the second sum is only carried
out over the j adjacent elements to i. This function penalises large jumps in brightness between
adjacent elements. This means that the algorithm will consider both the best fit while ensuring that
the solution favours a locally smooth brightness distribution.

The average brightness of the star is in this case not constrained by the spectroscopic Doppler
imaging. Because of this a second regularisation function is introduced to bias the surface temperature
to the default brightness value (T0 = 1).

R
(2)
T = Λ

(2)
T

{∑
i C1(Ti − T0)2, if Ti ≤ T0∑
i C2(Ti − T0)2, if Ti > T0

. (5.2)

This will reduce the strength of bright and dark spots. The reason why this function is split into two
different cases is because hot and cold spots can be treated differently, should one of them be favoured.
In the case of Rosén et al. [2018] the cold spots were more favoured by setting C1 = 1 and C2 = 10,
meaning that solutions that contained hot spots were more strongly penalised compared to solutions
with cold spots. The same approach is followed in our study.

5.2 Magnetic field structure

In order to describe the magnetic field structure we use a superposition of poloidal and toroidal mag-
netic field vector components expressed in terms of spherical harmonics. In total there are three
different components for the most general potential field parameterisation: two poloidal components
giving the radial and horizontal fields and one horizontal toroidal component. Each of them is repre-
sented by a set of expansion coefficients αl,m, βl,m and γl,m. The magnetic field is constructed as in
Kochukhov et al. [2014],

Br(θ, φ) = −
∑
l,m

αl,mYl,m(θ, φ)

Bθ(θ, φ) = −
∑
l,m

[βl,mZl,m(θ, φ) + γl,mXl,m(θ, φ)]

Bφ(θ, φ) = −
∑
l,m

[βl,mZl,m(θ, φ)− γl,mXl,m(θ, φ)]

. (5.3)

Here X,Y, Z are spherical harmonic expressions given by

Yl,m(θ, φ) = −cl,mPl,m(θ)Km(φ)

Zl,m(θ, φ) =
cl,m
l + 1

∂Pl,m(θ)

∂θ
Km(φ)

Xl,m(θ, φ) = − cl,m
l + 1

Pl,m(θ)

sin θ
mK−m(φ)

cl,m =

√
2l + 1

4π

(l − |m|)!
(l + |m|)!

Km(φ) =

{
cos |m|φ, m ≥ 0

sin |m|φ, m < 0

. (5.4)
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Where Pl,m are the associated Legendre polynomials, θ and φ are the meridional and azimuthal
angles respectively. The coefficients indicate how strong each magnetic mode is where higher values of
l correspond to smaller scale and finer details. To find a solution a regularisation function is introduced
in the form

RB = ΛB

lmax∑
l=1

l∑
m=−l

l2(α2
l,m + β2

l,m + γ2
l,m). (5.5)

This regularisation function penalises high-order modes more strongly than low-order modes while
also penalising strong magnetic fields. In addition there is a certain cut off value lmax beyond which
no additional contributions are added. This can be chosen either empirically, by observing that no
significant contribution to the magnetic energy is contained in modes of higher than lmax or by matching
the smallest spatial scale to the resolution of the spectograph used for obtaining the observations. The
best fit constrained by this function will give an indication of how the magnetic energies are distributed
between the different modes and give an indication of which type of field structure dominates.

5.3 Regularisation parameters

Solving the minimisation problem without regularisation functions would likely result in a solution
that is strongly affected by the noise and other errors in the measurements. There is also the risk that
the regularisation functions would be to strong and smooth out the solution, destroying information
that could be of interest. In order to balance these two concerns, the regularisation parameters are
introduced as a way to tune the strength of the regularisation functions. This means that for a range of
regularisation parameters there will be a regime where the deviation between observations and model
spectra is growing rapidly with increasing regularisation parameters. For sufficiently small parameters
the solution will instead converge towards its optimal value that would be obtained from ordinary
least square fitting, without any regularisation functions. The optimal regularisation parameter can
be considered to occupy the position where these two regimes meet. This balance ensures that the
solution does not over interpret errors while also not smoothing out the details of the solution to much.
This process of modulating regularisation parameters is called the L-curve method and is discussed by
Hansen and O’Leary [1993].

In order to find the optimal value of regularisation parameter, one can examine how the devia-
tion varies as a function of regularisation parameter. The best choice is where the curvature of the
error function is the strongest with respect to the regularisation parameter, in the transition between
the steep and flat part of the curve. By running ZDI method on the data for a range of different
regularisation parameters and then calculating the second derivative of the deviation with respect to
the regularisation parameter one can determine the point of maximum curvature. The value of the
regularisation parameter at that point is then taken as the optimal one and is used for producing the
final surface maps.

6 UV Piscium

The system of interest in this project is UV Piscium (UV Psc) which is an eclipsing binary system
consisting of two solar-like stars with spectral classifications G5 and K3. Eclipsing binary means
that the orbits of the components in the system are aligned such that they occasionally eclipse each
other. Because the stars are orbiting in a binary, many parameters such as mass and brightness
can be determined without relying on stellar models that might introduce additional uncertainties.
This analysis has already been carried out for this system before and the physical parameters of both
components in UV Psc have been determined by Popper [1997] with some updates from the work of
Torr̊ang [2019]. Selected parameters can be seen in table 1. The binary system has been suspected
to be magnetically active previously through indirect methods, Feiden and Chaboyer [2013] obtained
indirect magnetic field estimates of 0.79kG for the primary and 1.39kG for the secondary. This was
done by observing X-ray emissions tied to the corona. No direct magnetic field observation has been
attempted before Torr̊ang [2019] however.
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Table 1: Properties of the two components in UV Psc obtained from Popper [1997]. The masses of
both components have been revised by Torr̊ang [2019].

Properties Primary (G5) Secondary (K3)
Inclination 88.9◦

Period[days] 0.861046731
Mass[M�] 1.0184± 0.0046 0.7709± 0.0036

Radius[R�] 1.110± 0.023 0.8350± 0.0180
Teff [K] 5780± 100 4750± 80

log g[cgs] 4.340± 0.018 4.478± 0.019

Figure 8: Three different orbital phases shown for UV Psc, the black object is the primary star and
the red is the secondary. The phase 0 corresponds the time when the second component is eclipsing
the primary and 0.5 is the other way around.

The geometry of the system at a few phases can be seen in figure 8 where the scale of the system
can be better understood. The reason for why the stars are constructed out of dots in these figures is
that the dots correspond to the surface grid used in the ZDI calculations. An issue that arises from this
type of orbital geometry, discussed in more detail in section 8, is that there is a degeneracy between
the upper and lower hemispheres of each star. This means that the surface maps will exhibit a large
amount of symmetric structure and that there is no way of knowing which hemisphere various signals
originate from.

Torr̊ang [2019] has already used the Stokes V profiles to show that there is a detectable magnetic
signature on the primary component of the system. A weak indication was also found for the magnetic
field on the secondary. LSD Stokes V profiles for every single phase had a definite detection of
polarisation signal. This means that the false alarm probability (FAP) was less than 10−5. This
measures the probability that the observed signal originates from noise rather than actual magnetic
field structure on the surface. The detection of magnetic fields on the secondary was less secure. Only
one phase corresponded to a definite detection while another phase had a marginal detection (FAP
between 10−3 and 10−5). The rest of the phases had no detection corresponding to a FAP larger than
10−3

Using the ZDI technique discussed in earlier sections the detailed structure of the magnetic fields
on the surface of both components will be analysed.

6.1 Observations

The observational data for UV Psc were obtained at the Canada-France-Hawaii Telescope (CFHT)
using the ESPaDOnS spectograph. The observations were carried out on the 2nd and 5th of August
2016, followed by observations each night between the 17th and 21st of September the same year. The
observations were made over the wavelength range between 3700Å and 10000 Å. The observations
resulted in a total of 18 sequences of 4× 450 second exposures that were used to obtain the Stokes V
spectra. For the Stokes V observations the total time results in a few percent of the rotational period
of the components. This means that a given surface element could have moved a few degrees over the
course of one observation. This phase smearing is accounted for when calculating the magnetic field
distribution of both components. On the other hand, the set of 72 Stokes I profiles has a higher time
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resolution with negligible phase smearing. For UV Psc no successful observations of Stokes U and Q
parameters have been made. This study is therefore limited to only the Stokes I and V parameters.

The spectograph that was used for the observations has a spectral resolution of Rspec68000. The
resolution of the spectrograph indicates the smallest spatial scale that can be potentially resolved on
the stellar surface. This can be analysed by using the Full Width Half Maximum (FWHM) of the
spectograph’s instrumental profile given by

FWHM =
c

Rspec
≈ 4.41 kms−1. (6.1)

This means that any spectral line or other features that are sufficiently close to each other will not
be distinguishable as different features. It is given in kms−1, which corresponds to the radial velocity
difference that would be required to distinguish two different elements on the surface of a star. Given
the parameters obtained by Torr̊ang [2019] and Popper [1997], one can determine the smallest angular
size of detectable spots on the surface. By using the equation

R sin i =
Pv sin i

50.6
, (6.2)

where i is the inclination angle, P is the period given in days and assuming synchronous rotation, R is
the stellar radius in solar units and v is the equatorial rotational velocity in kms−1. This gives v sin i
of 65.3kms−1 for the primary and 49.1kms−1 for the secondary. Since the velocity difference between
the most red- and blue-shifted side is twice the rotational velocity, the maximum number of elements
that are resolvable is given by

N =
2v sin i

FWHM
. (6.3)

From this the angular size of surface elements on the star that are resolvable is given by

δl =
180◦

N
. (6.4)

For UV Psc the smallest angular size of resolvable elements for the observations made by ESPaDOnS
is about 6◦ on the primary and 8◦ on the secondary. This is an interesting number since any structure
on the stellar surface that is smaller than this angular size is unlikely to be real.

Just as the resolution of the spectograph gives a limit spatial resolution it can also indicate the
highest order of spherical harmonic coefficients that are used to describe the magnetic field structure.
This is given by the equation

lmax =
4v sin i

FWHM
≈
{

60 primary, 45 secondary (6.5)

Compared to for example Rosén et al. [2018], the resolution of the data for UV Psc is significantly
higher than for σ2CrB due to higher rotational velocities, which results in a sensitivity to higher orders
of magnetic field structure. Even if the sensitivity reaches high l values it is still beneficial to limit
lmax to a smaller number provided that any contribution higher than the maximum is negligible.

6.2 Observed LSD profiles

The LSD profiles used to determine the magnetic field structure of UV Psc were calculated by Torr̊ang
[2019] by using the methods described in section 4. Spectral lines over most of the wavelength range
of the observations were used to obtain the average line profiles. Certain wavelength ranges were
excluded for two reasons, first to remove lines with a shape significantly different from the average
line and secondly to remove some areas with telluric contamination. The spectral line data used were
obtained from the VALD database [Piskunov et al., 1995].

The analysis found average properties of the spectral lines corresponding to the LSD profile. The
effective Landé factor was determined to be 1.21 while the central wavelength of the LSD profile was
set to 5286 Å.
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Figure 9: Two Stokes I profiles from two different phases. The contamination from reflected sunlight
can be seen in the phase 0.196 as a narrow feature.

Torr̊ang [2019] discovered that sunlight reflected from the Moon had contaminated observations on
two nights. The LSD profiles showed an additional narrow spectral component. This can be compared
with a typical uncontaminated LSD profile in figure 9.

This contamination needs to be removed before ZDI analysis. This was done by fitting the LSD
profiles with two Gaussians, representing each star, that were broadened by the rotation and an
unbroadened Gaussian representing the Moon contamination. This Moon contamination was then
subtracted from the observed LSD profiles. The result for one LSD profile can be seen in the top panel
of figure 10. Many of the LSD profiles that had contamination removed in this way still had some
bumps in the area where the contamination was removed. This was mitigated by manually adjusting
the contamination strength until these bumps disappeared. The difference can be seen by comparing
the two plots in figure 10 where the lower plot has a smaller bump at the position of the contamination.

6.3 ZDI analysis

The code that was used to find the magnetic field structure is the inversLSDB code, first used by
Rosén et al. [2018] to perform ZDI of binary systems. The code relies on several free parameters that
can not be determined from the prior knowledge about the system. In order to obtain the best possible
fit to the data these free parameters need to be adjusted. The free parameters obtained can be seen in
table 2 together with the values of surface potential of each star derived from the physical parameters
of the system listed in table 1. The surface potential is used to define the surface of each star in order
to account for tidal and rotational effects that results in a non-spherical geometry of the system. This
section describes the process of obtaining these free parameters.

The first free parameters to adjust is the line depth and the second is the relative local brightness.
The former corresponds to η0 in equation 3.8. The latter accounts for the fact that the secondary
is fainter and has shallower lines compared to the primary. To find the best fit for these parameters
the model stokes I LSD profiles were fitted to the observational data under the assumption that the
surface brightness is homogeneous and that no magnetic fields are present on the surface. This resulted
in the value 1.68 for line depth and 2.09 for the relative local brightness.

To formulate the minimisation problem, the equations 5.1, 5.2 and 5.5 are used to constrain the
solution. In the case of weak field Stokes I does not interact with Stokes V . This means that it is
possible to decouple the surface brightness and magnetic regularisations. The result is two separate
minimisation problems that need to be solved,

χ2 + Λ
(1)
T R

(1)
T + Λ

(2)
T R

(2)
T → min

χ2 + ΛBRB → min
. (6.6)

In the same way as in Rosén et al. [2018] the hot spots were suppressed more strongly compared to
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Figure 10: Correction of the LSD profile obtained from one of the observations contaminated by the
Moon. The unmodified LSD profile is shown in black. The best fit using two Gaussians convolved with
rotational Doppler profiles and one Gaussian representing the Moon contamination is show in red. The
blue lines shows the Moon contamination and the shape of the LSD profile if the Moon contamination
is subtracted from it. The top figure shows the automativc best fit while the bottom figure shows the
shape after the contamination strength has been adjusted manually.
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Table 2: The set of parameters that was adopted for ZDI analysis of UV Psc.

Parameter Primary Secondary
Roche-lobe potential -5.8277 -6.2533

Relative local brightness 2.09
Line depth 1.68

Regularisation:
Λ

(1)
T 3.0× 10−4

Λ
(2)
T 3.0× 10−5

ΛB 1.95× 10−11

Figure 11: The Stokes V spectra of UV Psc shown for two different phases that illustrates the issue
with poor agreement of some observations. The Stokes V spectra corresponding to the phase 0.261
shows clear discrepancies between observations (black) and ZDI reconstruction (red). Many features
of the profile are not properly reproduced in this case.

the cold spots with C1 = 1, C2 = 10.
Due to this decoupling Stokes I is unaffected by the magnetic field. This means that the the

minimisation problem for the surface brightness distribution can be solved without any knowledge of the
polarisation signatures. This result can then be used for solving the magnetic minimisation problem.
First, the 72 Stokes I profiles were used to find the most suitable surface brightness distribution by

varying R
(1)
T and selecting the optimal parameter by using the L-curve principle described in section 5.3.

The resulting surface brightness distribution was then adopted to find the magnetic field structure from
the Stokes V profiles. The same process was then carried out changing ΛB in order to find the optimal
magnetic field structure. Once this is finished the surface maps of UV Psc have been determined.

During this analysis it was noticed that even if the magnetic regularisation parameter was set to
be low, for a few phases the Stokes V observations did not fit well with the obtained magnetic surface
structure the provided a good match to pbservations at all other phases. This can be seen in figure 11
were the phase 0.261 in particular does not have good agreement between observation and ZDI model
profiles. Upon further analysis the poorly fitted phases were obtained during the observations in early
August rather than in the middle of September, around fifty days apart. A possible explanation for the
discrepancy is that the surface has evolved in the time between observations, either through differential
rotation or due to a change in surface structure. For this reason the two Stokes V observations that
were taken during August were removed from the data set for the ZDI calculations, since the surface
structure of UV Psc likely were different at the time of those observations.

Once the early observations have been removed and the regularisation was optimised for the reduced
data set the optimal solution has been found. The regularisation parameter that corresponds to this
solution is 1.95×10−11 for the magnetic field parameter. The two brightness regularisation parameters
were 3.0× 10−4 and 3.0× 10−5. This set of regularisation parameters is then used to obtain the final
surface distribution that will be presented in the next section.
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Table 3: The average magnetic field strength components for each star in UV Psc.

Component 〈B〉 〈Br〉 〈Bm〉 〈Ba〉
1 137 64 38 98
2 88 48 16 61

7 Results

The observed LSD profiles with the best fit obtained from the code inversLSDB can be seen in figures
12 and 13. The best fit LSD profiles were generated from surface distributions that are shown in figure
14. The projection used for the different surface distributions is the Hammer projection that preserves
the area of each surface element on the map. The longitude increases from left to right in the surface
plots and the central point has a longitude of 180. Since the orbital and rotational period of each star
in the system is coupled the central point corresponds to the point always facing away from the other
star.

From this result it can be seen that the magnetic field on the primary component is stronger than
on the secondary component. Magnetic fields and surface structure on both stars are seen to have
symmetric properties with respect to the equator. The smallest azimuthal scales that can be seen on
the stars are around 10 degrees, larger than the scale of the smallest resolvable elements obtained in
section 6.1. These features likely originates from the star and are not a consequence of the noise.

The primary shows strong azimuthal magnetic field strengths while the meridional field has the
weakest contribution. This is common in studies where only circular polarisation has been used for
ZDI. If the weakness is a consequence of this or just how the magnetic field is structured is however
not possible to say.

In order to quantitatively compare the magnetic field strengths between the two components it is
useful to calculate the average and maximal magnetic field strength on each component. The former is
calculated by combining the local radial, meridional and azimuthal field magnetic strengths according
to the following formula,

〈B〉 =

∑
i S

i

√
Bir

2
+ Bim

2
+ Bia

2∑
i S

i
. (7.1)

Si is the normalised area for each surface element since the surface elements have different areas. In
this particular case the difference between the largest and smallest surface element on the primary is
a factor of about two. Element sizes are 0.99× 10−4 for the smallest and 2.03× 10−4 for the largest.
The situation is similar for the secondary where the elements are between 1.02×10−4 and 1.86×10−4.

The average magnetic field strengths were found to be 137G and 88G on the primary and secondary
respectively. How the average magnetic field components of the two stars compare to each other can
be seen in figure 15 and table 3. This confirms that the primary star is stronger than the secondary in
all different magnetic field components. The surface magnetic field on the the primary star is about
1.6 times stronger than the secondary. The highest magnetic field strength of each star is obtained by
taking the strongest field modulus in equation 7.1 without considering the area weights, the values are
429G and 202G for the primary and secondary star respectively. The strongest magnetic field on the
primary is therefore about 2.1 times stronger than on the secondary.

Even if the difference between the magnetic strengths of the two fields is only a factor of about
two there is still a significant difference between how detectable the Stokes V signature is. The fact
that the secondary is noticeably smaller than the primary means that its signal is weak relative to the
noise and more difficult for the ZDI method to model. In the test run covered later in section 8 the
magnetic field on the smaller component was more strongly underestimated compared to the larger
component. It is possible that this difference is in fact smaller than obtained here.

In order to further quantify the magnetic field structure the magnetic energies in different modes
are combined into poloidal Epol/Etot and toroidal Etor/Etot contributions. This gives the fraction of
energy contained in the different contributions and therefore indicates which type of magnetic field
structures are the most dominant. It is also interesting to see how the field behaves with respect to the
rotation axis. For this some of the magnetic field components are classified as axisymmetric. There

25



Figure 12: The LSD profiles of the Stokes I parameter of UV Psc (black) compared to the best fit
(red) shown for all phases used in the analysis. The spectra of each phase has been shifted vertically.
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Figure 13: The LSD profiles of the Stokes V parameter of UV Psc (black) compared to the ZDI best
fit (red) shown for all phases used in the analysis. The spectra has been shifted vertically according
to rotational phase.
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Figure 14: The brightness and magnetic field components (radial, meridional and azimuthal) on the
surface of both stars in UV Psc system. The magnetic field strengths are given in kG and all components
are shown using the same colour scale.
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Figure 15: The average, absolute value, magnetic field strengths for both stars, including the average
radial (Br), meridional (Bm) and azimuthal (Ba) components. The primary is shown in red while the
secondary is shown in blue.
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Figure 16: Magnetic field energy distribution as a function of angular degree of harmonic modes for
both poloidal and toroidal fields on each component of UV Psc.
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Table 4: The fractions, in per cent, of magnetic energy that are contained in the poloidal and toroidal
magnetic field components and the fraction of magnetic field energy that is contained in the different
axisymmetric modes.

Component Epol/Etot Etor/Etot Em=0/Etot E|m|≤l/2/Etot

Primary 64.0 36.0 15.7 35.0
Secondary 44.9 55.1 49.1 52.4

are two different ways this property is defined in the literature. The first way only considers the modes
with m = 0, labelled as Em=0/Etot. The other definition is less strict and considers all modes with
|m| ≤ l/2 to be axisymmetric, this is given by E|m|≤l/2/Etot. Comparing the energy contained in the
axisymmetric modes also gives a good indication of the field structure. The energy contributions of
the different structures can be seen in table 4.

The primary component seems to have a primarily poloidal field. The secondary component on
the other hand has a magnetic field that is more strongly toroidal. Here the difference in energy
contribution between poloidal and toroidal magnetic fieds is also smaller compared to the primary
component.

Looking at the axisymmetry the primary component does not exhibit a particularly strong axisym-
metric behaviour in both definitions of axisymmetry. For the second component the axisymmetric
contribution represents roughly half of the total magnetic energy in both definitions for axisymmetry.

Another point of interest is how the magnetic energy is distributed over different modes. This is
shown in figure 16 where the energy contained in the modes for different values of l is presented. The
secondary component is dominated by l = 1 magnetic field structure while the primary has a more
even distribution with the largest energy contribution in l = 3 modes. What can also be seen from this
figure is that even if the observations in theory are sensitive to modes up to around 60, modelling the
actual observations does not need modes of so high order. Contributions to the total energy beyond
l = 10 are essentially vanishing for both components.

8 Numerical tests

Before the results obtained for UV Psc are discussed it would be interesting to study how well the ZDI
technique is capable of reproducing simple surface structures. Of particular interest is to see how the
geometry of UV Psc affects the ability to obtain correct surface distributions. The best way to do this
is to generate simple surface structures on UV Psc, then use the Stokes profiles calculated for those
surface structures to attempt a reproduction of the initial surface structure using identical parameters
as for the actual result (see table 1 and 2). This will be done for both surface brightness and magnetic
fields of UV PSc. The result of this exercise will provide a better idea of what the limitations of the
ZDI method are and what information should be taken with a grain of salt in the results obtained
from real observations. Just as in section 7 the maps are shown using the Hammer projection in order
to preserve the area of each surface element.

8.1 Brightness distribution

For this test a dark spot is created on the surface of an otherwise homogeneous star for each component
in the binary system. These spots are then used to generate Stokes I LSD profiles with the same
velocity sampling and phase distribution as in the real observations. Then these LSD profiles are used
to reconstruct the brightness distribution on the surface of both components. Comparing the initial
synthetic structure with the resulting computed structure should allow a visual representation of the
limitations with this method for reconstructing the surface properties of UV Psc components.

A spot is placed on each of the two components by defining its central position, its angular size
and how dark it is compared to the surrounding surface brightness. These spots can be seen in figure
17.
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Figure 17: The synthetic spots on the surface of the two components.

Figure 18: Surface distribution obtained from the simulated Stokes I LSD profiles by using the ZDI
method.

Using disc integration with the synthetic surface distribution LSD profiles are obtained which are
then used to obtain a map of the surface brightness using the ZDI model discussed in section 5.
The resulting surface distribution will show how well this method can reproduce the initial, synthetic
surface distribution. The surface distribution obtained from the ZDI method can be seen in figure 18.
The Stokes I LSD profiles for both the initial and reconstructed structure can be seen in figure 19.

Some clear differences between the original and obtained surface structure comes from the fact that
the method used is unable to identify which hemisphere a certain feature originates from. This is due
to the fact that in an eclipsing binary the system is observed from a direction that causes the northern
and southern hemisphere to have the same Doppler shift and limb darkening. As a result of this the
original spots are smeared out from their original position into the other hemisphere. Even if this
means that it is not possible to precisely recreate the surface structure, something can be said about
the latitude of the spots, the figures 17 and 18 show that the smearing does not extend to significantly
higher latitudes than the position of the original spot. A consequence of this smearing is also that
the contrast of the obtained spots are reduced compared to the original, this is because the obtained
spots extend over a larger area of the surface. Another effect that can be seen is that the borders of
the spots are somewhat smoothed out, likely due to the regularisation function that penalises sharp
jumps in brightness on the surface.

Even if the surface structures are noticeably different, the LSD profiles shown in figure 19 agrees
closely with each other. This indicates that surface structures on stars are slightly degenerate and
different structures could generate essentially identical spectral features. This is especially true for the
eclipsing binary orbital geometry where the hemispheres are indistinguishable.

8.2 Magnetic field structure

The way the code deals with magnetic fields is quite different from how it works with brightness.
Instead of setting a value at each point on the surface, as it does with brightness, the magnetic field
on each point is determined by the spherical harmonic coefficients defined in equation 5.3. In order
to generate a simple magnetic structure some of these coefficients are set as non zero values. For this
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Figure 19: Stokes I LSD profiles for the synthetic spot. The black lines corresponds to the simulated
observations while the red lines are the LSD profiles corespond to the best fit obtained with the ZDI
method. The agreement between the two is good even if the surface structure has clear differences.
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Figure 20: The dipole magnetic field placed on the surface. The projection used is the Hammer
projection that preserves area of elements at different latitudes. The LSD profile corresponding to this
surface distribution can be seen in figure 22.

simple test both stars are given a simple dipole field. This means that only the coefficients αl,m and
βl,m with l = 1 are non zero. In addition these two sets of coefficinets are coupled for a dipole field,
this means that for a given l and m, αl,m = βl,m. The first component was given a magnetic field
defined by non zero modes for l = 1, m = −1, 0 while the second component had the non zero modes
l = 1, m = 0, 1.

With this field defined on the surface of the star it is possible to generate circular polarisation LSD
profiles for this magnetic field and use those LSD profiles to reconstruct the surface magnetic field.
This procedure is similar to the brightness distribution test but with one additional step added. Since
the Stokes V signatures used here are expected to be significantly weaker than the Stokes I signature,
noise therefore likely plays a more significant role in the analysis of the magnetic field structure than
for mapping th brightness. Before the reconstruction attempt is carried out a random noise is added
to the LSD profiles in order to more realistically simulate the observational conditions. The initial
magnetic dipole field is shown in figure 20.

Once the synthetic LSD profiles have been generated from the surface structure in figure 20 they
can be used to obtain the best fit magnetic field structure. The resulting magnetic field structure
can be seen in figure 21. Stokes V LSD profiles for both the synthetic and reconstructed surface
distributions are shown in figure 22.

There are some clear discrepancies between the generated and reconstructed surface structure.
Initially the field distributions were not symmetric with respect to the equator. This is something
that was not reproduced by the the code where all structure is either symmetric or anti-symmetric
with respect to the equator. The reason for this change is that the magnetic field is built up from
a combination of spherical harmonics, some of these harmonics are anti-symmetric with respect to
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Figure 21: The magnetic field structure reconstructed from the Stokes V LSD profiles in figure 22
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Figure 22: The Stokes V LSD profiles for both the simulated and reconstructed field structures shown
for a set of different phases. The simulated LSD profiles also have noise added to them and are shown
in black. The LSD profiles corresponding to the best fit obtained with the ZDI technique are shown
in red.
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the equator. In the eclipsing binary geometry the contributions from those modes will cancel out in
disk integration and give no signature in the Stokes V LSD profiles. In the case of the synthetic field
structure the spherical harmonic mode defined by l = 1, m = 0 is anti-symmetric with respect to the
equator. Since this mode gives no signature the code is unable to reconstruct this part of the magnetic
field. What is recovered is only the part of the magnetic field that gives a detectable signature.

Another difference is that the code underestimates the field strength of both components. This
should primarily come from the fact that it does not include the fields connected to one of the modes
in the initial structure. Here it also appears that the field on the secondary star is more strongly
underestimated compared to the primary. Initially they were given the same field strengths but
in the final result the second component has a weaker magnetic field than the primary. This is
likely a consequence of the signal from the smaller component being hidden by the noise due to the
fact that the signal is weaker overall. Especially the strength of the meridional field component is
underestimated. This comes from the fact that circular polarisation is only sensitive to the part of
the magnetic field that is directed along the line of sight. In addition the meridional field component
is often almost perpendicular to the line of sight which means that the contribution to the circular
polarisation signature will be small compared to the radial field. For this reason the method has
the most difficulty in reconstructing the meridional field component. This is in agreement with the
study of the ZDI method’s ability to recover surface structures done by Kochukhov and Piskunov
[2002]. In order to accurately reconstruct all structures of the magnetic field, observations of the linear
polarisation spectra must also be obtained.

Even if the dipole magnetic field still dominates the surface structure with more than 95% of the
magnetic energy some additional contributions from higher order modes can be seen. The introduction
of these modes is likely due to the noise that was introduced to the LSD profiles. Using a higher value
for the regularisation function could mitigate this, but the result demonstrates the tendency to over
interpret noise.

From these results it is interesting to see which modes contribute to the circular polarisation signal.
To study this the signal from each mode for l = 1, 2 and m = +l, ...,−l was calculated separately,
ignoring those modes that look identical except for a rotation around the stellar rotational axis. What
can be seen in figure 23 is that the circular polarisation signature is indeed very weak for those modes
that are anti-symmetric with respect to the equator. This means that any mode where the sum
l + m =odd will not be reconstructed with Stokes IV observations of an eclipsing binary. Especially
considering the noise level of the measurement it is unlikely that these structures would be possible to
reconstruct. The small signature that is seen originates from the fact that the inclination of the system
is not exactly 90◦, but slightly lower. One interesting feature that can be seen at some phases of the
weakest signals is that there is a spike. This signature is caused by the second component eclipsing
the primary, causing a temporary break in the symmetry. This signature is still weak compared to the
modes that are symmetric with respect to the equator.

8.2.1 Equatorial anti-symmetry & linear polarisation

When Kochukhov and Piskunov [2002] tested ZDI ability to reconstruct magnetic surface structures
they found that linear polarisation is important to reproduce all features. They did not look at a
system that was an eclipsing binary, it is therefore interesting to see if linear polarisation could help
in alleviating some of the issues with the reconstruction of certain modes.

To study this the code is used in the regimer when all four Stokes parameters are calculated. We
use some of the magnetic modes shown in figure 23 but also generate linear polarisation profiles Q and
U to see if they can give some insight into the different modes. Linear polarisation profiles for different
modes can be seen in figure 24. In this case Stokes Q seems unaffected by the symmetric properties
of the mode. The Stokes U profiles are weaker than Stokes Q, the signature is barely visible when all
profiles are scaled by the same factor. The variation in strength between the two linear polarisation
profiles comes from how the angle χ in the plane perpendicular to line of sight is defined in figure 3.
The symmetric and anti-symmetric Stokes profiles also have different shapes, in principle this means
that using linear polarisation one can reconstruct the anti-symmetric modes which vanish with only
circular polarisation.
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Figure 23: The circular polarisation signal for spherical harmonic modes, from left to right, l = 1,
m = 0; l = 1, m = −1; l = 2, m = 0; l = 2, m = −1; l = 2, m = −2,. The magnetic field is placed
on the primary component only in order to more clearly see the shape of the Stokes V profiles. Note
that the signal strength shown on the y-axis is scaled differently.

Another interesting result is that when the symmetric and anti-symmetric mode is combined the
Stokes U profiles increases in strength significantly. Reaching a signal strength close to that of the
Stokes Q signature. The fact that the strength of combined modes sometimes appear noticeably
stronger could come from how linear polarisation is measured. The linear polarisation is not defined
from the reference frame of the star (used to define the magnetic fields). Instead the linear polarisation
is measured with respect to the sky meridian. This could cause the polarisation direction of combined
modes to better align with our measure of polarisation and result in the stronger signal.

The overall strength of the linear polarisation LSD profiles in both cases is however significantly
lower than the Stokes V LSD profiles obtained from the observations of UV Psc. The maximum
magnetic field strength for this synthetic test was on the order of a few hundred Gauss, similar to
the actual observations. It is clear that linear polarisation would be difficult to observe on stars with
properties similar to UV Psc.

9 Discussion

The field topology reconstructed with ZDI gives a good indication of some aspects of the mangetic
structures present on the components of UV Psc. Due to limited S/N of observations and the geometry
of the system itself certain uncertainties arise that makes it difficult to determine if the reconstructed
map is the complete magnetic field or only a part of a more complex structure. The origin of many of
these uncertainties has been discussed in previous sections and they will be summarised here.

The magnetic field geometry that was obtained with ZDI is likely to be an underestimate of the full
field. Some of the spherical harmonic modes cannot be recovered by the ZDI technique in this orbital
configuration. A dipole field aligned with the rotation axis would for example not be recovered. This
also means that the resulting energy distributions shown in table 4 becomes more uncertain. This issue
arises from the fact that this star is an eclipsing binary where the two hemispheres becomes indistin-
guishable. The method used also tends to provide an underestimate of field strengths, particularly
in the absence of linear polarisation observations. The degeneracy between the radial and meridional
field that appears in this case usually results in stronger underestimation of the meridional field. It is
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Figure 24: Linear polarisation profiles for some of the low order modes shown in figure 23. The left
pair of panels correspond to the mode l = 1, m = 0, anti-symmetric with respect to the equator, the
middle pair is for the mode l = 1, m = 1, symmetric with respect to the equator. The right pair of
panels is for the combination of both previous modes.

also possible that the field structure simply has weak meridional components which makes it difficult
to make any conclusion on how underestimated the meridional field strength is.

The degeneracy between the radial and meridional field is broken if a complete set of Stokes
parameters is observed. A magnetic field reconstruction with all Stokes parameters also results in
more fine detail being recovered. This can be seen from the analysis of II Pegasi by Rosén et al. [2015],
the only cool star that has successfully been analysed with all Stokes parameters. Their results showed
that more of the magnetic energy was contained in high order modes if linear polarisation was included
in the reconstruction. All magnetic field components also became stronger on the surface, individual
features could increase or decrease their magnetic field strength by kG locally while the average field
increased by a factor of about 1.5. The inclusion of linear polarisation in the analysis of UV Psc could
significantly change the surface structure and magnetic field strengths, particularly locally.

What can be said is that all uncertainties result in underestimates of the field strength. Should
an analysis including all Stokes parameters be successfully carried out for UV Psc in the future, the
average field strengths would likely be higher compared to what was obtained in this study. For
local magnetic fields the result would be harder to predict but larger amplitude magnetic fields would
become visible, more detailed local features will also likely appear. The inclusion of linear polarisation
would also allow the detection of modes antisymmetric with respect to the equator, allowing a more
complete determination of the magnetic field. For this to become a reality linear polarisation needs to
be detected on UV Psc. Unfortunately, there is not much that can be done when it comes to observe
linear polarisation on cool stars at the moment. Even if the equipment used to obtain the observations
is capable of obtaining linear polarisation profiles, as was done by Rosén et al. [2015] in the analysis of
II Pegasi, successful observations are still difficult. The S/N ratio has to be increased significantly in
order to reliably detect linear polarisation. Relying on longer exposures will introduce further problems
since the rotation of the star will result in the smearing of features on the surface, making accurate
reconstruction more difficult.

For the Sun local magnetic fields has been observed to reach strengths of up to 6.2kG [Okamoto
and Sakurai, 2018], at these magnetic field strengths the ME-approximation could start to show some
discrepancies. These magnetic field strengths are however limited to the very central parts of the dark
spots. In observations of other stars, the resolution is currently limited, allowing one to study the large
and intermediate scale magnetic fields only. This type of small scale magnetic structures confined in
the centres of dark spots would not be visible. Any such fields on the surface of UV Psc are therefore
unlikely to affect the observations.
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The secondary component was found to have a weaker magnetic field. According to the results
by Torr̊ang [2019] this is not a very surprising result since only a few phases of observed Stokes V
profiles had detections of magnetic fields on the secondary. When studying the ZDI method’s ability to
reconstruct simple fields it was found that the technique more strongly underestimated the secondary
component, compared to the primary. It is important to remember that the regularisation functions
used in the code will favour solutions with weak fields over strong fields. Should the signal from the
secondary component be weaker for other reasons than magnetic field strength, such as local brightness
and size, the signal might be more hidden by the noise of the observation and therefore not properly
modelled.

The data obtained during August 2016 were discarded due to incompatibility with the rest of the
data set. This indicates that there is noticeable surface evolution, particularly on the primary, for
which the discrepancy was discovered. This change could come from differential rotation that was not
taken into account in this study. Another option is that the surface features have changed significantly
between the two observing runs. It would be interesting to re-observe UV Psc within a reasonably
short time period in order to follow this evolution more closely. Many previous studies only look at a
star during one or two epochs, usually separated by a few years [Rosén et al., 2018, 2015]. To more
regularly monitor an active star in a similar way to how the Sun is continuously observed could be a
good way to investigate this evolution in more detail and improve our understanding of the magnetic
field generation.

The system σ2 CrB studied by Rosén et al. [2018] is a system with stars of similar size and orbital
periods. Their results gave similar average magnetic field strengths as obtained for UV Psc. The
magnetic field structure also has similar distributions where the lower order modes dominate with
little contribution beyond l = 10. A notable difference is l = 1 of the secondary of UV Psc, which
contains 70% of the energy. This is high compared to the other stars where no other mode contains
more than 35% of the total magnetic energy. If this is due to the actual structure of the magnetic field
on the surface of the secondary component of UV Psc or because the reconstruction underestimates
the higher order modes is not certain.

The average magnetic field strength of UV Psc has already been estimated by Feiden and Chaboyer
[2013], their estimates found an average magnetic field strength 790G for the primary and 1.3kG for the
secondary when considering coronal X-ray emission. They also estimated magnetic field strengths up
to a few kG when modelling the magnetic field as a way to account for the radius and age discrepancy
between the two components in the stellar models. Both estimates are clearly higher compared to what
was obtained in this study. They do point out that the inclusion of dark spots in the consideration would
reduce the obtained magnetic field strength estimation, reducing the difference between their estimates
and the results obtained here. If this is enough to close the gap is unclear given the uncertainties of this
study discussed above. Another issue is that the secondary was estimated to have a stronger magnetic
field compared to the primary, both from models to match the ages of the components and from the
X-ray emissions. This is in contradiction to our results. If the magnetic field has structures that can
not be picked up without linear polarisation or if some aspect of the stellar modelling is incorrect can
not be said at this time.

Even if the study has uncertainties that are increased due to the orbital geometry of the system
the result seems to indicate that the field strength of UV Psc is typical for a cool, rapidly rotating
star. The fact that the effect the uncertainties in this study have on the result can be studied in detail
sets some useful limitations on the magnetic field of UV Psc. The average field strengths obtained
here are likely lower bounds and the structure can be expected to have more energy in high order
modes should an observation of a complete set of Stokes parameters be obtained in the future. Given
the strength of the linear polarisation signal for a system identical to UV Psc obtained in section 8,
successful observations of linear polarisation profiles for UV Psc would require much higher S/N ration
than what could be obtained at CFHT.
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