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Abstract

The study of surface activity on young solar-type stars provides an opportu-
nity to improve understanding of stellar dynamos and indirectly gain insight
into early solar evolution. Doppler Imaging (DI) can be used to map stellar
surface activity, and utilises rotation-induced Doppler-broadening of spectral
lines to calculate the surface distribution of a fundamental parameter such as
temperature.

DI requires high-resolution spectroscopic observations distributed over one
or more stellar rotation periods. To date only a limited number of single
young solar analogues have been observed using this technique. Observations of
many stars at various evolutionary states and with varying physical parameters
are necessary to comprehensively constrain stellar dynamo models. These
observations require long-term access to a telescope with a high-resolution
echelle spectrograph to undertake multiple epoch studies of stellar activity.

This project has used the ANU 2.3 metre telescope to test Doppler Imaging
with two active young stars, AB Doradus (AB Dor) and HIP43720, with the
HIP43720 observations contemporaneous with the Anglo-Australian Telescope
(AAT) observations.

Analysis of the AB Dor mapping and comparison of the 2.3 metre and
AAT results for HIP43720 indicates that the ANU 2.3 metre telescope with
its high resolution echelle spectrograph is capable of undertaking scientifically
useful Doppler Imaging for stellar dynamo surveys.
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Chapter 1

Solar and Stellar Magnetic
Activity

1.1 Introduction

Four centuries of in-depth study of the Sun has only served to reveal how
little is understood about early solar evolution. This is particularly true in
understanding the role the once rapidly rotating and intensely active young Sun
played in the formation and early evolution of the solar system. Nevertheless,
through the study of young solar type stars, insight can be gained into this
early activity and the powerful internal magnetic dynamo of the Sun.

Stars less than 100 million years old are of interest in understanding how
the Sun and its planetary system developed as this is the age range in which the
formation of the solar system would have been essentially complete (Wether-
ill, 1980). So studying young solar analogues should provide a window into
the characteristics and behaviour of the young Sun during the solar system’s
formative stages (Dorren and Guinan, 1994).

1.2 The Sun Today

The Sun today is a magnetically active, medium-sized, middle-aged main se-
quence, G2V dwarf star. Table 1.1 provides a summary of its fundamental
physical characteristics.

The Sun supports a strong magnetic field which drives solar activity. This
magnetic field varies from year to year and each 22 years it reverses polarity.
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Observable signs of solar activity include sunspots, flares, prominences,
and coronal mass ejections (CMEs).

Sunspots are the most readily visible signposts of solar activity and mark
the location of strong magnetic fields arising from an internal regenerative
dynamo (Berdyugina, 2005; Chaisson and McMillan, 2010).

Table 1.1: Summary of the Fundamental Physical Characteristics of the Sun, adapted
from Phillips (2006) and Thomas and Weiss (2008)

Property Magnitude
Solar Mass (M�) 1.989 x 1030 kg
Equatorial Radius (R�) of photosphere 6.955 x 108 m
Mean Diameter 1.392 x 109 m
Luminosity (L�) from solar irradiance 3.854 x 1026 W
Effective Photospheric Temperature (Teff�)
from luminosity and Stefan-Boltzman Law 5,778 K
Age (from the age of oldest meteorites) 4.6 x 109 years
Spectral and Luminosity Type G2 V
Mean Density 1.4 x 1034 kg m�3

Equatorial Surface Gravity 274.0 ms2

Rotational Velocity (at equator) 1.996 km s�1

Rotational Period (equatorial) 25.05 days (Sidereal)
Rotational Period (80� latitude) 33.50 days (Sidereal)
Rotational Period (Poles) 34.30 days (Sidereal)
Rotational Velocity (Poles) 1.971 km s�1

Mass Loss Rate 4 x 109 kg s�1

Mean Distance to Earth (AU) 1.496 x 1011m

1.3 Sunspots

Sunspots are temporary bi-polar phenomena that appear as darker areas on
the solar disk caused by magnetic flux tubes. These flux tubes emerge at
the photosphere restricting the motion of ionised gas to travel along field lines.
This restriction inhibits the convective transport of energy to the surface, lead-
ing to the formation of areas of reduced surface temperature.
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At temperatures of approximately 3,000–4,000 K, they become clearly vis-
ible as dark surface spots in contrast with the surrounding material, which is
at a temperature of around 5,800 K (Rice, 2002).

Sunspots may be as large as 80,000 km in diameter, such as the one shown
in Figure 1.1. Sunspot groups may last for up to six months and form the
heart of the magnetically active regions, expanding and contracting as they
move across the surface of the Sun (Mossman, 1989).

Figure 1.1: Active Region AR1048 is, at 80,000 km in diameter (the size of 15 Earths),
the largest sunspot ever seen by SOHO up until this time. The image was taken on
October 28, 2003. Credit: SOHO (ESA & NASA)

Figure 1.2 shows a high-resolution G-band image of a group of sunspots
illustrating their basic anatomy. The main spot area consists of the darker
umbra surrounded by the penumbra, and in this image, the filaments of the
lighter penumbra are clearly visible. There are also smaller dark features
known as pores that are essentially naked umbrae, or spots without penumbrae.

Figure 1.3 identifies the characteristics and positions of sunspots during
the three stages of the solar cycle. Active regions and sunspots can be found
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Figure 1.2: High-resolution G-band Sunspot image, obtained with the Swedish Solar
Telescope, showing an active region with both sunspots and pores. Penumbral filaments
are clearly visible, as is the surrounding pattern of granular-scale convection (Scharmer
et al., 2002). (Courtesy of the Royal Swedish Academy of Sciences)

to be concentrated in rotating bands about 15–30� either side of the equator
with the average latitude varying in line with the solar cycle. The first spots of
the new cycle begin to appear just after solar minimum and around 18 months
before the old cycle ends. These appear at latitudes between 25–30� north and
south of the equator (Zirin, 1988). There may also be a few remaining spots of
the old cycle evident near the equator at the same time. As these spots from
the old cycle dissipate, new larger and more numerous spots form. These new
spots form into distinct sunspot groups often consisting of a larger leader spot
or spots, followed, as the Sun rotates, by several smaller trailing spots.

The sunspot maximum occurs usually around mid-cycle. The main activity
belts then are nearly 40� wide and centred on latitude 20� North/South. On
very rare occasions there have been a few short-lived spots seen at latitudes of
up to 70� North/South.
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Very large complex groups of spots, often with complicated magnetic struc-
ture occur either side of the solar maximum. Then, as the cycle progresses
newer spots form closer to the equator with the last sunspots of the cycle ap-
pearing around the latitude band 5–10� either side of the equator. Over the
next few years, the number of spots decline. The active regions and spots
developing at this time in the cycle tend to be smaller and be located at lower
latitudes. This continues until the sunspot minimum again approaches, and if
any spots are visible they will be near latitude 7� North/South (Zirin, 1988).

Sunspots have never been observed at solar latitudes greater than 70�. This
is a significant difference between the Sun and young solar analogues (Thomas
and Weiss, 2008).

The study of sunspots is essential to understanding the solar dynamo.
There is a direct link between them and the presence of magnetic fields. This
relationship means that they can be used as strong tracers of magnetic activity.

1.4 The Solar Cycle

The Sun exhibits cyclic behaviour in its activity, evidence of which is found in
its spectral output as well as in spot coverage (Willson and Mordvinov, 2003).
The amount of magnetic flux that rises up to the Sun’s surface varies with
time. This is the solar or sunspot cycle. In 1844, Samuel Schwabe showed
definitively that the Sun went through cycles, when he announced his findings
relating to sunspot activity variations over periods of 11 years.

These cycles refer to the periodic 11-year-long variation in the number of
active features such as sunspots visible on the Sun’s photosphere. The end of
each 11-year sunspot cycle also corresponds to the reversal of the Sun’s global
magnetic field. The entire solar magnetic cycle, therefore, consists of two spot
cycles and so lasts approximately 22 years.

The solar magnetic cycle consists of the dynamo periodically flipping be-
tween the poloidal and toroidal field configurations.
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Figure 1.3: Sunspot Cycle (Credit: NOAA Space Environment Centre)
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1.5 The Solar Dynamo

To understand the formation of sunspots and the existence of their related
magnetic fields, it is necessary to investigate the various complicated plasma
processes occurring within the Sun, which are not well understood. The ab-
sence of any way to directly probe the solar interior means that the internal
dynamics of the Sun can only be inferred from a combination of theory and
observations of the solar surface.

Larmor (1919) proposed the theory that motions of charged particles
in the solar surface could create magnetic fields, just as currents flowing in
ordinary wire. Physicist T. S. Cowling identified that there was a problem
with Larmor’s dynamo in that the fields could not sustain themselves for long,
due of the resistance of the solar gases (Gough and McIntyre, 1998).

1.5.1 Magnetohydrodynamics

The combining of the equations of fluid mechanics with Maxwell’s equations
of electrodynamics led to the field of study known as magnetohydrodynamics
(MHD). The foundations of MHD were laid in the first half of the twentieth
century by scientists including Parker, Alfven, Cowling, Chandrasekhar and
Elsasser.

1.5.2 Parker Solar Dynamo

Parker (1955) demonstrated that it was theoretically possible to generate
reasonably permanent solar magnetic fields similar to those observed. The
“Parker Solar Dynamo Theory” proposed that currents of charged particles in
the convective outer layer of the Sun would generate magnetic fields. As these
magnetic fields float to the surface, they would be twisted by the Coriolis force
leading to the formation of surface sunspot-like magnetic regions as shown in
Figure 1.4 (d).

Over the course of a full sunspot cycle, these regions would merge to form
the large-scale solar magnetic field, but with the opposite polarity to its former
field. He proposed that this would be a cyclical process resembling the sunspot
cycle while the actual period of the cycle could not, as yet, be predicted. This
twisting was critical to the model since it helped to explain how the magnetic
“polar field” changes from a poloidal to a toroidal field (Parker, 1955).
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1.5.3 Babcock-Leighton Magnetic Dynamo Model

The 1960s saw the development of the Babcock-Leighton Magnetic Dynamo
Model. According to Leighton (1964), the poloidal magnetic field of the Sun
is a product of decay and the diffusion of large active regions associated with
bipolar spot groups.

The model is based upon the premise that differential rotation, which
occurs at the photosphere, causes the magnetic field distortions. It further
assumes differential rotation is the cause of the process by which these field
distortions become wrapped tighter and tighter. The Babcock-Leighton model
goes on to propose the existence of a relationship between sunspot activity over
the 11-year solar-cycle and the intensity of the large-scale axisymmetric mag-
netic field observed at the subsequent cycle minimum.

Observations show at the beginning of the cycle that sunspots tend to form
at higher solar latitudes and then steadily migrate to the lower latitudes as it
progresses. As the cycle continues the preceding members of a sunspot pair in
each hemisphere are opposite in polarity, following a distinct pattern. If the
polarity of the northern hemisphere is “north”, then the polarity of the leading
sunspot would be “south” and the alternative opposite true for the southern
hemisphere. As the process continues, the magnetic field dissipates leading to
the formation of a new global, opposite polarity magnetic field and the new
cycle begins and when the polarity next changes then the twenty-two year so-
lar cycle is complete (Babcock, 1961).

Solar differential rotation has been known and measured since the early
seventeenth century; the Babcock-Leighton Model was the first to consider
it as an explanation for the solar dynamo. Differential rotation is an impor-
tant component in understanding the dynamo. It extends to the tachocline
providing a shearing effect, which generates magnetic flux and helps enable a
persistent magnetic cycle (Babcock, 1961).
In Figure 1.4, the field lines are shown twisting as they emerge from the pho-
tosphere. It is this twisting of field lines that leads to the formation of the
sunspot cycle. Throughout the sunspot cycle, coronal loops cause partial dis-
persion of the magnetic field as the sunspots dissipate, and new ones migrate
towards the equator (Freedman and Kaufmann, 2007).
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This model certainly seemed to reproduce all of the observable features of
the sunspot cycle, even down to the appearance of individual sunspot pairs.
The model, however, could neither predict the length of the cycle nor explain
the mechanism that created the initial surface magnetic field.

1.5.4 The Omega (!) Effect

Magnetic fields within the Sun are stretched out and wound around the Sun by
the mechanism of differential rotation or change in rotation speed as a function
of both latitude and radius. Since the Sun does not rotate as a solid body, ro-
tation occurs faster at the equator than at the poles. This differential rotation
is a crucial ingredient for the dynamo action responsible for the conversion of
the poloidal magnetic field to a toroidal magnetic field and leads to the effect
as shown in Figure 1.4 a, b, and c (Hathaway, 2012).

1.5.5 The Alpha (↵) Effect

Early models of the Sun’s dynamo assumed the twisting resulted from the ef-
fects of solar rotation on the large convective flows carrying heat to the surface.
More recent dynamo models have based their premises on the assumption that
this twisting is due to the effect of the Sun’s rotation on the rising “tubes” of
magnetic field from deep within the Sun.

As a result of the inclination of active regions (where the leading spot of
a bipolar pair is at a slightly lower latitude, also known as Joy’s law), the
following polarity has a slightly larger chance to migrate towards the nearest
pole than the leading polarity This causes the magnetic field to reverse from
one sunspot cycle to the next (Hale’s law).

The twisting of the magnetic field lines as a direct result of Solar rotation
causes the alpha-effect as shown in Figure 1.4 d, e, and f. Although an ↵–effect
only exists if the star rotates, the precise mechanism that causes it is not yet
understood (Love, 1999).
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Figure 1.4: The Alpha–Omega Effect. Parts: a, b, c illustrate the Omega Effect and
how the poloidal field is converted to a toroidal field. In parts d,e,f the Alpha Effect is
shown as the toroidal field is converted into a poloidal one (Love, 1999).

1.5.6 The Interface Dynamo

Once it was known that magnetic fields within the convective zone would rise
rapidly to the surface, it became obvious that there was insufficient time for
either the ↵ or ! effect to develop. Since a magnetic field exerts a pressure on
its surroundings, regions within that field should push aside the surrounding
gas, which would create a bubble that would then continue to rise all the way
to the surface. This means that such an effect could not be produced in the
stable layer below the convective zone. A magnetic bubble, which formed in
the radiative zone, would not be able to rise far before it would become as dense
as the surrounding matter. It was this realisation that led to the concept that
the most likely place for the Sun’s magnetic field to be produced was within
the interface layer.

This layer forms an interface between the deep radiative zone that rotates
at one speed and the overlying convective zone, which rotates differentially
with a faster rate in the equatorial regions. The shear flows across this layer
stretch magnetic field lines of force and make them stronger. It is this change
in flow velocity that gives this layer the name tachocline (Hathaway, 2012).
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1.6 Stellar Activity

The stellar equivalent of solar activity such as spots, flares, and activity cy-
cles are present on a number of cool, rapidly rotating stars. The solar-stellar
connection is the comparison of the Sun with other stars for improved un-
derstanding of solar and stellar physics, especially activity and dynamos. For
cool stars like the Sun, dynamo action persists from the star’s initial formation
throughout its whole life cycle until the star ceases to generate nuclear fusion
(Schrijver and Zwaan, 2003).

The Sun’s internal dynamo depends upon the combination of both convec-
tion and rotation. In studying other stars, if their internal structure is similar
to that of the Sun, it is, therefore, reasonable to expect similar dynamo pro-
cesses occur and that they will demonstrate magnetic activity.

It appears that stars on the Main Sequence which are later than spectral
type F0 and giants later than G0 have convective zones similar to the Sun.
Observations show that some level of magnetic activity occurs in all cool stars,
irrespective of their mass and radius (Saar, 1990).

Solar-type stars are defined as those with the same basic radiative and
convective interior structure as the Sun based upon their mass. In contrast, it
is known that stars with a mass greater than 1.3� lack a convective zone; while
stars, with a mass lower than 0.3�, are in theory entirely convective. Thus,
solar-type stars range from mid F to mid K (Schrijver and Zwaan, 2003).

Throughout the lifetime of the Sun, it loses mass via the solar wind and
similar effects and behaviour also occur on other stars. Conservation of angular
momentum would imply that as a star expels its magnetically coupled wind,
its rotation rate would slow and the star becomes less active (Baliunas and
Vaughan, 1985) and so the younger rapidly rotating stars will be more active.

1.6.1 Starspots as Probes of the Stellar Dynamo

Like sunspots, starspots are the most easily observed form of magnetic activity
on cool young stars and like sunspots they appear as cooler dark regions on
the stellar surface (Biermann, 1938).

Kron (1947) first proposed the existence of starspots as an explanation
for the irregularities seen in eclipsing binary light curves. Since then, there
has been significant progress in the refining and development of techniques
available to observe starspots and in understanding their physical properties.
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Modern indirect imaging techniques such as Doppler Imaging (DI) when
combined with high precision photometry, mean that it is now possible to mea-
sure the lifetimes, surface brightness, latitude distributions and local rotation
rates of starspots as well as being able to track changes as the stellar magnetic
cycle progresses.

Key parameters necessary in the investigation of stellar magnetic activity
include the determination of spot configuration, temperature variation, and
spot coverage. These are important to understanding the effectiveness of the
dynamo production of the stellar magnetic field.

1.6.2 Observed Starspot Distributions

Starspots exist on a broad variety of stars across the Hertzsprung-Russell di-
agram. Rotational period appears to be the most significant parameter in
the determination of starspot latitude while the fractional size of the radia-
tive core also plays an essential role. Evolutionary stage and mass, previously
considered important are now thought to play only secondary roles (Granzer,
2002).

There have been Doppler Imaging studies, enabling the measurement of
starspot distributions undertaken on rapid rotators across the entire range of
cool star spectral types (G, K and M dwarfs) (Donati and Landstreet, 2009).

Many rapidly rotating stars appear to have spots present across all lati-
tudes leading to the possibility that compared to the Sun, there is a completely
different mechanism responsible for generating some of the magnetic flux in
these stars (Strassmeier, 2008).

1.6.3 Chromospheric Indicators

On the Sun, chromospheric plage regions produce Ca II H&K emission. When
solar activity is at a maximum, there will be more plage regions on the solar
surface meaning commensurately more Ca II H&K emission which makes it
an ideal indicator. The search for a similar correlation in other stars initiated
by Olin Wilson at the Mt. Wilson Observatory led to the initial discovery of
stellar activity cycles. The project resulted in the long-term monitoring of 111
stars across spectral types F2 to M2. Many of these stars have observations
covering over 30 years (Donahue et al., 1995; Rodonò et al., 1995).
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The survey shows that there is a strong correlation between the presence
of cyclic activity and stellar age. Younger rapidly rotating stars exhibit high
levels of activity and rarely display a smooth cyclic variability, whereas, older,
slowly rotating stars reveal lower activity and evidence of smooth cycles more
analogous to the 11-year solar-cycle. Subsequent follow-up photometry under-
taken for a subset of the Wilson survey stars showed that young stars become
fainter at their activity maximum. This reduction in magnitude is in contrast
to the Sun and other slower rotating stars which become brighter at their ac-
tivity maximum (Lockwood et al., 2007; Radick et al., 1998). The implication
of this is that the activity cycles on young stars are a result of brightness
variations caused by dark spots rather than the emission from bright faculae.

1.7 Properties of Starspots

1.7.1 Temperature Variations

The determination of the spot configuration, temperature, and size is criti-
cal in understanding the role of the magnetic field in blocking the convective
heating flux inside starspots. Spots are a key diagnostic in investigating stel-
lar magnetic activity because they probe the production and the emergence of
magnetic flux tubes from the dynamo. Starspots, usually have a temperature
some 500–2,000 degrees cooler than the stellar photosphere (Berdyugina, 2005).
This temperature variation causes a change in brightness of up to 0.6 magni-
tudes between the spot and the surrounding stellar surface. The observed
relationship between spot and photospheric temperatures show that starspots
behave the same regardless of their spectral type (O’Neal et al., 1998).

Some DI studies incorporate the inversion of data type, spectroscopy, and
photometry and so can provide the best-determined spot temperatures. Molec-
ular absorption band spectroscopy utilising the TiO 7055Å and 8860Å features,
in conjunction with DI and contemporaneous photometry, has been successful
in measuring stellar spot surface area and temperatures (O’Neal et al., 1998).
Absolute spot temperatures are still difficult to obtain; differing results can be
obtained when utilising the various stand-alone techniques. Through the com-
bining of complementary observational techniques such as DI and photometry
the most accurate and repeatable results are achieved.
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1.7.2 Spot Sizes and Filling Factors

Spots, the size of those on the Sun, will be difficult to detect on other stars,
due to the small variation in brightness produced. Active stars have large
starspots, in some cases they appear to cover up to 20-30% of the stellar
surface. This corresponds to spot sizes more than 100 times larger than those
seen on the Sun (Berdyugina, 2002). The filling factor or the amount of the
stellar surface covered by spots can be up to 50% in some cases. This has
been found through the modelling of molecular bands observed in the spectra
of spotted stars (O’Neal et al., 1998).

The more rapidly rotating the star is the more sensitive DI will be to
small-scale surface structure. Many stars show evidence of a large, dark polar
spot. Vogt and Penrod (1983) recorded the first of these on the RS Canum
Venaticorum (RS CVn) variable star HR1099.

The K0 giant RS CVn, XX Tri (HD12545), in Figure 1.5, has a gigantic
starspot as seen in this Doppler Image displayed in a spherical projection
with surface temperature as labeled to the side. This spot is about 10,000
times larger than any seen on the Sun and has a spot temperature cooler by
1,300±120K with respect to the undisturbed photosphere.

Figure 1.5: The gigantic starspot on the K0 giant star XX Triangulum (HD12545) is
shown here in Image a alongside a white light image of the Sun with the largest sunspot
ever recorded shown for the purpose of comparison. Image b shows the same Doppler
Image but at four different rotational phases (Strassmeier, 1999).

Measurement of total spot coverage is a critical measurement, and while
direct techniques can provide estimates, indirect measurements have sometimes
been considered controversial due to their dependence upon the techniques and
assumptions used (Strassmeier et al., 1999).
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Differing definitions between methodologies and groups exist in relation
to both spot size and area. With sunspots, it is simple to determine where
one spot ends and another starts as there is a very sharp contrast. When
using DI to measure starspots, the images appear much smoother and are of
poorer resolution. Since spots are most likely constantly changing, just like
sunspots, different mapping techniques would need to be applied to the same
star simultaneously to allow for meaningful technical comparisons.

1.7.3 Lifetimes of Spots

The lifetime of a starspot is dependent upon its size. While, in the case
of smaller starspots, their lifetime is directly proportional to their size; the
lifetime of larger spots appears to be more dependent upon the presence and
strength of the stellar differential rotation rate. There are indications that
larger spots, assumed to be the cause of significant photometric light variations,
survive many years (Hall and Henry, 1994) while smaller spots are more like
sunspots surviving only for a few hours to days.

As an example, the weak line T-Tauri star, V410 Tau, has a large polar
spot that appears to have survived for at least 20 years. Later Doppler Images
suggest that the large polar region may consist of many large spot groups with
as yet unidentified life times (Berdyugina, 2005; Hatzes, 1995).

A detailed view by Hussain (2002) suggested that spots on tidally locked
binary systems last months longer than spots on single main-sequence stars.
Spots on the single stars appear to last for only a few weeks. Hussain (2002)
also suggested the large polar spots were most likely formed through a different
mechanism, for example, magnetic flux swept up to the rotational poles from
lower latitudes by strong poleward meridional flows.

Lower latitude spot lifetimes observed from time-series photometry appear
to be about one year. The presence of active longitude “flip flops” may lead
to the termination of the imprint of the spot or a group of spots on the light
curve. This can mask the cause of the usual decay mechanism (Hussain, 2002).

Strassmeier and Hall (1994) traced 20 individual spots or spot groups on
the spotted RS CVn binary HR7275, and found individual spot lifetimes of up
to 4.5 years with an average lifetime of 2.2 years and used these observations
to set an upper limit to the differential surface rotation of five to eight times
less than that of the Sun.
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1.7.4 Polar Spots

In recorded history, there has been no evidence of sunspots at high latitudes
or near the poles of the Sun. This fact has previously raised doubts regarding
the reality of polar spots on other stars (Schrijver and Title, 2001). However,
the application of a number of different image reconstruction techniques by
independent groups along with extensive testing of the algorithms has provided
significant evidence in favour of their existence (Strassmeier, 2001).

Doppler Imaging allows direct recovery of spot latitudes. Starspots at high
latitudes, or even covering the stellar rotational poles, are common among the
most active of the cool stars. The overview by Strassmeier (2008) shows that
of the 79 stars and stellar systems for which Doppler Images were available
in 2008, a total of 70% appear to have polar spots. Some targets have both
polar and equatorial spots. Since Strassmeier’s review, there have been an
increased number of Doppler Images obtained for more stars confirming these
percentages. There does not appear to be any clear correlation between the
occurrence of polar or high latitude starspots and selected group of stars stud-
ied. The only thing that the stars with polar spots appear to have in common
is that they are all rapid rotators. This may however, be due to an observa-
tional bias within the technique and selection methodology since DI may only
be successfully applied to rapid rotators.

Schüssler et al. (1999) made the suggestion that high-latitude starspots
in rapidly rotating stars could be the consequence of a strong Coriolis force
acting on magnetic flux bundles rising from deep within the star. Now it is
considered that the immense polar spots cause a change in the structure of the
stellar winds.

On the Sun, the dense and slower solar wind is created above the low lati-
tude active regions, which have closed magnetic field lines while the faster so-
lar wind originates predominantly at the high-latitude coronal holes with their
open field lines. If the presence of the large polar spots forced the slower stellar
wind to flow from the polar-regions, it would then cause them to flow along
and almost parallel to the rotation axis potentially affecting magnetic braking
of stellar rotation in the early stages of the star’s evolution (Zaqarashvili et al.,
2011).
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Figure 1.6: Active longitudes, flip-flops and sunspot-like cycles on the RS CVn star
�Gem (Berdyugina and Tuominen, 1998).

1.7.5 Active Longitudes

After many years of photometrically monitoring RS CVn stars, large spots
appear to maintain their identities for several years (Zeilik et al., 1988). This
was interpreted as a signature of one or two active longitudes similar to the
distribution of solar energetic flares (Berdyugina and Tuominen, 1998).

Figure 1.6 shows active longitudes, flip-flops and sunspot-like cycles on the
RS CVn star �Gem. The upper panel shows phases of major spot concentra-
tions with the filled and open circles denoting primary and secondary regions,
respectively. The solid lines emphasise the migration paths of the active lon-
gitudes while the vertical dashed lines mark flip-flop jumps to the opposite
active longitude. The lower panel shows variations of the stellar brightness,
which reflects variations of the spot area (Berdyugina and Tuominen, 1998).

In most cases observed so far, the active longitudes on RS CVn stars tend
to be permanent and separated on average by 180�. However these active
longitudes permanently migrate within the orbital reference frame most likely
due to differential rotation.

This behaviour occurs on the Sun and appears to be typical for single stars,
young solar type dwarfs, and FK Com-type giants studied to date (Berdyugina
and Usoskin, 2003).
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The migration of active longitudes through changes in the mean latitude
where the spots form and also as a result of differential rotation. On the Sun,
spots first form at higher latitudes approaching closer to the equator as the
solar cycle advances. Migration towards the equator is faster at the start of the
new cycle and while being slower towards the cycle-end. This migration pattern
of the active longitudes provides information on both differential rotation and
mean spot latitudes. It can be used to infer the stellar differential rotation and
butterfly diagrams.

1.7.6 Differential Rotation

Differential rotation, where the equator of the star rotates at a faster rate than
at the poles, plays an essential role in the generation of magnetic fields in the
convective zone. Differential rotation of the Sun is a key factor in theories of
magnetic-field generation and is thought to be the dominant process by which
poloidal to toroidal field conversion occurs. Solar differential rotation causes
the weaker large-scale poloidal field to be transformed into a stronger toroidal
component(Berdyugina, 2005).

Solar differential rotation is readily observed in the relative motion of
sunspots. However, on other stars such characteristics can only be determined
from indirect observations. One method is the cross-correlation of successive
Doppler Images; a technique first performed by Donati and Collier-Cameron
(1997) for the active young dwarf AB Doradus. Different studies have revealed
that there exists a solar type surface differential rotation on AB Doradus, with
the equator rotating faster than the polar regions (Barnes et al., 2000).

The parameter fit method utilising DI or Zeeman Doppler Imaging (ZDI)
was developed by Donati et al. (2000) and Petit et al. (2002). When applied
to a small sample of active G2 and M2 dwarfs it was found that all stars
targeted demonstrated the presence of solar type differential rotation. This
work also showed that there exists a relationship between spectral class and
rotational shear (Barnes et al., 2005; Petit et al., 2004). For M dwarfs, dif-
ferential rotation has been found to be almost negligible while for G dwarfs it
was far stronger and varied significantly from that seen on the Sun. Observed
differential rotation varied from predictions for cool spots or magnetic regions
with what appear to be temporal fluctuations on time-scales of one to a few
years (Donati et al., 2003a).
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1.8 Discussion

Studying numbers of cool young stars will lead to a better understanding of
how the dynamo works through understanding the generation and behaviour
of magnetic fields in different circumstances.

The Sun is only one example, and from an observational point of view it
does not provide sufficient constraints in relation to theories of stellar dynamos.
Consequently, it is essential for other stars to be observed in order to establish
how mass, rotation, brightness, and age affect the patterns of stellar activity
and the underlying dynamo.

Stellar spot studies can help answer questions such as:
What determines cycle strength and duration?

How common is solar-type activity?

Can multiple cycles exist at the surface? and

How do polar spots form?

Starspots are created by local magnetic fields on the surfaces of stars,
just as sunspots are on the Sun. Their fields are strong enough to suppress
the overturning convective motion, blocking or redirecting the flow of energy
from the stellar interior outwards to the surface. They then appear as locally
cool, darker regions against an otherwise bright photosphere (Biermann, 1938,
1948). As such, starspots are observable tracers of the still as yet unknown
internal processes. Understanding starspots, their surface location and migra-
tion pattern and what they reveal about stellar dynamos are important for
understanding low-mass stellar formation and evolution.

Given the scientific value of Doppler Imaging for stellar dynamo surveys
this thesis sets out to establish the suitability of the ANU 2.3-metre telescope as
a facility for ongoing DI studies. As a 2-metre class telescope with an echelle
spectrograph, the instrument should provide a useful survey tool for these
studies as long as suitable targets can be identified and DI can be performed
successfully using such a facility.

To ensure that DI at the 2.3-m would have a suitable target list of southern
active rapidly rotating solar-type stars a survey of around 200 southern stars
was selected from the HIPPARCOS catalogue (Koen and Eyer, 2002). This
survey was undertaken and work is continuing with the data and the results
planned to be published as a separate survey paper.
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Chapter 2

Doppler Imaging

2.1 Introduction

The Doppler Imaging (DI) technique is one of the most effective methods for
observational studies of stellar activity. As a result of the Doppler effect, the
spectral contributions of different surface zones are shifted in wavelength and
surface spots reveal themselves as bumps, moving across line profiles as the
star rotates. Each Doppler-broadened line profile represents a one dimensional
projection of the stellar surface so that observing the star from different aspect
angles makes it possible to reconstruct a map of surface structure (Kochukhov
et al., 2004).

Doppler Imaging has its foundations in the concept of the “oblique rotator"
first suggested by Deutsch (1958). Deutsch used this concept to explain the pe-
riodic and persistent variations of spectral line strength in chemically peculiar
(CP) stars. The “oblique rotator" model assumes chemical elements are con-
centrated in specific areas spread over the whole the stellar surface and that it
is stellar rotation that causes the variability (Piskunov, 2008). DI exploits the
correspondence between wavelength position across a rotationally broadened
spectral line and spatial position across the stellar disk to reconstruct surface
maps of rotating stars (Vogt and Penrod, 1983). The technique has contin-
ued to be perfected and refined using improved observations and increased
computing power and has been used to reconstruct temperature maps of cool
stars (Strassmeier, 2002) and abundance maps of hotter stars (Kochukhov
et al., 2004).
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2.2 General Principles of Doppler Imaging

Since Deutsch (1958) first formulated this idea, Goncharskii et al. (1977b)
and Schüssler and Solanki (1992) developed the first inversion technique with
minimisation. DI has since been employed widely for studying starspots on
many active stars. The technique utilises high-resolution spectral line profiles
of rapidly rotating stars for mapping the stellar surface.

Originally used for the mapping of chemical peculiarities on the surface of
Ap stars, it has since been used to determine, through the modelling of pho-
tometric variations in late-type active stars, that starspots could potentially
cover up to 50% of the stellar surface, resulting in noticeable line profile varia-
tions. In 1983, Vogt and Penrod obtained the first Doppler Image of a spotted
star, after profile variations were first observed in the spectra of the RS CVn
star HR1099 (Vogt and Penrod, 1983).

DI allows starspots to be studied in detail. Several stars have now been
observed over many years making it possible to study starspot evolution over
time. Through DI, it is possible to identify the broad latitude range over which
starspots occur as opposed to the limited latitude range on the Sun. Starspots
are frequently seen at very high latitudes, 50-65� away from the equator and
even on the poles. DI has identified that the size of spots and/or spot groups
on other stars are significantly larger than those on the Sun. Currently, there
is insufficient resolution to differentiate whether the huge polar spots, found
on many young stars, are large single spots or groupings of smaller spots.

On the Sun, the lifetime of spots can be measured in the order of days or
at most weeks. On other stars, however, some spots appear to remain in the
same general location for several years. This, of course, does not necessarily
mean that the same spot remains in one position all the time, but rather that
there appears to be constant spot activity in the same area.

The DI technique has two major limitations, firstly the assumption that
the studied field is not evolving, and secondly accurate temperatures of the
magnetic regions are not usually known. The first assumption is questionable
given the high level of activity and rate of flaring of these stars. Little informa-
tion on characteristic timescales and evolution patterns is available on these
active young stars. Secondly, although temperatures of stellar active regions
are poorly known in stars other than the Sun, regions of higher or lower tem-
perature add more or less flux to the observed spectra than the quieter solar
photosphere and so the differential can be calculated.
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DI allows a map of irregularities or variations of the stellar surface to be
obtained by utilising the correspondence between wavelength positions across a
rotationally broadened spectral line as well as the spatial position (Strassmeier,
2008). It is an inversion technique to reconstruct 2-dimensional, latitude and
longitude, images from a time series of 1-dimensional spectral line profiles taken
at different rotational phases. The technique is based upon the Doppler effect
discovered by mathematician and physicist, Christian Doppler in 1842 (Gray,
1992).

In the non-relativistic limit, the absolute value of the Doppler shift, |�| for
the wavelength � can be found by using the equation:

|��0|
�

=

⌫r
⌫w

(2.1)

where: �0 is the rest wavelength, which the star emits when it has no radial
velocity;
⌫w is the velocity of the wave, for example the speed of sound or the speed of
light (in this case ⌫w = c, where c is the speed of light); and
⌫r⌧ c is the radial velocity of the source with respect to the observer.
The sign for the Doppler shift ��0 is dependant upon the direction of the
radial velocity ⌫r of the source.

DI currently remains the only way to obtain information on both the lati-
tude and longitudinal distribution of spots on stars other than the Sun. The
position of the deformation of the line profile shows the latitude of the spot.
The information from the line profiles can then be reconstructed by a math-
ematical inversion technique to enable a picture of the stellar surface to be
created. One complete stellar rotation is necessary to gather the requisite
information.

Figure 2.1 demonstrates the principles of Doppler Imaging. As the star
rotates, the spots are carried across the disk of the star, which causes a change
in the Doppler shifts of the bumps in relation to their projected distances from
the star’s rotation axis. The portion of the rotation cycle that a spot is visible
depends upon its latitude as well as the inclination of the stellar rotation axis
to the line of sight.

By noting the times at which the spot signature crosses the centre of the
line profile enables the collecting of latitude information and the longitude of
the spot can be identified by measuring the amplitude of the profile (Collier-
Cameron, 2000).
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Figure 2.1: How Doppler Imaging Works - The “missing” light of the spot consists of a
continuum contribution that spans the line profile, plus a narrow line contribution that
is Doppler shifted by an amount that depends on the projected distance of the spot
from the stellar rotation axis. Removing this light causes an overall depression of the
continuum, but less light is removed at the Doppler shift of the spot relative to the centre
of the line. The observable signature of a dark spot on the stellar surface is therefore
a bright bump in every photospheric absorption line in the star’s spectrum (Collier-
Cameron, 2000).

Spots near the stellar equator produce a distortion, which is only visible
for half the rotational cycle of the star, moving over time from the extreme
blue wing of the line profile to the extreme red. Higher latitude spots produce
distortions that may be visible at all times and that migrate back and forth
near the line centre as the star rotates, if the star is inclined. The radial
velocity at which the distortion is observed is defined by the position of the
cool spot, while its size is proportional to the size of the spot.

A time series of the temperature-sensitive atomic line profiles observed
over a full stellar rotation contain information about the spot distribution on
the stellar surface. This distribution can then be inferred using an inversion
technique resulting in a map, or image, of the stellar surface (Berdyugina,
2002).
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2.3 Basic Techniques of Doppler Imaging

The foundation of DI is the distinctive manner in which spots at varying loca-
tions on the surface of the star produce deviations from the ideal rotationally
broadened line profile. Piskunov and Rice (1993) undertook a review of some
of the DI techniques in use up to that time. The evolution of DI techniques
commenced from the initial use of analytical shapes for local line profiles,
such as the Minnaert profile used with minimisation through conjugate gradi-
ents (Goncharskii et al., 1977a). The use of a fixed empirical local line profile
was then used as an alternative to using analytical expressions for the line
shapes and this allowed for a linearised forward calculation (Vogt et al., 1987).

Subsequent techniques have replaced the analytical or empirical local line
profiles with profiles calculated from model atmospheres appropriate to the
local conditions on the image. Calculating the line profiles for every element
of the surface for each iteration of the conjugate gradient minimisation routine
would demand an inordinate amount of computing time so the profile calcu-
lations are tabled for an array of limb angles and temperatures as outlined
in Piskunov and Rice (1993).

2.4 Requirements for Doppler Imaging

To create accurate and good-quality Doppler maps, there are a number of
important prerequisites. DI requires absorption lines with a signal to noise
ratio (SNR) of a few hundred per pixel to have the best opportunity to obtain
an accurate useful image. Exposure times must be minimised to reduce the
effects of rotational blurring. These limitations constrain the types of stars
which would make suitable targets for DI studies. This has led to a bias
towards brighter targets of magnitude 8 or less and greater representation of
early K giants due to their higher luminosities.

The stars selected to be used as proof of concept stars for this thesis were
the bright, well studied K0 dwarf AB Doradus (AB Dor) at magnitude 6.99
and the G1V star HIP43720 at magnitude 9.11. The previously well-studied
AB Dor is bright with a high rotational velocity, ⇡0.51 day period. HIP43720
is more challenging at magnitude 9.1, has only a moderate rotational velocity
of 39 km s�1 and a period of ⇡3.2 days (Waite et al., 2011).
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2.4.1 Accurate Stellar Parameters

Stellar parameters, relevant to DI, include temperature, radius, inclination,
rotational velocity, rotational period and orbital parameters where relevant
(Washuettl et al., 2008). Many of these parameters may not be known pre-
cisely, and this could introduce errors into reconstructions. First of all, a
reliable photometric period and the radial velocity shifts of all the spectra,
which are to be used for the DI have to be determined. This can be difficult
in longer-period targets as it can take several nights to months to obtain a
complete period measurement.

Use of incorrect input parameters can mean that features such as large po-
lar spots and wide latitudinal belts can be obtained when using incorrect values
of the stellar rotational velocity or effective temperature of the star (Berdyug-
ina and Tuominen, 1998). Spot latitudes, for example, are strongly dependent
upon the inclination angle of the rotational axis to the line of sight. Various
tests have shown that there are limitations as to the capability of the tech-
nique relating to spot recovery in the equatorial region where recovered spots
may have reduced area and contrast. Sub-equatorial spots cannot be restored,
especially at lower inclinations (Berdyugina, 2005).

The sensitivity of Doppler Image reconstructions can be tested through
the creation of synthetic data from a given image, introducing some noise and
reconstructing an image from the synthetic data with changed parameters and
doing a comparison with the actual image to see how well the different fea-
tures have been reconstructed and where artefacts have appeared or suspected
features disappeared.

2.4.2 Projected Rotational Velocity - vsini

Piskunov et al. (1990) discussed the issue of minimal spectral resolution or
minimum vsini for useful DI. These authors considered resolutions ranging
from 20,000 to 50,000 and a vsini between 15 and 30 km s�1. At the lowest
spectral resolution and with a vsini of 30 km s�1, they could still accomplish
a reasonable recovery of coarse features. This could also be achieved with the
highest resolution and a much lower vsini of 15 km s�1.

Although, in much of their work, these authors focus on Ap star mapping,
the guidelines they put forward are still reasonable for cool star work, where
the non-polar spot features are not as coarse.
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In cool star DI, the stars EK Dra and AG Dor have both been able to
be mapped on a number of occasions even though they have rotational ve-
locities of 17 and 18 km s�1 respectively (Järvinen et al., 2007; Rice, 2002;
Washuettl et al., 2001). A minimum vsini of ⇠20 km s�1 which corresponds
to a half-width of the spectral line of 0.4 and a resolution of eight surface ele-
ments at a spectral resolution of 0.1 (64,000) is a suitable vsini limit for most
telescope/instrument setups.

However, as further discussed by (Piskunov et al., 1990), what the mini-
mum vsini is for an individual telescope/spectrograph depends on the spectral
resolution of the instrument used. Recent studies of CoRoT data have enabled
the surface mapping of stars with a vsini of around 10 km s�1 (Mathur et al.,
2011).

Figure 2.2 shows the LSD profiles of three stars observed as a part of
the Doppler Imaging Candidate Survey undertaken with the ANU 2.3-metre
telescope. They have differing vsini measurements of ⇡100, 55 and 20 km
s�1 respectively. The line deformation, which could indicate spot activity on
the two faster rotators is clearly evident. These two targets could most likely
be suitable for DI on the 2.3-m telescope. Surface features on the slower
rotating star could not currently be resolved. Stars like the Sun, both in age
and activity would be unsuitable candidates for this methodology using current
technology. This introduces a bias in target selection towards stars which are
young or have high rotational velocities.

.

Figure 2.2: Examples of LSD profiles. These are for three of the survey targets, each
of which have a different rotational velocity vsini. HIP4979 ⇡ 100 km s�1, HIP67522
⇡ 55 km s�1, and HIP2607  20 km s�1
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It is essential that any broadening of spectral lines is predominantly due
to stellar rotation. If the stars rotational velocity is too low, degraded spatial
resolution results. When rotational velocities are too high, the resulting spec-
tral lines can be too broad making identification of spots difficult. Most stars
are not viewed straight on, but rather, their axis are inclined either toward or
away from the Earth. This is known as the star’s inclination angle i, the true
rotational velocity has to be higher by the factor 1/sini, which adds 15% to
the velocity if i is 60�.

2.4.3 Rotation Period and Phase Coverage

An important aspect of the evolution of cool stars is stellar rotation. Dark
spots are being carried across the stellar disk by the stellar rotation mod-
ulating the total brightness with the rotational period of the star, allowing
the determination of stellar rotation periods with high precision. This allows
an accurate measurement of rotation rates with respect to spectroscopic mea-
surements as they are independent of the unknown inclination of the rotational
axis (Barnes et al., 2001).

2.4.3.1 Rotation Period

To be a suitable candidate for DI, a star needs a high rotational velocity or
more precisely, a high vsini. This ensures that rotational broadening is the
main line broadening mechanism. In a first approximation, the number of
elements that could be resolved on the stellar surface is approximately:

2vsini
W

(2.2)

where: vsini is the projected rotational velocity; and
W is the full width of the line profile at its half-maximum in case of no
rotation.

Typically, W⇡10 km s�1 for spotted cool stars, which puts a limit of about
20–30 km s�1 on the projected rotational velocity (vsini) of the star.

Deriving rotation periods is not a trivial exercise. Constructing light curves
is labour-intensive involving observations spread out over several days, weeks
or months to obtain sufficient coverage. This leads to a bias in DI studies
towards stars which are rapid or ultra-rapid rotators as they have the shortest
rotational periods.
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Young stars are believed to be more active, and a significantly larger per-
centage of them have detectable photometric variations, which results in a
bias towards active young stars. An accurate rotational period is essential to
determine the stellar phases necessary for the precise mapping of spot features.

The portion of the rotation cycle that a spot is visible depends upon its
latitude as well as the inclination of the stellar rotation axis to the line of sight.

To calculate the stellar inclination angle i to the observer’s line of sight use:

sin i =
P.vsini
2⇡R

(2.3)

Where: i is the inclination angle;
P is the rotational period;
vsini is the rotational velocity; and
R is the stellar radius.

However, even though DI is sensitive to the stellar inclination, errors of
the order of ±10� can still yield acceptable reconstructions.

In Table 2.1 a summary of what makes a star suitable for DI is given,
together with appropriate observational conditions for stellar surface recon-
struction.

Table 2.1: Summary of Doppler Imaging Requirements

Observations
Phase coverage > 6 observed spectra
Spectral resolution, �/�� �30 000
SNR �100
Observational period < 2�3 months
Input geometrical parameters of the star
Projected velocity, vsini. 20–100 km s�1

Inclination, i 20�–70�

Rotational period 6=n days and <2 month



29

2.4.4 Other Important Input Parameters

Doppler Imaging is a robust and well-accepted technique, but it is essential
in order to obtain the highest quality and accurate Doppler Image maps that
the inputs are correct. Incorrect or inaccurate inputs such as fundamental
stellar parameters, stellar atmosphere models and atomic and molecular line
lists can significantly affect the resulting DI map (Berdyugina, 2005; Unruh
and Collier-Cameron, 1995).

Although very small variations may not be critical in simple DI maps,
accuracy is crucial when differential rotation measurements are attempted.

The line lists used in the data reduction process of this thesis are the line
lists generated by J-F Donati from Kurucz (1993). The deconvolution process
used by the software is fairly robust with respect to choice of line list spectral
type. The later the stellar spectral type to be deconvolved, the greater the
number of photospheric absorption lines are available. However, using a line
list of significantly later spectral type than the objects being observed is not a
good idea, since, in the actual spectrum, there may only be continuum where
in the line list a synthetic line exists.

For a K0 dwarf, such as AB Dor, using a K5V line list, which has about
600 more lines than the correct K0 line list, will certainly give a greater signal
to noise value. However, because line patterns, which do not exist, will be,
therefore, included in the least squares calculation as well the possibility of
adding continuum if a line occurs in the list but is not present in the observed
spectrum. Similarly, using a line list of earlier spectral type, with too few lines,
will also result in incorrect treatment of the line pattern and a reduce signal
to noise value.

Some of the necessary stellar parameters, if unknown, may need to be
determined by trial and error as part of the Doppler Imaging process it-
self (Collier-Cameron et al., 2002). These include the stellar inclination an-
gle and spot temperature distribution. Parameters such as stellar rotation
and photospheric parameters need to be known in advance. Therefore, care
and attention must be paid when calculating, identifying and inputting these
parameters to ensure a good quality image rather than one which could be
contaminated by artefacts.
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2.5 Discussion

Although there are a number of methods available to study young solar ana-
logues, their starspots and related stellar activity, it is apparent that the
method of Doppler Imaging offers the most effective method to observe the
surface activity of young solar-type stars and so advance understanding of the
history of the solar dynamo and its cycles.

In Australia, there are currently only two echelle spectrographs available
for cool star studies. The first of these instruments is the University College
London Echelle Spectrograph (UCLES) on the AAT at Siding Spring Obser-
vatory. UCLES has been used for both DI and (with the addition of the
SEMPOL polarimeter) ZDI studies of a number of active young solar ana-
logues over the past 25 years. However, the reality of observational astronomy
is that the amount of time available on the AAT compared with the number
and size of projects seeking telescope access makes major ongoing DI sur-
veys with this telescope an unlikely option. As time for long-term projects is
difficult to come by on a 4-metre class telescope and by its nature Doppler
Imaging requires many nights over many epochs for even a single star to ob-
tain any depth of information, an alternative approach is needed. This thesis,
therefore, focuses on the second instrument available in Australia, namely the
high-resolution echelle on the ANU 2.3-metre telescope also located at Siding
Spring Observatory.
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Chapter 3

Instrumentation, Observations and
Analysis

3.1 Introduction

High-resolution spectroscopy was undertaken with the Australian National
University (ANU) 2.3-metre telescope at Siding Spring Observatory (SSO)
near Coonabarabran in New South Wales, Australia between December 2008
and January 2013. Doppler Imaging (DI) and Zeeman Doppler Imaging (ZDI)
has been carried out with the Anglo-Australian Telescope for the past 25 years
using the visiting instrument SEMPOL for ZDI and UCLES for DI.

3.2 Instrumentation

3.2.1 The Telescope - ANU 2.3-metre Telescope at Siding
Spring Observatory (SSO)

Initial DI observations for this project were carried out using the high-
resolution 79 grooves/mm echelle (R2) spectrograph mounted at the Nas-
myth–B focus of the ANU 2.3-m telescope at SSO. (Figure 3.1) Used in the
f/18 configuration the telescope has a field of view of 6.62’. (Figure 3.2)

In 2009, the telescope and control software were upgraded in to enable
remote operation.

Echelle spectroscopy is traditionally used to observe single objects at high
spectral detail. The spectrum is then mapped using a cross-disperser to a
2-dimensional array onto the detector providing large wavelength coverage.
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Figure 3.1: ANU 2.3-metre Advanced Technology Telescope at Siding Spring Obser-
vatory.

The power of an echelle lies in its high efficiency, and low polarisation
effects over large spectral intervals and this leads to compact, high-resolution
instruments. (Figures 3.3 and 3.4)

The camera was designed so that the dispersion of the spectrograph is
wavelength/1000 in Å/mm so that at 4000Å, it is 4Å/mm and at 6500Å, it is
6.5Å/mm. The camera itself is f/2 and the spectrograph f/10.

Due to the positioning of the camera, dewar and the liquid nitrogen auto
filler the instrument itself is unable to be rotated.

There is a choice of two cut-off filters (GG13 and GG495) that remove the
light below 3900Å and 5000Å respectively to stop second order blue light from
overlapping the first order red observations. No filter, however, was needed for
these observations.

3.2.2 High Resolution Echelle Spectrograph

Since adjustments to the spectrograph need to be done manually, remote ob-
serving with the echelle instrument, is only possible provided the instrument
can be set up by the technical or support staff. The provision of a wavelength
calibration arc image from the previous run assists in this process. All observ-
ing for this project was on site. The observer undertook the setup for each of
the observing runs to match it as close as possible to previous setups.
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Figure 3.2: 2.3-m telescope with mirror cover open. Echelle spectrograph is located
at Nasmyth focal station B on left of photo.

3.2.2.1 Slit Unit

The slit unit is located near the front of the spectrograph on the camera side.
Adjusting the slit width itself requires carefully removing the slit unit from
the spectrograph and adjusting the micrometer. The unit needs to be removed
and replaced very carefully to avoid damaging the optical components that in
practice, means that it is rarely adjusted.

The slit rotation and dekker width are easily adjusted from the outside of
the instrument. The maximum decker width is a setting of 1 for 7000 . The
dekker, which is adjustable via a central knob on the slit unit, is used to limit
the length of the slit as well as to allow slit rotation. ’0’ is the maximum and
’20’ the minimum length. The slit rotation is adjusted with the outer knob.
A dekker setting of 13 was found to give the best results with the 316/7500Å
cross disperser set to observe orders 57 to 34.
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Figure 3.3: The Echelle Spectrograph viewed facing the camera dewar spectrograph
with various components labelled.

3.2.2.2 Camera

The camera contains a 2K x 2K E2V CCD with 13.5µm x 13.5µm pixels. The
gain is two electrons per Analog-to-Digital Unit (ADU) resulting in a read
noise of approximately 2.3 ADU for each pixel. An ADU is a measurement of
pixel value or brightness.

There is a field flattener attached to the front surface of the CCD dewar
window for the echelle which has reduced most aberrations so that the whole
2K x 2K of the CCD can now be used. It does, however, introduce some spher-
ical aberration across the field, which results in some small residual curvature
in the focal plane. The result being that the arc lines toward the edge of the
field are asymmetrical as is evident in Figure 3.5. The central resolution is 3
pixels extending out 5.5 pixels at the edge of the chip.

The camera is focused by moving the collimator after loosening two screw
clamps on the collimator mirror located at the end of the instrument away from
the telescope. There is a knob to turn the collimator drive and a dial gauge,
which reads the position. However, the spectrograph focus is particularly
robust and insensitive to temperature meaning it also is rarely if ever adjusted.
The CCD does have relatively good cosmetics.
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Figure 3.4: The Echelle Spectrograph looking from the rear with the various compo-
nents labelled.

There is, however, fringing beyond 6600Å, but good flat fielding with a
Quartz flat field exposure removes it. Binning of the data by 2 along the slit
in the y-direction can be used to improve the signal-to-noise Ratio (SNR) when
observing faint stars. It also reduces the readout time. The decision was made
not to bin the data for these observations, as early tests did not indicate a
significant improvement in the SNR. Most of the targets were bright, and the
readout time of ⇠15 seconds imposes no significant overhead.

The CCD is cooled by liquid nitrogen via a dewar attached to the front of
the instrument as can be seen in Figure 3.3. The CCD dewar can be rotated
relative to the spectrograph, in order to have the orders parallel to the CCD
rows. The CCD dewar is usually removed for pumping down by technical staff
between runs or when an instrument change occurs. It is prudent to check
with an arc exposure that everything lines up as it did previously. Pumping
down during a run will also occur if there has been a power interruption and
the camera has started to warm up. If this occurs a check needs to be done by
taking an arc frame and comparing it to the previous night and, if necessary,
adjusting the camera rotation slightly in the spectrograph as it may not have
been put back in exactly as before.
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Figure 3.5: Thorium Argon Arc showing asymmetry towards the edge of the frame.

3.2.3 CCD Cooling

There is now an auto-filler for the dewar which fills at 15:00, 23:00, 05:00
and 11:00 (local time). However, for the earlier observations undertaken in
2009/2012, liquid nitrogen filling was the responsibility of the observer, done
in the afternoon, prior to opening up and again at the end of observing in
the morning. Thorium Argon (ThAr) exposures taken before and after de-
war filling in the evening show no significant differences; however, biases have
shown some changes when auto-filling occurs during exposures as illustrated
in Figure 3.6.
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Figure 3.6: Example of Bias Frame affected by Dewar filling. The left hand frame
was taken during an automatic dewar fill in 2012 and right hand frame an hour later.

The bias frame on the left was one of ten taken during filling of the dewar,
and there is an obvious artefact to be seen. The one on the right was taken
about 1 hour later. When this left hand bias was used as part of a master bias
it causes major issues with initial data reduction - when the affected biases
are removed from the combined files then the data reduction progresses as
expected.

3.3 DI Instrument Requirements

Semel et al. (1993) and Donati et al. (2003b) have laid out a number of in-
strument requirements for undertaking successful DI. These include both high
spectral resolution and a high SNR. High spectral resolution ensures captur-
ing as many resolution elements over the surface of the star as possible, thus
providing greater accuracy in the analysis. Since most DI targets observed
are active young stars they are usually rapid or ultra-rapid rotators and it is
necessary to have an exposure time which is a compromise between high SNR
and ensuring exposures are no more than 1% or at the most 2% of the stellar
rotation to prevent phase smearing.
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3.3.1 Signal-to-Noise Ratio

The instrument needs to collect as much light as possible in order to minimise
photon noise.This is the advantage of a larger telescope. The target stars for
this project are bright rapid rotators. If the star is faint and so necessitates
longer exposures to collect enough photons, then the problem of smearing the
Doppler Image and consequently reducing the longitudinal resolution becomes
an issue. Semel et al. (1993) made the recommendation that individual ex-
posures should not be longer than 1–2% of the stellar rotation period. In the
case of AB Dor, the star used to test the feasibility of using this telescope, it is
bright at magnitude 6.06, with a rotation period of 0.51479 days or 44426 sec-
onds – 1% of its rotation period is ⇠445 seconds. However to get optimal light
collecting and keep phase smearing to a minimum, a compromise exposure
time of 600 seconds was selected which remains less than the 2% maximum
recommended by Semel. A SNR of 50 at H↵ has proven to be adequate to
measure the required parameters although generally when weather was clear
and seeing reasonable a SNR of ⇠90-100 was easily achievable at H↵.

3.3.2 Spectral Resolution

In spectral resolution, the smallest scale of stellar feature depends upon the
ratio of the rotational line broadening to instrumental broadening. The setup
used is optimised to give as complete a coverage of the wavelength range as
possible, a Point Spread Function (PSF) FWHM of 3.0 pixels and a resolution
⇠24,000 or 0.02nm at 550nm. It was evident early on in the exercise that
there was potential for imaging bright and ultra-rapid rotators and that the
real challenge would be with rapid rotators and less bright targets.

3.3.3 Instrumental Errors

A key difference between the 2.3-m echelle spectrograph and UCLES on the
AAT is that this spectrograph is not permanently mounted and may be re-
moved and replaced between observing runs. This becomes an issue as all
settings and adjustments are manual and it is not always a trivial exercise to
get exactly the same set up between runs. This may lead to calibration is-
sues. Each night the calibrations need tweaking in software as there are slight
changes, whereas, at the AAT, the same calibration settings may be used from
night to night, varying little from run to run.
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3.4 Observing Methodology

3.4.1 Setup

For the survey and DI studies, the echelle was used in a standard grating
configuration of echelle = 0.08 and dekker setting of 13. The 200-micron slit
is 1.8 arc seconds wide and projects to 40 microns on the CCD, which is equal
to 3 pixels The cross disperser grating of 316/7500Å which is near 6 degrees
is used to allow collection of data of orders 57-34 or 3900-6720Å on the CCD.
This was selected to allow the capture of the H↵ (6562 Å), Li I (6707Å) and
Ca II K (3934 Å) and Ca II H (3968 Å) lines. (Figure 3.7)

Appendix A lists the complete spectral format tables for the 2.3-m tele-
scope echelle spectrograph showing the short spectral coverage per order as
well as the order overlap. These settings give an almost complete coverage of
the wavelength range, a Point Spread Function (PSF) Full Width Half Max-
imum of 3.0 pixels which matches the typical seeing at SSO and provides a
resolution of ⇠24,000. The spectra were not binned as readout time is quite
fast for the CCD at 15 seconds.

Observations were taken over 16 runs on the telescope between August
2008 and January 2013 as shown in Table 3.1.

A number of runs were reduced to 2 nights due weather or telescope issues.
The seeing at Siding Spring ranged between 2” to 5.5” with a resulting signal-
to-noise on a single pixel of between 5 and 10 for each individual exposure.

3.4.2 Observing Strategy

Bias frames, Thorium Argon arcs and quartz lamp calibration exposures were
taken for the process of data reduction.

A minimum of ten bias frames were also done both at the start and end of
the night. These are combined to form a master bias. However, it was found
that there were inconsistencies in some biases. These affected the reduction
process when combined so biases were checked before combining and many
more bias frames were taken to ensure there were sufficient to make a good
quality master bias. The bias issue was discussed briefly earlier in this chapter.

The Thorium Argon (ThAr) arc lamp was used for wavelength calibration.
A 45 second Thorium Argon arc exposure was taken at the start and end of
the night and at least on two other occasions during the night to calibrate for
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Figure 3.7: An echelle spectra showing orders 34 to 57 covering 3900Å to 6720Å
allowing observations from Li 6707Å and CaHK.

possible drifts. Although, over the course of one night, these drifts did not
seem significant, they were measurable over the length of run.

A series of ten quartz lamp flats were taken at the beginning and end of
each night, and then combined to produce a master flat for the purpose of flat
fielding. Exposures of 150-seconds were usually sufficient to obtain ⇠25,000
counts, but there were times when exposures of up to 450 seconds were needed
to get the requisite count. Although this happened on more than one occasion,
no explanation for this anomaly has been found.
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Table 3.1: Summary of Observing Runs

Date Nights % Usable Seeing Notes
Allocated Time

Aug 12–18, 2008 7 45% 3-5" Target Survey
Dec 23, 2008 -
Jan 4, 2009 12 60% 3-5" Target Survey
May 4-11, 2009 7 80% 2-4" Activity Survey and follow up
June 6-11, 2009 6 0% Weather issues
Sept 3-4, 2009 2 0% Weather issues
Dec 24, 2009 -
Jan 6, 2010 14 20% 3" AB Dor Weather issues
Feb 26 - Mar 3, 2010 6 12% 3"-4" Survey - weather issues
Mar 31- Apr 5, 2010 6 80% 2-4.5" HIP43720
Aug 1-8, 2010 8 75% 3-4" Follow up and snapshots
Sep 13-19, 2010 7 45% 3-4" Survey and follow up
Dec 21- 29, 2010 9 40% 2-3" AB Dor and follow up
Jan 21-23, 2011 3 90% 2-3" AB Dor
June 21-29, 2011 9 65% 3-6" Survey and follow up
Jan 11-15, 2012 5 20% 2-4" AB Dor and survey
Apr 4 - 9, 2012 6 85% 2-5" HD106506 and survey follow up
Dec 21, 2012 -
Jan1, 2013 12 70% 2-6" AB Dor, HIP43720 and follow up

The LSD profile is an excellent way of identifying a binary star (Waite
et al., 2004), as the LSD profile will often show both stars, unless the star
is undergoing an eclipse or its companion is a much fainter star such as an
M-dwarf. Hence the strategy to observe stars on more than one occasion in
order to ensure, as far as possible, that the star was indeed single (Waite et al.,
2004).

All CCD exposures are affected by cosmic rays. The successful reduction of
echelle data requires careful attention to be paid to the location and handling
of cosmic-ray hits in the data. Reducing exposure length is one way of min-
imising the effects, and 1800 seconds is the longest exposure time used in order
to minimise the numbers of cosmic rays during longer exposures. Calibrations
frames need to be checked to ensure cosmic rays are removed prior to attempt-
ing reduction. It is particularly important that cosmic rays do not severely
degrade the frame used for order tracing, otherwise the whole reduction will
be unsuccessful.
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Exposure times for DI are based on the rotational period of the star. For
bright rapid rotators with a period of 0.5 days, such as AB Dor, 600 seconds
was the maximum length of exposure, which although it does lead to some
phase smearing it enables an optimum signal-to-noise. In the case of dimmer
stars with longer periods, an exposure time of up to 1800 seconds was used to
obtain suitable signal-to-noise as per the constraints discussed previously.

The wide wavelength coverage and high-resolution of the echelle allows the
simultaneous examination of spectra for H↵ emission, the presence of lithium
at 6707Å and non-hydrogen emission lines such as Ca II H & K 3969/3933Å,
Na I at 5890/5896Å, and He I at 5876/6678Å. Typical resolution at the Li
6708Å order is 0.2 Å/pixel. The echelle spectra collected on these stars which
are listed in Appendix B will be useful to estimate stellar ages, metallicity and
projected rotational velocity, radial velocity and chromospheric activity from
measuring the equivalent width for the H↵ spectral line.

3.5 Spectral Data Reduction, Extraction and
Analysis with ESpRIT

ESpRIT is an acronym from “Échelle Spectra Reduction: an Interactive Tool”.
The code was developed by Donati and Collier-Cameron (1997) at the Obser-
vatoire Midi-Pyrenees. It is a dedicated pipeline processing software for the
processing of both unpolarised and polarised echelle spectra. It performs an
optimal extraction of echelle spectra, in spite of the highly nonlinear order
shape and non parallel projection of the slit onto the CCD chip.

The software builds on the implementation of Horne (1986) and his princi-
ples of optimal extraction as revised by Marsh (1989). It was also generalised to
retrieve polarimetric information from Echelle spectra with curved orders and
tilted slits. The reshaping of lines in the spectrum due to the magnetic field is
a very small effect. The strategy is to consider that this change to a line will
have the same basis in all lines. So, instead of looking at one line, thousands
of lines are combined. The result is that the detection is now measurable.

The code was extensively used in the 1980s for the extraction of spectropo-
larimetric and spectroscopic data obtained at the 3.9-m Anglo-Australian Tele-
scope (AAT) with the UCLES spectrograph and SEMPOL polarimeter. It was
written for the AAT and UCLES and has presented some interesting challenges
in making the necessary modifications for use with 2.3-m data.
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Figure 3.8: Comparison of a Thorium Argon Arc exposure from the 2.3-m echelle (left)
and one taken on the AAT with UCLES (right). The lines are orders are horizontal on
the 2.3-m arc and vertical on the AAT arc.

A listing of typical input files used in ESpRIT is given in Appendix C.
All raw frames of the observations were reduced using the modified version

of ESpRIT to provide wavelength-calibrated spectra. The following subsec-
tions consider the various steps/processes involved in creating an LSD profile.
Profiles are created each night, and each looked at to identify if there are any
issues, low signal-to-noise or solar contamination. However, prior to being able
to undertake the geometry and wavelength calibration steps, the fits headers
for the 2.3-m data need to be modified as shown in Appendix C

3.5.1 Preparation of Data

• Headers are checked and corrected using the IRAF task - fitsutil
package to correct for any entry errors.

• Files are then sorted in to Images, Flats, Arcs and Biases after
corrections are complete using IRAF.

• The image file headers now can be updated with the IRAF tasks astutil
and asthedit so that they will work with ESpRIT.

• After being updated the IRAF task setjd is run on the image files to set
the Julian Date which is required by ESpRIT.

Now the files are ready to be used with ESpRIT.
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3.5.2 Geometry Correction

The geometric calibration is carried out by a modified version of the routine
geometry. The modified routine is geometry_23m which takes into account
the differences between the long slit echelle and the fibre-fed UCLES.

Due to experiencing a number of issues with flats and biases which caused
data reduction issues - each bias and flat were examined in DS9 prior to being
added to the input file. The purpose of this script is to set up the geometry
of the chip and to trace the echelle spectra on the detector, so the software
knows where to find the information it needs.

Detector geometry data is manually entered via the geom.in file.

• From fits header for 2.3-metre data confirm that the CCD size is
1:2148, 1:2148 and the trimsize is 51:2148, 1:2148 making the bias
section is 1:50, 1:2148.

• Using these and by measuring the part of the chip with usable data as
shown in Figure 3.9;

• X values 55 2045 (210055=2045);
• Y values 1 2050 (The actual top of chip appears to be at Y= 2053 so

use 2048);
• Count number of orders that are complete = 24;
• Next work out the mid point of the first order at x=1000;
• Record y value y=38;
• Subtract from each other (8538=47) then divide the answer by 2 and

add to y value at the start of order (38+23.5=61.5);
• Next work out the midpoint of middle order at position X=1000 and

Y=500 then measure the distance between rows by taking the value of
Y at the start of a new row;

These are first approximations to be used in the geom.in file as shown in
Appendix C.

The software then analyses the flat, bias and arc frames and generates
polynomials for tracing on the spectral orders on the CCD and the output is
written to the geom.dat file and utilised in the wavelength calibration as well
as the intensity spectrum extraction process.
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Figure 3.9: Flat File in SAOImage DS9 showing order numbers.

3.5.3 Wavelength Calibration

Light from a thorium-argon arc lamp is used to establish a wavelength scale.
Two established lines from the lamp were recorded, and subtraction of wave-
lengths and pixel numbers gives dispersion in nm per pixel.

ESpRIT uses a polynomial applied to the wavelength to compensate for
non-linearity in the spectra. Thus, the position on a pixel can be given a
wavelength for the entire spectrum.

The next step is the wavelength calibration that is carried out by the rou-
tine wcal_23m. This requires similar input parameters to geometry includ-
ing the starting order, the order increment and the first order to be calibrated
which must be the same as previously input. The routine also requires an
approximate starting wavelength (in nm) and dispersion measurement (in nm
per pixel), for the first order. This enables it to perform an initial calibration
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of the first order and compare it to a list of known lines in a ThAr atlas.
Calibration of the remaining orders is then completed. The calibration in-

formation is then saved to an output file (calib.dat) to be used in the intensity
spectrum extraction process. The script wcal_23m takes the information man-
ually specified in the wcal.in file and then generates polynomials that represent
the wavelength calibration for each spectral order. After wcal_23m has run for
the first time, a visual check is carried out for best fit curves and lowest root
mean square (RMS). The routine should then be be run again with changes
as necessary to approximate � and dispersion figures until the optimal result
is achieved. The goal is to achieve consistency in the smoothness and RMS
for each order and to maximise the number of lines recognised. The minimum
preferred is 1,000 lines.

This process is done each night with calibration exposures taken prior
to observing. Running the wcal_23m with different ThAr arcs can get very
different results showing that, over the night, there are variations. This also is
a point of difference with reducing AAT/UCLES data as there is no variation.
This is because UCLES is a bench-mounted spectrograph in the East coude
room at the AAT and the 2.3-m echelle is on the telescope itself and is subject
to movement and temperature variations during the night.

3.5.4 Intensity Spectrum Extraction

Extraction of the intensity spectra is performed by the the ESpRIT rou-
tine extract_23m. This routine utilises the output data files produced by
geometry_23m (geom.dat) and wcal_23m (calib.dat), as well as a flat field
and a bias exposure.

In conjunction with the stellar exposures, extract subtracts the bias from
all exposures and divides the stellar exposures by the flat field to correct for
pixel-to-pixel sensitivity differences.

For intensity analysis all the frames have any bias subtracted and a correc-
tion is made for differences in sensitivity between pixels by comparison with
the relevant pixels when exposed to the flat field. Cosmic ray bombardment is
responsible for some pixel measurements deviating from the average intensity
of the order. These are discarded if they are beyond a set threshold.

Extract takes one star FITS file and produces an output spectrum typically
called spectrum.dat but can be named with any preferred naming convention.
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3.5.5 Instrumentation Shift Correction

During the night, there can be small variations in the spectrograph, as a result
of temperature changes from the dewar refill or from very slight mechanical or
thermal changes within the instrument or components.

This slight instrumental shift need to be corrected for and that is achieved
by the wavelength calibrated spectra being shifted with respect to the LSD pro-
file of the telluric lines within the spectrum. This is important to reduce errors
in radial velocity measurements. Telluric lines are only found in the Earth’s
atmosphere have no radial velocity. The procedure of Donati et al. (2003b)
is used with the ESpRIT code for data analysis and correction. Atmospheric
water or telluric lines are extracted from the wavelength calibrated extracted
stellar spectra and then corrections are made to remove the small instrumental
shifts. This process is achieved using an automated script called cvel and can
reduce errors due to instrumental shift to less than 0.1 km s�1 (Mengel, 2005).

Heliocentric velocity corrections are applied when the wavelength calibra-
tion of the extracted spectra is performed using a shell script called autoextr.

3.5.6 Summation of the Line Profiles using Least Square
Deconvolution

Running the routine, sum, enables a summation of line profiles using Least
Square Deconvolution (LSD) to produce an LSD profile from the spectrum,
which has been corrected for radial velocity changes.

Successfully creating a LSD profile requires a list of lines and their relative
weightings for a normalised spectrum. Donati and Collier-Cameron (1997)
generated line lists from a full LTE spectral synthesis using the ATLAS9 model
atmospheres and SYNTHE routines of Kurucz (1993) and Table 3.2 shows the
list of Spectral types available in ATLAS. These line lists were used for all data
reduction in this thesis relating to DI.

The next step is to create a postscript of the LSD profile using the script
Disp and then to extract the Heliocentric Julian Date (HJD) from the header
files, given that the header files have been updated to show the HJD as dis-
cussed in 3.5.1. Each of these scripts can be combined into a single script, and
once all the correct parameters are identified a script can be run to create the
profiles for all targets on each night.
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Table 3.2: Table of Spectral Types available in ATLAS

A0 A1 A2p A4 A5 A6p AB
B1 B2 B4 B6 B8p
F1 F1p F6
G2 G7
K0 K1 K5
M0
O7

However, because of the issues with the 2.3-m echelle variations between
nights these scripts need to be adjusted each night. However, the geometry
and wavelength calibration can be done after the calibrations are finished early
in the evening. This can be suitable to create rough LSD profiles, on the fly,
during the night to check for solar contamination, poor signal-to-noise or other
issues with the observations. Later, new geometry and wavelength calibration
files can be created for each arc taken and used for reducing the data taken in
the relevant time frame.

3.5.7 Least Square Deconvolution

To detect the signatures of the spots on the line profile, the software utilises the
mathematical technique called Least-Squares Deconvolution (LSD). Donati
and Brown (1997) combined lines using this cross-correlation technique, which
enables the computing of average profiles simultaneously from thousands of
spectral lines and is used to produce a high signal-to-noise mean profile of
all the spectral lines in each spectrum. With the echelle spectrograph having
overlap in a number of orders the number of lines used in the LSD extraction
is greater than the actual number of lines in the spectrum. This works because
the presence of spot features in the photosphere of the star affects all these
lines in a similar way. The result is a significant increase of up to 10 to 15
times in the SNR when compared to a single line. While many of the lines
appear twice they are treated as individual lines increasing the signal-to-noise.

LSD is used to increase the signal-to-noise in the intensity data while still
retaining the intensity information in the spectrum. For intensity signatures
(Stokes I) the multiplex gain is usually significantly less than this (Donati and
Brown, 1997). This technique is not that different from other cross-correlation
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techniques but does vary in the way it cleans the cross-correlation profile from
the auto-correlation profile of the line pattern to yield a profile which has the
requisite high SNR necessary for image reconstruction.

According to Waite et al. (2004) the technique of LSD provides a method
of obtaining an accurate vsini measurement and through the distortions visible
in the profile which are due to changes in surface brightness which indicate the
presence of surface inhomogeneities such as a dark spot feature.

These measurements can be made to a high level of accuracy in moderate
to ultra-rapid rotating stars. Even though the typical variations in intensity
amplitude are very small in the order of ⇡1% this technique works on the
premise that a very small effect, when compounded across thousands of lines
will produce a discernible signal.

Since the photospheric lines in the spectrum are assumed to be all affected
in the same way by the presence of spots in the stellar photosphere, the ob-
served profile of these lines must be equal to a basic line pattern (M) convolved
with the spot signature (Z) from the spots. Therefore the observed intensity
spectrum of the star I can be written as:

I = M ⇤ Z (3.1)

where M is the line pattern (or line mask) of the spectrum with a weighted
mean of all the lines selected for analysis. For AB Dor this line mask was
created for a K1-type atmosphere based on the Kurucz atomic database and
ATLAS9 atmospheric models (Kurucz, 1993), while for HIP43720 a G2 line
mask was created. Z is then found through a least-squares solution:

Z = (

tM · S2 ·M)

�1 tM · S2 · I (3.2)

Where, S is a square diagonal matrix in which element Sjj is the inverse
error bar (1/�j) for pixel j. This deconvolves the raw cross-correlation function
(stored in tM · S2· I) from the autocorrelation profile (stored in tM · S2· M)
and is known as least-squares deconvolution. Further information on LSD can
be found in Wade et al. (2000) and Donati and Brown (1997).

The software for both the production of the profiles and imaging used were
provided by J-F Donati.
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3.5.8 Producing the Doppler Image Map

This step takes the data and rearranges it into a form suitable for the imaging
code to be able to process. It can also combine any photometric data that is
available for the particular star. In the case of both AB Dor and HIP43720,
no photometric data was available.

There are a number of methods used to produce Doppler Image maps
of cool stars. The various methodologies use either a Fourier filtered back-
projection algorithm (FFB) or a maximum-entropy minimisation technique
(MEM) (Schwope, 2001). The Doppler Image maps of AB Dor and HIP43720,
in this thesis, used a maximum-entropy minimisation technique.

The maximum-entropy minimisation technique uses spectral line inversion
to compute the minimum spot features that would produce the observed spec-
troscopic features. A reconstruction is then built based upon the contribution
of each pixel to a cool spot on the surface of the star. The photosphere and
spots are matched against the synthetic Gaussian profiles as used in Petit et al.
(2002). This gives consistency to the results as well ensures adequate conver-
gence. In the mapping of brightness, a filling factor is used. This filling factor
is based on 0 for no spot and 1 for a total spot convergence (Collier-Cameron,
1992). The data are then fitted to the desired accuracy, which is usually the
level of noise.

3.5.9 Maximum Entropy Reconstruction

Maximum entropy reconstruction generates images, which contain the min-
imum information (surface features) required to produce the observed spec-
troscopic variations. By observing a star at different phases in its rotation,
obtaining high-quality LSD profiles for both intensity and magnetic signa-
tures, maximum entropy reconstruction is able to infer the surface topology of
the star.

The code used for the DI in this thesis is that of Brown et al. (1991) and Do-
nati and Collier-Cameron (1997), which implements the algorithm of Skilling
and Bryan (1984) for maximum entropy optimisation.

The mapping of surface spot features uses the two-component brightness
model (one for the spot and the other for the photosphere) from Collier-
Cameron (1992). In this model the local relative area occupied by cool spots
for each pixel on the stellar surface is reconstructed (Marsden et al., 2005).
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Donati et al. (2000) used LSD profiles of standard stars to represent the
spot and photosphere temperatures of the targets. Petit et al. (2002, 2004)
and Marsden et al. (2005) used synthetic Gaussian profiles as this provides
consistency and adequate convergence. The results of Unruh and Collier-
Cameron (1995) and Marsden et al. (2005) demonstrate that Doppler Images
reconstructed from a Gaussian line are almost identical to those obtained us-
ing the profile generated from a standard star. Hence, in this work Gaussians
profiles were used.

In the image reconstruction code the form of entropy used is:

S[f,m] = S1[f,m] + S1[(1� f), (1�m)] (3.3)

where

S1[f,m] =

X

i

[fi(log(
fi
mi

� 1) +mi)] (3.4)

and

S1[(1� f), (1�m)] =

X

i

[(1� fi)(log(
(1� fi)

(1�mi)
� 1) + (1�mi))] (3.5)

In this case f is the photosphere filling factor and m is the default unspot-
ted filling factor (set to 0.9999).

The values for the filling factors are interactively adjusted to maximise:

Q = S(f,m)� ��2
(f,m) (3.6)

Where � is the Lagrange multiplier and �2(f,m) measures the accuracy of
the fit and is determined by:

�2
(f,m) =

X

k

(

Fk �Dk

�k

)

2 (3.7)

where Fk is the modelled data, Dk is the observed data, and �k is calculated
from an estimate of the error in the LSD and photometric profile.

The data is then fitted within a desired accuracy of �2 = �2
aim.

The level of �2
aim to which to fit the data should normally be 1.0 which is

equivilant of the the noise level.
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If a �2
aim value of less than one is obtained it means that the error bars

have been overestimated.
The error bars in the Doppler Imaging code used here are estimated by

scaling the following formula:

E =

X

k

((M ⇤ Z)k � Sk)
2

�2
k

(3.8)

where, M, Z and S are as in the previous subsection; and � is the error.
If E > 1 the error bars are scaled by

p
E. This has the effect of usually

overestimating the error bars but has no effect on the images produced.

3.5.10 Reformat

Reformat generates the .dat file which is required for ZDICam to be able to
generate the map. Reformat takes the data from sum and rearranges (refor-
mats) it for input to the imaging code. It can also make use of photometry if
available.

Creating the reformat.in file requires the following information:

• Epoch is calculated by subtracting the Heliocentric Julian Date (HJD)
of first observation from the HJD of the last observation.

• Phase 0 can either be the first observation or it can be set at the
midpoint of the run. If the latter, then to obtain Phase 0, add half the
epoch to HJD of first observation. Using the midpoint of the run is
usual when doing differential rotation measurements.

• Phase = (HJD � Epoch)/period.

• Signal-to-noise values for each LSD profile are obtained from sum.log.

• Spectral Resolution is extracted from the wcal.out file.

• From the LSD profile of the star identify the defined edges of the wing
and select a point on either side of the wing shoulder to obtain a mean
value of vsini.

• Initial radial velocity input may be obtained from literature.
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Table 3.3: Input Table for use in Reformat.in

Filename Number of Type of phase SNR resolution
profiles obs

ABDor110121014.lsd 1 I 0.0000 857 24000
ABDor110121015.lsd 1 I 0.0138 854 24000
ABDor110121017.lsd 1 I 0.0746 854 24000
ABDor110121018.lsd 1 I 0.0884 849 24000
ABDor110121019.lsd 1 I 0.1022 845 24000
ABDor110121020.lsd 1 I 0.1160 840 24000
ABDor110121021.lsd 1 I 0.1300 846 24000
ABDor110121022.lsd 1 I 0.1437 848 24000
ABDor110121023.lsd 1 I 0.1575 846 24000
ABDor110121024.lsd 1 I 0.1715 844 24000
ABDor110121025.lsd 1 I 0.1853 839 24000
ABDor110121026.lsd 1 I 0.1991 800 24000
ABDor110121027.lsd 1 I 0.2129 836 24000
ABDor110121028.lsd 1 I 0.2269 833 24000
ABDor110121029.lsd 1 I 0.2413 825 24000

A list of all the profiles and the other information either calculated or
known is then used to create an input file such as the one shown in Table 3.3.
The number of profiles is usually 1, while the type of observation is I for
Intensity Profile when doing DI.

The values of radial velocity, continuum and right and left span can be
modified. Each time a change is made, however, the code needs to be rerun to
refine it and obtain the best quality Doppler Image map.

3.5.11 GScale

GScale takes the information from reformat.s to make create reformat.rs. It
normalises the equivalent width (EW) of all LSD Profiles to the first LSD
profile in the list. By normalising the EW, it flattens out the wings of the
profile, which allows a better fit to the model data.

When run, this script produces a graph of Equivalent Width (EW) against
signal-to-noise Ratio (SNR).
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3.5.12 ZDICam

ZDICam is the maximum entropy code used for the Doppler Imaging of the
targets in this project. It produces modelled fits to the observed profiles which
are then fitted to the minimum reachable �2

aim.
The stellar parameters, such as radial velocity, vsini, and inclination angle

can be determined using the maximum entropy reconstruction code. The �2
aim

is important as it contributes to the calculation of spot coverage.
To determine each of these parameters, successive runs of ZDIcam are done

until a minimum �2
aim is reached for each particular stellar parameter. This

derived value is then used in subsequent runs to continue to minimise the �2
aim

for the next parameter until a favourable combination of all stellar parameters
produces the lowest �2

aim (Rice, 2002).

3.6 Limitations of Doppler Imaging

The Doppler Imaging technique has limitations associated with its usage. In
his review, Rice (2002) gives an overview of the limitations which can have
an impact upon undertaking successful Doppler Imaging.

These issues affect the area of spot coverage, which can be resolved on the
stellar surface.

These issues include:

• inadequate phase coverage;
• too much phase overlap;
• inadequate SNR;
• insufficient spectral and spatial resolution; and
• incorrect initial stellar parameters.

Petit et al. (2002) addresses the issue of phase coverage and overlap as it
is a common problem.

To reconstruct a complete and accurate spot occupancy map, there needs
to be as full a phase coverage as possible. Only small gaps are desirable. Phase
overlap generally is not a problem in the fastest rotators as the issue only
occurs where there has been spot movement in the time between successive
phase observations. It can be an issue with slower rotators where observations
are collected over weeks or months.



55

Phase overlap is a more significant issue when attempting differential ro-
tation measurement, as it is preferable to have as many sections of the stellar
surface visible at as many phases as possible.

Spectral resolution and SNR are equipment limitations and affect the re-
solvability of the surface features particularly for faint targets. These limita-
tions are minimised to some degree through the use of LSD which enables the
production of high SNR profiles.

Spatial resolution, particularly in the case of targets with low vsini values,
is a critical factor in the percentage of spot coverage measurable. Piskunov
et al. (1990) concluded that the analysis of a target with a vsini of 15 km
s�1 was unable to resolve the detail that was able to be resolved on a target
of vsini of 30 km s�1 with the same spatial resolution. For a telescope and
lower resolution spectrograph, such as the 2.3-m and its echelle, this imposes
a limitation of observing only brighter stars or those with very high vsini.

It is necessary to consider the above limitations, when making conclusions
about the resulting spot occupancy maps and differential rotation measure-
ments and DI maps should always be interpreted with care.

3.7 Discussion

Doppler Imaging is a robust procedure, especially at higher signal-to-noise ra-
tios, which result in greater detail being produced in the reconstructed images.
Obtaining the correct parameters is essential and even more so important if a
differential rotation measurement is required from cross-correlation of constant
latitude strips between observations at two different epochs.

Using the instrumentation, observations and analysis described in this
chapter the results of Doppler Imaging of two stars AB Dor and HIP43720
are presented in Chapters 4 and 5.
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Chapter 4

Testing the Suitability of the
2.3-metre Telescope for Doppler
Imaging Studies Using AB Dor

4.1 Introduction

Magnetic activity on solar-type stars can be readily observed using starspots,
which can be seen in the photometric modulation of the light from the star.
The advent of Doppler Imaging has made it possible to map the location
of spot features on rapidly rotating (vsini � 20 km s�1) stars. Such stars
are predominantly young, active, and show significant starspot features which
makes them well suited to being studied with this technique.

The primary purpose of this project is to determine the suitability of the
ANU 2.3-m telescope and its echelle spectrograph to undertake scientifically
useful Doppler Imaging studies of active young solar analogues. This chapter
presents the first outcome of the feasibility study, which includes preliminary
results for the Doppler Imaging (DI) of AB Dor. This rapidly rotating K0
dwarf, AB Dor (HD36705), was chosen because it has been well studied by the
techniques of DI and ZDI in the past. Its youth is indicated by strong lithium
absorption, and it has a rotational period of ⇠0.51 days (Hussain et al., 2001).
So, with a vsini of ⇠89 km s�1 and well placed in the southern sky it was an
excellent target to test the capabilities of the telescope/instrument setup.
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4.2 AB Doradus

AB Dor is an excellent example of the group of very active, rapidly rotating
cool stars that are just evolving onto the main sequence. Its rapid rotation, and
⇠0.51479 day period makes it an ideal candidate for high-resolution spectro-
scopic techniques such as Doppler Imaging. Surface maps of this star have been
obtained since 1992 with UCLES on the Anglo-Australian Telescope (AAT).

AB Dor has been observed across most of the electromagnetic spectrum,
and its activity studied in detail in the X-ray band (García-Alvarez et al., 2005;
Hussain et al., 2005; Maggio et al., 2000). More relevant to the current project
is that AB Dor has been extensively observed using both Doppler Imaging and
Zeeman-Doppler Imaging (ZDI) at the AAT (Donati and Semel, 1990; Donati
and Landstreet, 2009). The Zeeman Doppler Imaging technique has been used
to map the surface magnetic field of AB Dor (Donati and Collier-Cameron,
1997; Donati et al., 1999; Hussain, 2002), as well as to study its possible stellar
cyclic activity and surface differential rotation (Collier-Cameron and Donati,
2002; Donati and Collier-Cameron, 1997; Jeffers et al., 2006). Järvinen et al.
(2005) also used Doppler Imaging to investigate the possibility of stellar cycles
on AB Dor.

AB Dor is a quadruple, pre or zero main sequence, stellar system with
AB Dor A being the main component. The system consists of two binary
systems; AB Dor A/AB Dor C and AB Dor Ba/AB Dor Bb. AB Dor A
has a low-mass companion, AB Dor C, which induces a reflex motion first
detected by very-long-baseline-interferometry (VLBI) and the HIPPARCOS
satellite (Guirado et al., 1997). The other physical component is a dM4e star
AB Dor B (Rst137B) which is also a rapid-rotator with a 0.38 day period.
The separation between AB Dor A and AB Dor B is 9" (Lim et al., 1994).
According to Close et al. (2005), based on their young age, common proper
motions, and common radial velocities (Innis et al., 1986) both stars are be-
lieved to be associated. Close et al. (2005) found that AB Dor B was also a
close binary system comprising of AB Dor Ba and AB Dor Bb separated by
0.07”. The effect of AB Dor being a multiple system is seen in the variations in
radial velocity as the orbits of each part of the system impact on each other.

Close et al. (2005) obtained a near-infrared image of AB Dor C, using the
NACO SDI camera on the European Southern Observatory(ESO) 8.2-metre
VLT.

Figure 4.1 shows this enhanced false colour infrared image of AB Dor A and
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C. The faint companion, AB Dor C can be seen, as a pink dot at 8 o’clock and
is 120 times fainter. It was able to distinguish it as a "redder" dot surrounded
by the "bluer" light from AB Dor A at a distance of 0.156”. The computed
orbit of the companion around the primary is shown.

Figure 4.1: Infra-red false colour image of AB Dor A and its close companion AB Dor
C taken with the VLT in Chile. (Picture: Steward Observatory, University of Arizona)
(Close et al., 2005)

4.3 AB Dor: Fundamental Stellar Parameters

AB Dor is the most active star in the solar neighbourhood. It is a young
rapidly rotating K0 dwarf with a vsini of 89 km s�1 and a 0.51479 day rota-
tional period (Zuckerman et al., 2011). The distance to the star of 14.9 pc,
measured by HIPPARCOS, combined with the brightest state so far observed
of V=6.75 (Amado et al., 2001) leads to the absolute magnitude M_v of 5.89.

It is a member of the AB Doradus Moving Group, a loose stellar association
of about 30 stars, at a distance of ⇠15.17 pc (Koen et al., 2010).

It has a visual magnitude of 6.99 and has an age of 50 Myr (Luhman et al.,
2005). The fundamental physical parameters of AB Dor are listed in Table 4.1.
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Table 4.1: Listing of Fundamental Stellar Parameters for AB Dor from Literature.

Parameter Value Ref
Stellar axial
Inclination, i 60� (Donati et al., 2003a)
Projected equatorial
rotation velocity, vsini 89 km s�1 (Donati et al., 2003a) heightPhotospheric

Temperature 5,000 K (Donati et al., 2003a)
Spot temperature 3,500 K (Donati et al., 2003a)
Radial Velocity 29.5 km s�1 (Torres et al., 2006)

(Strassmeier, 2009)
Rotational Period 0.51479 days (Zuckerman et al., 2011)

(Innis et al., 1988)
Spectral Type K1 (Scholz et al., 2007)
Mass 0.76 M� (Zuckerman et al., 2011)
Radius 0.86R� (Maggio et al., 2000)

4.4 Observations January 2011 - AB Dor

Observations were taken of AB Dor over the period 21-23 January 2011 in-
clusive using the ANU 2.3-metre telescope and high-resolution spectrograph.
Over the course of the January 2011 observing run, potentially 54 usable ex-
posures were taken of AB Dor.

The exposure time for each AB Dor observation was 600 seconds. This
allows sufficient light to be collected to obtain a high enough signal-to-noise
to successfully be able to undertake effective Doppler Imaging of the target
(V_mag = 6.99) (Koen et al., 2010) without generating rotational spot smear-
ing due to the rapid rotation of the star. (89 km s�1) (Jeffers et al., 2006)

The run was affected by high cloud on each night with seeing ranging from
2.5" to 5.0". A log of the January 2011 AB Dor observations can be seen in
Table 4.2. A total of 54 exposures of the star were taken, with a subset of only
50 exposures used here as the other 4 had too low a signal-to-noise value to be
useful having been taken through thickening clouds.

In Table 4.2, the first two columns list the observation date in Universal
Date and exposure number. The exposure numbers are not necessarily in con-
secutive order as other stars and calibration frames were also observed during
these nights. Columns 3 and 4 show the Universal Time (UT) start time and
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end time of the exposures, respectively, while the last two columns list the
exposure time in seconds, and the phase at which the target was observed.

Rotational phases were calculated using an orbital period of Porb = 0.51479-
d (Innis et al., 1988; Zuckerman et al., 2011).

The zero or starting phase (P0) was set to the middle of the run;
The starting time of the observations of the target star in Heliocentric Julian
Date (HJDstart) was 2454830.059801; and
the end time of the observations of the target star in Heliocentric Julian Date
(HJDend) was 245836.1368712.

The calculations are:

Phase(E) = HJD +

 
HJDend�HJDstart

2

Porb

!
(4.1)

Phase(E) = HJD +

 
(2454836.136871� 2454830.059801)/2

0.51479

!
(4.2)

P0 = 2454830.059801 + 3.0385351 = 2454833.098336 (4.3)

This translates to a time between runs 46 and 47 on January 22, 2011.

The time of P0 can be set to the first observation of the target on a run; to
the mid-point of the observing run or according to a predefined ephemeris.
If comparing data from runs separated in time and if the actual observation
times of the previous runs are available using the latter would be the usual
method. However there was no access to the observing logs for the 2002 data
that was used to produce the comparison map so it was not possible to set then
to similar phases for comparison purposes. A P0 set to the middle of a specific
observing run is usually used when doing differential rotation measurements.
The P0 set to the mid-point of the run was used as a convention for these
observations as well as for those of HIP43720 in Chapter 5.
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Table 4.2: Log of Observations for AB Dor - Jan 21-23, 2011

UT Date Exposure Exposure UT Start UT End Phase SNR

Number Time

2011Jan21 14 600 12:22 12:32 -1.98456 856

2011Jan21 15 600 12:32 12:42 -1.97073 853

2011Jan21 17 600 13:17 13:27 -1.91001 854

2011Jan21 18 600 13:27 13:37 -1.89618 850

2011Jan21 19 600 13:38 13:48 -1.88235 846

2011Jan21 20 600 13:48 13:58 -1.8685 842

2011Jan21 21 600 13:59 14:08 -1.85468 848

2011Jan21 22 600 14:09 14:19 -1.84085 849

2011Jan21 23 600 14:19 14:29 -1.82693 847

2011Jan21 24 600 14:29 14:39 -1.81308 846

2011Jan21 25 600 14:40 14:50 -1.79926 841

2011Jan21 26 600 14:50 15:01 -1.78543 835

2011Jan21 27 600 15:01 15:11 -1.7716 838

2011Jan21 28 600 15:11 15:21 -1.75775 833

2011Jan21 29 600 15:21 15:41 -1.74334 827

2011Jan21 30 600 15:41 15:52 -1.72951 831

2011Jan21 31 600 15:52 16:02 -1.71566 830

2011Jan21 32 600 16:02 16:12 -1.70184 842

2011Jan21 33 600 16:12 16:22 -1.68801 846

2011Jan21 34 600 16:23 16:33 -1.67418 848

2011Jan21 35 600 16:43 16:53 -1.65889 849

2011Jan21 36 600 16:54 17:04 -1.64507 845

2011Jan22 33 600 10:07 10:17 -0.22428 857

2011Jan22 34 600 10:17 10:27 -0.21038 858

2011Jan22 36 600 11:00 11:10 -0.15258 824

2011Jan22 38 600 11:20 11:30 -0.11099 785

Continued on next page
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Table 4.2 – Continued from previous page

UT Date Exposure Exposure UT Start UT End Phase SNR

Number Time

2011Jan22 39 600 11:31 11:41 -0.09696 792

2011Jan22 42 600 12:01 12:12 -0.06861 832

2011Jan22 43 600 12:12 12:22 -0.05478 846

2011Jan22 44 600 12:22 12:32 -0.04091 855

2011Jan22 45 600 12:33 12:43 -0.02706 848

2011Jan22 46 600 12:43 12:54 -0.0128 852

2011Jan22 47 600 12:54 13:04 0.00102 840

2011Jan23 24 600 12:26 12:36 3.7013 849

2011Jan23 25 600 12:42 12:52 3.7153 854

2011Jan23 26 600 13:06 13:16 3.7291 851

2011Jan23 27 600 13:16 13:26 3.7429 863

2011Jan23 29 600 13:26 13:36 3.8029 864

2011Jan23 30 600 13:37 13:47 3.8169 862

2011Jan23 31 600 14:21 14:31 3.8307 864

2011Jan23 32 600 14:31 14:41 3.8445 860

2011Jan23 33 600 14:42 14:52 3.8583 855

2011Jan23 34 600 15:52 16:02 3.8721 858

2011Jan23 35 600 16:02 16:12 3.8861 858

2011Jan23 36 600 16:12 16:22 3.8998 858

2011Jan23 37 600 16:23 16:33 3.9138 833

2011Jan23 38 600 16:33 16:43 3.9276 825

2011Jan23 39 600 16:43 16:53 3.9414 831

2011Jan23 40 600 16:54 17:04 3.9552 859

2011Jan23 41 600 17:04 17:14 3.9692 840
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4.5 Determining Stellar Parameters Using
Maximum Entropy Reconstruction

Although the determination of most stellar parameters should not change be-
tween observing runs, there are some, however, which may be affected by as-
pects of the observing such as phase coverage or improvements in data analysis
methodologies. Those which may be affected include the values of vsini, radial
velocity, inclination angle (i), and the equatorial rotational period. Except
for the rotational period, the process to determine these parameters, either to
confirm previous results or to find new values, is that of Barnes et al. (2002)
through the use of �2-minimisation, where the parameter that produces the
lowest �2

aim value is selected to be used to obtain the value of the next pa-
rameter.

To determine the correct stellar parameters (i.e. radial velocity, vsiniand
inclination angle i) to use when creating a DI map, the maximum entropy
reconstruction code, ZDICam can be utilised. Radial velocity, vsini and the
inclination angle (i) can all be identified in this way.The equatorial rotational
period used was taken from the literature.

Establishing these parameter values require identifying an initial ‘best
guess’ value for each parameter and then undertaking successive runs of the
code until a minimum �2

aim value is reached. The first parameter identified,
which was, in this case, radial velocity, is then used in subsequent runs until
all three parameters are identified by continuing on and obtaining the lowest
�2

aim value for each parameter until they all converge producing the lowest
�2

aim value as per Rice (2002). Once all of the stellar parameters have been
determined, the process is run again to check the values.

4.5.1 �2-Minimisation Plot for Radial Velocity

As previously noted AB Dor A is part of multiple star system with the radial
velocity being affected by the orbit of its close companion AB Dor C. From pre-
vious observations, in particular Jeffers et al. (2006), there can be a variation
of up to 3.4 km s�1.

The radial velocity can be derived from the LSD profile since it is offset
from the 0 km s�1 position by an amount equivalent to the radial velocity.

The derived value by this method was ⇠30 km s�1 and this was used as



64

the starting value for the �2-minimisation determination of stellar parameters.
The impact of the multiplicity of AB Dor is most obvious in the variations

of its radial velocity measurements over time. Table 4.3 shows the radial
velocity measurements for AB Dor from DI studies between 1988 and 2011.
The data comes from (Jeffers et al., 2006) and from the 2.3-m data collected
in 2009 and 2011 and presented in this thesis.

Table 4.3: AB Dor: Radial Velocity Measurements for Epochs from 1988 - 2011. Table
adapted from (Jeffers et al., 2006) with 2010 and 2011 2.3-m data appended.

.

Epoch Radial Velocity (km s�1)
1988 December 16 32.2
1988 December 19 32.2
1992 January 31.2
1992 December 28.8
1993 November 29.7
1994 November 29.9
1995 December 31.4
1996 December 31.4
1998 January 31.5
1998 December 31.6
1999 December 31.8
2000 December 32.1
2001 December 32.7
2002 December 32.9
2010 January 29.8
2011 January 21-23 30.9

Using the �2-minimisation, as described by Petit et al. (2002) an initial
value of 30.0 km s�1 was selected as based on the offset in the LSD profile
and checked against previous values from Table 4.3. The radial velocity values
from Jeffers et al. (2006) ranged from 28.8 to 32.9 km s�1.

Figure 4.2 shows the �2-minimisation plot for the radial velocity of AB
Dor for these observations, while Table 4.4 shows the list of the range of values
used.

The minimum �2 gave a value of 30.9 km s�1 which is consistent with
previous results for the star and errors of ±0.5 km s�1 but is different from
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Figure 4.2: �

2-minimisation-Plot for Radial Velocity for AB Dor Jan 2011 Obser-
vations showing 30.9 km s�1 as the minimum and hence the selected radial velocity.

Table 4.4: �

2-minimisation Values for a range of Radial Velocity Values for AB Dor

Radial 29.0 30 30.6 30.8 30.9 31 31.1 31.5 32.5
Velocity
in km s�1

Chi 0.923 0.716 0.651 0.648 0.646 0.647 0.646 0.660 0.899
Squared

the value used by Jeffers et al. (2006).

4.5.2 �2-minimisation Plot for vsini

Using the �2-minimisation technique to refine this value produces the results
in Table 4.5 and graphed in Figure 4.3. The value for the vsini from the graph
is 89.5 km s�1. This is slightly higher than that used by Jeffers et al. (2006)
but within standard error bars.

Table 4.5: �

2 Values for a range of vsini Values for AB Dor

vsini 88.5 88.9 89 89.2 89.3 89.5 89.6 90 91.5
Chi 0.924 0.716 0.678 0.652 0.649 0.646 0.647 0.660 0.899
Squared
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Figure 4.3: �

2-minimisation for the vsini for AB Dor Jan 2011 Observations

4.5.3 �2-minimisation Plot for Stellar Inclination Angle
(i)

Figure 4.4: �

2-minimisation for the Stellar Inclination Angle (i) Values for AB Dor
Jan 2011 Observations giving a minimum value of 55�.

Table 4.6: �

2-minimisation Values for a range of Stellar Inclination Angle (i) Values
for AB Dor

Inclination 25 35 40 45 50 55 60 65 75
Angle
Chi 0.99 0.89 0.83 0.72 0.68 0.63 0.67 0.705 0.87
Squared
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4.6 Calculating Values for Stellar Parameters
Using Radius and Period

4.6.1 Calculating vsini using the Stellar Radius
and Period

vsini can be calculated using the formula:

v sin i =
2⇡R

P
(4.4)

Where: R = the stellar radius (in solar radii); P = Period of the star =
0.51479 days and R�= 6.955⇥ (10

5 km.)

There are 2 values for the radius of AB Dor A in literature: 0.86 R� and
1.1 R�. Jeffers et al. (2006); Strassmeier (2009) suggest AB Dor A has a ra-
dius of 1.1 R�.

vsin i = ((2⇡)⇥ (1.1)⇥ (695500))/((0.51479)⇥ (86400))

vsin i = (4806950.9192)/(44477.856)

vsin i = 108.08 km s�1

This value is obviously very high and does not match up with any other
measurements. Since vsini can also be estimated from the line span logs and
measuring the LSD profile. Both these methods do not validate the above
result.

Maggio et al. (2000) suggest AB Dor A has a radius of 0.86 R�.

vsini = ((2⇡)⇥ (0.86)⇥ (695500))/((0.51479)⇥ (86400))

vsini = (3758161.6279)/(44477.856)

vsini = 84.49kms�1

This value is more realistic and fits in with both the LSD profile and
previous results from literature and would also suggest that the radius of AB
Dor is the lower of the two values and not that put forward in Torrees et al
(2006) and Strassmeier et al (2009).
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Using the �2-minimisation technique to refine the value produces the re-
sults in Table 4.5 and graphed in Figure 4.3. The value for the vsini from the
graph is 89.5 km s�1. This is slightly higher than that used by Jeffers et al.
(2006) but within standard error bars.

4.6.2 Calculating Inclination Angle (i) from vsini, Stellar
Radius and Period

i = arcsin

P.vsini
2⇡R

(4.5)

Where: i is the inclination angle ;
P is the rotational period;
vsini is the rotational velocity; and
R is the stellar radius.

Using the equation again with the values:
P = 0.51479-d
vsini=84.5 km s�1

R = 0.86R� and

i = arcsin(((0.51479)⇥ (86400)⇥ (84.49))/((2⇡)⇥ (0.86)⇥ (695500)))

i = arcsin((3757934.05344)/(3758161.6279))

i = 57.3�

This is well within error bars and also is close to the 55� which was the
result of the �2-minimisation technique.
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4.7 Summary of Derived Stellar Parameters

It can be seen from Figures 4.2, 4.3 and 4.4 that the �2 values are reasonably
parabolic. The plots show a minimum, which is the most suitable value for
the derived parameter to produce the best modelled fit to the observed data.

The final values for the stellar parameters using the �2-minimisation tech-
nique are:
Radial velocity: 30.9 km s�1

vsini : 89.5 km s�1 and
Stellar Inclination Angle i : 55�.

These compare well to the values from the literature (Table 4.7). The vsini
and i value are within the standard error bars, while the radial velocity value
is within the range of radial velocities for this star (Table 4.3).

4.8 AB Dor Surface Features

4.8.1 2.3-m Map

The surface brightness images used in this thesis are reconstructed using the
maximum entropy code of Brown et al. (1991) and Donati and Collier-Cameron
(1997) which incorporate the brightness model of Collier-Cameron (1992) and
the spot occupancy model where each point on the stellar surface is quantified
by the local fraction of the stellar surface occupied by spots. The range of
spot occupancy is from 0, where there are no spots present, to 1, where there
is maximum spottedness (Collier-Cameron, 1992).

The surface features of AB Dor here have been derived using the maximum
entropy code ZDICam as described in Section 3.5.12

The software reconstructs the minimum amount of features to fit the ob-
served data, which can lead to a slight underestimate of the spot occupancy.
Observations that have a low spectral resolution can possibly have less recon-
structed spots and this is potentially an issue with the 2.3-m and its echelle
spectrograph with its much lower resolution than the AAT. This problem can
be minimised, however, by having data with a high signal-to-noise.

To minimise the issue noted by Marsden et al. (2005) and Mengel (2005),
where the software introduces artefacts into the final map in the case of in-
complete phase coverage the three nights of data are combined into a single
dataset.
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The phase coverage of the map from the 2.3-m has no observations between
phases 0.35 and 0.70 which is ⇠33% of the rotational period.

4.8.2 AAT Map

The 2002 AAT maps (Figure 4.12 and 4.13) that are being used for comparison
are only missing the phases between 0.05 and 0.22 with multiple exposures for
the rest of the phases.

This 2002 DI map is the closest epoch map that was available from any
source we could find. Even though the map is more than ten years old, it is
still useful for the purposes of comparison. Since, AB Dor has been studied for
many years and has been the target of DI on a number of occasions its surface
features have been well documented.

In Jeffers et al. (2006), the temporal evolution of star-spots and differential
rotation on AB Dor from 1988 to 1994 is considered but also includes data that
was collected up until 2002. Using the details included in Jeffers et al. (2006),
the 2002 AAT map and the many publications relating to AB Dor there are a
number of common and consistent features across all epochs.

The first constant feature in all AB Dor observations, with the exception
of the 1988.96 epoch, is that there has always been a strong polar spot. The
1988 dataset consisted, however, of 2 nights of observations and the data had
quite poor signal-to-noise. Spot coverage ranges from 6.25% to 9.25% over the
documented epochs. Spot coverage in the 2.3-m map (Figure 4.7) is 6.8%.

It is difficult to compare exact features due to the signal-to-noise difference,
and all of the DI maps in literature are from the 3.9-m AAT, but on many of
the images from literature there are numerous low-latitude spot features.

4.9 Maximum Entropy Brightness Images for
AB Dor

Table 4.7 compares the stellar parameters from literature - specifically in col-
umn 1 from (Jeffers et al., 2006), while in column 2 are the results of the
�2-minimisation technique from Section 4.5 and the final column uses the de-
rived or calculated figures from Section 4.6.

The maximum entropy images in Figures 4.7 and 4.8 use the figures from
the �2-minimisation technique and have produced the best results. Figures 4.5
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Table 4.7: Comparison of Stellar Parameters taken from Literature; from using the �2-
minimisation technique and derived from the Stellar Parameters of Radius and Period.

Parameter Literature �

2 Calculated
Derived from

Value �

2-minimisation Radius and Period
Inclination, i : 60� 55� 57.3�
vsini : 89 km s�1 89.5 km s�1 84.6 km s�1

Photospheric Temp: 5,000 K
Spot temperature: 3,500 K
Radial Velocity: 29.5 km s�1 30.9 km s�1 30.9 km s�1

and 4.6 use the input parameters from literature, while Figures 4.9 and 4.10
are the result of the derived and calculated values.

They all show a polar spot and spot features at phases 0.00, 0.10-0.35 0.75-
0.80. This would indicate that these features are mostly likely real unlike the
features phase 0.60 and 0.70 since there were no observations for these phases.

Comparing Figures 4.7 and 4.8 with the AAT maps (Figures 4.12
and 4.13) they are structurally very similar, with a polar cap and/or high-
latitude spots, and with varying degrees of low-latitude spots. The polar spot
in the 2.3-m maps is less intense but is still present. With over ten years be-
tween the maps and no information as to phase times. It is difficult to align
the phasing of the maps. In the 2.3-m map there is no coverage of phases
0.34 to 0.70 and the AAT map is missing phase coverage from 0.05 to 0.22.
In the other maps in the literature, over time spot features occur consistently
at phases 0.15, 0.28 and 0.75, and a large unspotted area at phase 0.35. The
2.3-m maps appear to have similarly located features phasing in the various
maps may differ.

In the 2.3-m image reconstructions in this section, the polar spot is not as
strong and is less fragmented than those from the 2002 AAT observations. AB
Dor is known to vary in the strength of its polar spot. The coverage as shown
by the ticks on the outside of the polar projection map show the difference in
phase coverage between both maps.

The 2.3-m image seems to have a weaker polar spot but does have some
intermediate and low-latitude spot features. There are obvious spot features
at phases 0.1-0.35 and 0.75-0.95. There are also similar spot grouping at the
phases between 0.4 and 0.7 even though there are no tick marks above the plot
and so here is no phase coverage in this region. These features between 0.1 and
0.35 phase and phase 0.75 and 0.95 as well as the small low latitude spot seem
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to remain through all the testing with changing of stellar parameters which
mean they are most likely real.

This first AB Dor Maximum Entropy Brightness Image map for the 2.3-m
data, Figure 4.5, uses the parameters from Jeffers et al. (2006) and listed in
the first column of Table 4.7

Figure 4.5: Maximum Entropy Brightness Map for AB Dor - 2.3-m - Jan 2011. The
image is a flattened polar projection that extend down to -30� latitude with the thick
circle as the stellar equator. The numbers and ticks surrounding the flattened stellar
image represent the rotational phase and phase coverage of the data.

Figure 4.6: Rectangular Doppler Imaging Spot Occupancy Map - 2.3-m Jan 2011.
Using parameters from the literature listed in Column 1 in Table 4.7 for AB Dor Jan
2011 Observations
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This set of AB Dor Maximum Entropy Brightness Image maps for the
2.3-m data, Figures 4.7 and 4.8, use the parameters from �2-minimisation
technique listed in Column two of Table 4.7

Figure 4.7: Maximum Entropy Brightness Map for AB Dor - 2.3-m - Jan 2011 using
Stellar Parameters from �

2-minimisation technique.

Figure 4.8: Rectangular Doppler Imaging Spot Occupancy Map - 2.3-m Jan 2011.Us-
ing Stellar Parameters from should not change between. AB Dor Jan 2011 Observations

This set of AB Dor Maximum Entropy Brightness Image maps for the 2.3-
m data, Figures 4.9 and 4.10, use the parameters from Column 3 of Table 4.7
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Figure 4.9: Maximum Entropy Brightness Map for AB Dor - 2.3-m - Jan 2011. The
image is a flattened polar projections that extend down to -30� latitude with the thick
circle as the stellar equator. The numbers and ticks surrounding the flattened stellar
image represent the rotational phase and phase coverage of the data.

Figure 4.10: Rectangular Doppler Imaging Spot Occupancy Map - 2.3-m Jan 2011.
Using parameters from Column 3 in Table 4.7 for AB Dor Jan 2011 Observations

Figure 4.11 shows the resulting modelled fits (thick line) to the observed
LSD profiles (thin line). These fits are the 2.3-m data and for the map
(Figure 4.7) which uses the input parameters determined from using the �2-
minimisation technique
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Figure 4.11: Maximum Entropy Fits to the LSD Stokes I profiles of AB Dor for
January 2011.The thin lines are the observed LSD profiles, and the thick lines are the
modelled profiles. The rotational phasing of each observation is listed to the right
of each profile. Each successive image is shifted for graphical purposes. The fits are
equivalent to a �

2
aim

of 0.3.
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4.9.1 AAT Maximum Entropy Brightness Map for AB
Dor

Figure 4.12: Maximum Entropy Brightness Map for AB Dor - AAT-2002. The image
is a flattened polar projections that extend down to -30� latitude with the thick circle
as the stellar equator. The numbers and ticks surrounding the flattened stellar image
represent the rotational phase and phase coverage of the data.

Figure 4.13: A Rectangular Doppler Imaging Spot Occupancy Map for AB Dor -
AAT-2002
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4.10 Fractional Spottedness

The observed distribution of spot features with latitude on active young stars
provides for a comparison with the predictions of stellar dynamo theory. Cer-
tainly, the evidence from literature and from these results suggest that active
young stars show evidence of a polar spot as well as detectable lower latitude
features. The presence of polar spots has proven to be a challenge for dynamo
theories. There are currently two main theories as to their cause. The first is
the presence of an interface-layer dynamo, such as that believed to be operat-
ing in the Sun today, but with a significantly stronger element of meridional
flow primarily due to the rapid stellar rotation. The second theory is the idea
that there exists a distributed dynamo that is acting across the entire stel-
lar convection zone. Marsden et al. (2011) suggests that it is possible that a
combination of both these two processes may be occurring. The precise distri-
bution of spot size and latitude on the star offers a way to help decide between
the above interface-layer and distributed dynamo models. Therefore, a plot
of spottedness with latitude will be useful in this regard. Here, this plot has
been presented in two ways. Figure 4.14 shows a rectangular plot of the spot
occupancy map for the 2.3-m data which show the latitudes at which the spot
occupancy of the targets are most evident and Figure 4.15 which shows a plot
of spottedness versus latitude to numerically show the extent of the percentage
spottedness over the surface of the stars.

It can be seen clearly that the majority of the spot occupancy is confined
to the polar region from around 60-80�. Lower latitude features are also seen
to appear at approximately 10-30�.

Fractional spottedness is the variation of spot occupancy with stellar
latitude. From Marsden et al. (2005) it is defined as:

F(✓) =
S(✓) cos(✓)d(✓)

2

(4.6)

Where S(✓) is the average spot occupancy;✓ is the latitude; and d(✓) is the
latitude width of each latitude ring.
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Figure 4.14: Rectangular Doppler Imaging Spot Occupancy Map - 2.3-m Jan 2011.
It can be seen clearly that the majority of the spot occupancy is confined to the polar
region. Lower latitude features are also seen to appear at approximately 10-30� for AB
Dor Jan 2011 Observations
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Figure 4.15: Plot of surface spot occupancy as a function of latitude for AB Dor
January 2011 dataset. Seen here are the two maxima in spot occupancy at latitude
10-30� and near the pole of the star 60-80� that are also visible in Figure 4.8. The
fractional spottedness for both these two maxima corresponds to ⇠0.12% each.
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4.11 Tests of Robustness

The following Figures 4.16, 4.17 and 4.18 provide a graphical representation
of the importance of getting the stellar input parameters correct. The stellar
parameters of radial velocity, vsini and inclination angle are presented on spot
occupancy maps that have been reconstructed for the January 2011, AB Dor
data using ZDICam.

The purpose of the exercise is to demonstrate what happens to the result
when incorrect inputs of the stellar parameters are used. The variation of the
parameters are given within the error bars of the original values, where radial
velocity is 29.5±1.5 km s�1, and vsini is 89.0±1.0 km s�1 and inclination angle
60�±5�. By considering the effect on the resulting spot occupancy map of the
determined stellar parameters of radial velocity and vsini as well as inclination
angle, the accuracy of the values as well as the maps, can be established.

In all three figures map (b) is the original map with the parameters deter-
mined through the �2-minimisation technique. It is evident in the figures that
both the radial velocity and the vsini values alter the structure of the resulting
spot occupancy maps, however the radial velocity affect on the stellar surface
features is minimal.

The vsini values change the appearance of the reconstructed spot occu-
pancy maps.(Figure 4.17) In particular, equatorial smearing of the spot fea-
tures becomes apparent when the vsini value is at its upper limit.

What is apparent is that the features in the original map such as the polar
spot, the large equatorial feature at phase 0.75-0.80, the small low latitude fea-
ture near phase 0 and the feature at phases 10-20 are there in all the variations.
This demonstrates the robustness of the technique and that these features are
most likely real and not artefacts. The feature, however, at phase 60-70 is most
likely an artefact as there were no observations for that time and as such it is
difficult to reconstruct spots at such a phase. Figure 4.16 is a graphical rep-
resentation of the effect that varying the radial velocity values on the AB Dor
spot occupancy maps reconstructed using ZDICam. Note that there is little
effect on the resultant spot occupancy map due to the varying radial velocity
value in coverage but the lower radial velocity value differs in intensity.
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Figure 4.16: Spot Occupancy Maps of AB Dor for Radial Velocity (a) 29.8 km s�1,
(b) 30.9 km s�1, and (c) 31.9 km s�1. The images are flattened polar projections that
extend down to -30� latitude with the thick circle as the stellar equator. The numbers
and ticks surrounding the flattened stellar images, respectively, represent the rotational
phase and phase coverage of the data.

Figure 4.17: Spot Occupancy Maps of AB Dor for vsini measurements (a) 88.5 km
s�1, (b) 89.5 km s�1, and (c) 90.5 km s�1. The images are flattened polar projections
that extend down to -30� latitude with the thick circle as the stellar equator. The
rotational phase and phase coverage of the data are represented by the numbers and
ticks surrounding the flattened stellar images, respectively. Note the effect that the vsini

has on the resultant spot occupancy map, where the higher the vsini the more spots
the code uses to fit the observed data. It is also seen that when thevsini is increased,
that equatorial smearing becomes apparent.
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Figure 4.18: Spot Occupancy Maps of 2.3-m AB Dor data for inclination angles (a)
50� (b) 55�, and (c) 70�. The images are flattened polar projections that extend down
to -30� latitude with the thick circle as the stellar equator. The numbers and ticks
surrounding the flattened stellar images, respectively, represent the rotational phase
and phase coverage of the data. Note the effect that the inclination angle has on the
resultant spot occupancy map.

In Figure 4.17 (c) a small amount of equatorial smearing of the lower lat-
itude features is present when the vsini is increased.

Figure 4.18 presents an inclination angle comparison illustrating the effect
that varying the inclination value has on the resulting Doppler Imaging map.
These spot occupancy maps of AB Dor’s stellar surface for inclination angles
of (a) 50� (b) 55� (from �2-minimisation technique), and (c) 70�. All recon-
structed images produce similar outputs, with an increase in spot numbers
with an increase in inclination angle. It is clearly seen here that the higher the
inclination angle, the more spots are fitted to the observed data, especially at
the lower latitudes. Also, the higher the inclination angle, the more the polar
spot feature appears filled in. This is due to the amount of filling required by
the model to fit the data as the star is rotated more pole-on to the line of sight
of the observation.

Consistent features throughout all three inclination angles are the polar
spot, mid to low latitude features at phases 0.10-0.20 and 0.75-0.80 and the
individual lower latitude feature at ⇠ 0.00.

These previous examples show what happens to the result determined
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through the Doppler Imaging method when incorrect inputs of the stellar pa-
rameters are used. It is evident in the figures that entering incorrect stellar
inclination, radial velocity or vsini values alter the structure of the resulting
spot occupancy maps, however radial velocity has the least effect on the stellar
surface features while Stellar inclination angle has the most effect.

4.12 Conclusions

The surface features of AB Dor have been examined and compared to those in
the 2002 AAT DI map as well as to others in literature. There are sufficient
common features between the two and between the 2.3-m map and other maps
in the literature so show the 23-m is capable of doing Doppler Imaging.

Piskunov et al. (1990) suggest that to accurately compare the spot cov-
erage, the spatial resolution is important. The smaller aperture and echelle
spectrograph with less resolution means that the maps created from this data
will have less spots resolved than those from the AAT or in literature.

Other factors also impact the level of spottedness. For example, the south-
ern hemisphere of a target is very difficult to reconstruct due to the limb dark-
ening effect that masks all but very dark or large features. Also, features below
⇠ �60� cannot be seen at all due to the inclination angle of the star. Yet an-
other reason for the underestimation of the spot coverage output from Doppler
Imaging is the inability of the software to resolve uniform spot distributions
since it is only sensitive to large asymmetric spot distributions.

So, overall the level of spottedness which is possibly only different by 1-
1.5% in the 2.3-m data is not a critical issue in whether or not the 2.3-m can
do scientifically useful DI work. The 2.3-m has produced a DI map of AB Dor
that shows all major features which have been consistent over the many years
of observations of this active young star. It not only shows the prominent polar
spot but lower latitude features as well. In the future, with ongoing studies of
this star, differential rotation measurements and monitoring for possible cycles
will add to the knowledge of how dynamos work in these active young solar
analogues. Thus the 2.3-m is useful for DI.
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Chapter 5

Simultaneous Doppler Imaging of
HIP43720 (HD76298) with the
ANU 2.3-metre Telescope and the
AAT

5.1 Introduction

In April 2010, time was allocated on the AAT for a ZDI program looking at
various stars including HIP43720. Time on the 2.3-m was applied for to allow
contemporaneous observing of this G1 star (a suitable target for the 2.3-m).
This was to enable a direct comparison of Doppler Map observations of the
same star taken with the different telescopes at the same time.

As discussed in Chapter 4, Doppler Imaging of a bright, rapidly-rotating
target such as AB Dor was considered to be possible with the 2.3-m telescope.
However, to understand how scientifically useful the telescope and its echelle
spectrograph would be in an ongoing project to undertake stellar dynamo
surveys using DI, it was important to test the setup further. HIP43720 is a
star which was considered to be at the theoretical limits for the 2.3-m telescope.
This star would present a greater challenge as it has a fainter magnitude and
lower rotational velocity, vsini, although its longer rotational period would be
beneficial as it allows for longer exposures to counter the fainter magnitude.
The application for time was successful and simultaneous observations on both
the AAT and 2.3-m telescope were undertaken on April 1-5. 2010.
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5.2 2.3-metre Observations

Observations of HIP43720, using the 2.3-m were taken on April 1–5, 2010
inclusive. No data from April 4th was included due to the observations having
been taken through cloud resulting in the signal-to-noise being too low to be
usable.

Over the rest of the observing run, 32 usable 1800-second exposures of
HIP43720 were taken. The exposure time, of 1800 seconds is approximately
2.4% of the rotation period. This length of exposure was necessary to get a
high enough signal-to-noise value to undertake effective Doppler Imaging of
this faint target with a Vmag = 9.09 (Hog et al., 2000) on the smaller aperture
telescope.

As discussed previously, for effective DI it is preferable to keep exposures
to a time period of no more than 2% of the rotational period. It is a compro-
mise, balancing the need for longer exposures against the need to reduce phase
smearing due to the stellar rotational rate.

One potential issue for the observations was the lower vsini at 39 km s�1.
This is important as it affects the ability to resolve spatial elements on the
stellar surface. So, although it had been ascertained that DI could be carried
out on the brighter, faster AB Dor, HIP43720 with its lower vsini would present
a real test of the telescope and instrument capabilities in this field due to the
low resolution of the echelle.

The setup of the 2.3-metre telescope and the echelle instrument is discussed
in detail in Chapter 3.4. The mean pixel resolution of the 2.3-m spectra was
determined to be 4.110 km s�1 pixel�1. Seeing during the 5 night run ranged
from 2.5 to 4.5 arc seconds. The log of the of the 2.3-m observations is shown
in Table 5.1.

5.3 Anglo-Australian Telescope (AAT)

The 3.9-m Anglo-Australian Telescope (AAT), also located at Siding Spring
Observatory, was used to obtain the comparison set of observations on
HIP43720.



85

Table 5.1: HIP43720 - Observation Log 2.3-m Telescope April 2010. The phase is
based on a rotational period of 3.14 days with the zero phase set to the middle of the
run. The observations therefore spanned over just over 1 complete rotation of HIP43720.

.

UT Date Exposure Exposure UT Start Phase LSD
Number Time SNR

2010, Apr 01 34 1800 09:22:59 -0.6602 904
2010, Apr 01 35 1800 10:02:46 -0.6514 901
2010, Apr 01 36 1800 10:32:45 -0.6447 896
2010, Apr 01 37 1800 11:03:09 -0.638 900
2010, Apr 01 38 1800 11:33:25 -0.6313 902
2010, Apr 01 41 1800 12:56:06 -0.613 895
2010, Apr 01 42 1800 13:26:23 -0.6063 930
2010, Apr 02 23 1800 08:56:36 -0.3475 908
2010, Apr 02 24 1800 09:27:31 -0.3407 900
2010, Apr 02 25 1800 09:57:47 -0.334 913
2010, Apr 02 26 1800 10:28:22 -0.3272 902
2010, Apr 02 27 1800 10:58:37 -0.3205 911
2010, Apr 02 28 1800 11:30:37 -0.3134 912
2010, Apr 02 29 1800 12:00:54 -0.3067 910
2010, Apr 02 32 1800 13:34:44 -0.286 907
2010, Apr 02 33 1800 14:05:01 -0.2793 904
2010, Apr 03 39 1800 08:52:54 -0.0299 670
2010, Apr 03 40 1800 09:23:13 -0.0232 753
2010, Apr 03 41 1800 09:53:35 -0.0164 693
2010, Apr 03 42 1800 10:23:49 -0.0098 708
2010, Apr 03 43 1800 10:54:09 -0.003 692
2010, Apr 03 44 1800 11:24:25 0.0036 671
2010, Apr 03 45 1800 12:01:09 0.0117 690
2010, Apr 03 46 1800 12:31:25 0.0184 772
2010, Apr 03 49 1800 13:49:46 0.0357 765
2010, Apr 05 25 1800 09:51:41 0.62 848
2010, Apr 05 26 1800 10:02:46 0.6267 878
2010, Apr 05 27 1800 10:52:15 0.6334 869
2010, Apr 05 28 1800 11:22:32 0.6401 869
2010, Apr 05 29 1800 11:52:48 0.6467 842
2010, Apr 05 30 1800 12:23:12 0.6535 861
2010, Apr 05 31 1800 12:53:28 0.6601 864
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5.3.1 Telescope Instrumentation

The high resolution spectrograph used was the University College London
Echelle Spectrograph (UCLES), which is a Coudé Echelle Spectrograph. The
combination of the AAT and UCLES has the ability to yield spectral resolu-
tions as high as 100,000, however this is reduced when using the Semel Po-
larimeter, a visitor instrument mounted at the f/8 Cassegrain focus (Semel,
1989; Donati et al., 2003a). UCLES receives light from the telescope via a
fibre feed and operates at the f/36 coudé focus (Waite et al., 2011).

UCLES is a high resolution spectrograph that provides the wavelength
coverage needed for Doppler Imaging. For the April 2010 data set, the de-
tector used was the English Electric Valve (EEV2) Charge Coupled Device
(CCD). The EEV2 has a pixel array of 2048 (horizontal) x 4096 (vertical)
13.5 µm square pixels. A grating of 31.6 groove mm�1 was used for all runs.
This ensures full wavelength coverage on the reduced window of the CCD in a
single exposure, typically covering 46 orders (orders #84 to #129). The cen-
tral wavelength was 5220.02Å with full wavelength coverage from 4377.1Å to
6815.6Å. The dispersion of ⇠0.04958Å at order# 129 was achieved giving an
approximate resolution across the detector of ⇠71000. Waite et al. (2011)

For a more detailed explanation of the instrumental setup for Zeeman
Doppler Imaging at the AAT see (Donati and Collier-Cameron, 1997; Donati
et al., 1999, 2003a).

5.3.2 AAT Observations

Spectropolarimetric observations of HIP 43720 were obtained over a 10 night
period from the 25th of March - 5th of April, 2010.

The data from the AAT was kindly supplied by Ian Waite. Ian also under-
took the calibration and data reduction of the AAT data, using the ESpRIT
package and produced the spot occupancy maps for comparison use here.

A log of the observations are included in Table 5.2. The nights of April
1-5 coincide with the 2.3-m observations. Two sets of Maximum Entropy
Brightness Images are produced. The first set covers the part of the AAT run
which was undertaken on the same nights as the 2.3-m data and the second
set with all nights included for comparison purposes. Exposure times were 800
seconds each and were done in sequences of 4 ⇥ 800 secs.



87

Table 5.2: Log of Spectropolarimetric Observations of HIP43720 - 3.9-m AAT - March
25-April 5, April 2010 (Waite et al., 2012). The UT end is the time when the final
exposure for HIP 43720 was completed. Each sequence consisted of 4 ⇥ 800 seconds
exposures except for the final sequence on March 28th which was only 2 ⇥ 800 seconds.

.

UT Date UT Begin UT End Number of usable
Sequences

2010 March 25 10:17:59 11:15:36 1
2010 March 26 09:18:28 13:34:18 2
2010 March 27 08:45:16 14:19:41 2
2010 March 28 08:34:42 13:59:52 6
2010 March 29 09:02:47 11:40:03 2
2010 March 31 10:37:07 12:34:17 1
2010 April 01 08:58:00 09:55:44 1
2010 April 02 08:39:07 11:27:03 2
2010 April 03 08:43:34 12:30:24 2
2010 April 04 12:46:21 13:34:05 1
2010 April 05 08:31:28 09:29:14 1

The mean pixel resolution of the AAT spectra was determined to be 1.689
km s�1 pixel�1.

5.4 HIP43720: Stellar Parameters

HIP43720 is a single G1V sub giant pre-main sequence star in Pyxis with a
vsini of 39.5 km s�1 and a rotational period of 3.14 d (Waite et al., 2011).

The physical parameters, given by Waite et al. (2012) for HIP43720 and
listed in Table 5.3 were used initially to create a map to verify if it could be
done. After confirming that a DI map could be made then it was decided
to identify what parameters could be determined from the 2.3-m data and
compare them with those found with AAT data.

Figure 5.1 is an AAT/SDSS image from the Simbad Astronomical database
used as a finder chart for HIP43720.
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Table 5.3: Table of the Parameters of HIP437200 (Waite et al., 2012)

Equatorial Period 3.14±0.1 days
Inclination Angle(i) 55±5�

Projected Rotational Velocity ( vsini ) 39.5±0.5 km s�1

Photospheric Temperature (Tphot) 6000±30 K
Spot Temperature, (Tspot) 4100±30 K
Radial Velocity, vrad 2.4±0.1 km s�1

Stellar radius 3.0R�

Figure 5.1: Finder Chart for HIP43720.

5.5 Surface Features

As discussed in Chapter 4.5, a �2-minimisation technique was employed, to
determine the parameters to be used in the maximum entropy reconstruc-
tion Barnes et al. (2000).
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For the purpose of the comparison of the AAT and 2.3-m data the same
parameters as listed in Table 5.3 have initially been used. The maps in Fig-
ure 5.2 and 5.3 are surface temperature maps presenting as a maximum entropy
brightness image from the combined April 1-5, 2010 data. The image is pre-
sented as a flattened polar projection.
The radial ticks outside the plot give the phases of observation. The dotted
circles from the centre are latitudes of +60� and +30�, the solid circle is the
equator and the outside circle extends to �30�. The coloured bar indicates a
gradation of spottedness with 0 (absent) to 1 (complete spots).

The resultant maximum entropy image reconstruction of the spot distribution
of HIP43720 is shown in Figure 5.2. This image is based on data from the 1st

to 5th of April 2010 inclusive.

This is then compared to maximum entropy brightness image for the obser-
vations undertaken at the AAT (Figure 5.3). Since the question this thesis is
attempting to answer is whether the ANU 2.3-m telescope and echelle spectro-
graph can do scientifically useful Doppler Imaging work, the results of these
comparisons are important.

5.6 Comparison Maps for HIP43720 - using the
AAT and 2.3-m

The first set of AAT results, i.e. those in Figure 5.3 contain only those ob-
servations, twelve in total, which were taken during the same time span as
the 2.3-m observations (i.e. 1-5 April, 2010). The observations on the AAT
are 800 second exposures as the AAT is a 3.9-m telescope as opposed to a
2.3-m telescope with a poor throughput echelle spectrograph. However, there
is sufficient detail in each map to see that they do correlate well, at least for
the major features with the 2.3-m map showing a similar polar spot and lower
latitude detail.

As a further comparison, Figure 5.5 shows a rectangular Doppler Imaging
Spot Occupancy Map of the AAT reduced data set as in Figure 5.3 displayed
from a different projection. It can be seen clearly that the majority of the spot
occupancy is confined to the polar region. Lower latitude features are also seen
at approximately 20-30�. Figure 5.6 shows a plot of surface spot occupancy as
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Figure 5.2: Maximum Entropy Brightness Image Combined for HIP43720 from April
1–5, 2010 on the 2.3-m . The image is a flattened polar projection. The radial ticks
outside the plot give the phases of observation. The dotted circles from the centre are
latitudes of +60� and +30�, the complete circle is the equator and the outside circle
extends to -30�. The coloured bar indicates a gradation of spottedness with 0 (absent)
to 1 (most intense)

a function of latitude for HIP43720 April 2010 AAT data set. Seen here is the
main maximum in spot occupancy at latitude 25�, with a further maximum
near the pole of the star (70�). The peak fractional spottedness for these two
maxima correspond to ⇠ 0.02% and ⇠0.24%, respectively.

The 2.3-m data in the same projection is shown in Figure 5.7 while the
fractional spottedness is shown in Figure 5.8 does not vary too much in latitude
but shows a higher spottedness level at the peak. Just like the solar butterfly
diagram helps define the dynamo operation of the Sun, a latitude distribution
plot can assist in identifying the kind of dynamo that may be operating in these
active young solar type stars. These fractional spottedness plots are created
following the technique in (Marsden et al., 2005). The plots are presented
as rectangular plots of the spot occupancy maps for HIP43720 for both the
AAT and 2.3-m data and they show clearly the latitudes at which the spot
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Figure 5.3: Maximum Entropy Brightness Image Combined for HIP43720 on the AAT
- flattened polar projection with the figure as explained in Figure 5.2 using data from
April 1-5, 2010.

occupancy of the targets are most evident, in this case from 50 -80�. The lower
latitude activity is visible as small light areas on both plots.

Maximum entropy fits to the LSD Stokes I profiles of HIP43720 for 32
exposures on 1, 2, 3 and 5 April 2010 are given in Figure 5.4. These fits
relate to Figure 5.10, the 2.3-m Maximum Entropy Brightness map using the
�2-minimisation technique. There are thin lines representing the observed
profiles and thick lines are the fits produced by the Doppler Imaging code.
Each successive image is shifted for graphical purposes. The number to the
right of each profile is the rotational phase of the observation.
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Figure 5.4: Maximum entropy fits to the observed LSD profiles of HIP43720 on 2.3-m
in April 2010. The thin lines are the observed LSD profiles, and the thick lines are the
modelled profiles. The rotational phasing of each observation is listed to the right of
each profile.
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5.7 HIP43720 - AAT Maximum Entropy Bright-
ness Maps

Figure 5.5: Rectangular AAT Doppler Imaging Spot Occupancy Map of HIP43720
April 2010 data set.

Figure 5.6: Plot of surface spot occupancy as a function of latitude of HIP43720 -
AAT



94

Figure 5.7: Rectangular 2.3-m Doppler Imaging Spot Occupancy Map of HIP43720
data.

Figure 5.8: Plot of surface spot occupancy (fractional spottedness) as a function of
latitude of HIP43720 - 2.3-m
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Figure 5.9: Maximum entropy brightness image for HIP43720 using all profiles from
AAT March 25 to April 5 2010

As previously mentioned the full AAT April observing run went from
March 25 to April 5, 2010 the map at Figure 5.9 shows the flattened polar
projection. In this map, which has a far greater phase coverage, there is more
detail in the polar spot and areas of light spot activity towards the equatorial
regions.

The last Maximum entropy brightness images for HIP43720 Figures 5.10
and 5.11 were created from the 2.3-m data using parameters were calculated
using the �2-minimisation technique in Chapter 4.5 . The map is slightly
different to the AAT and 2.3-m maps produced earlier in this section which
were done using the same parameters for the purpose of comparison. The
parameters found using the 2.3-m data compared to those found from the
AAT are given in Table 5.4.

The main difference was the vsini measurement which is at 39.8 km s�1 for
the 2.3-m data and at 39.5 km s�1 for the AAT and previously presented 2.3-m
map (Figure 5.3 and 5.2). These measurements are, however, still within the
error bars. Figures 5.12, 5.13 and 5.14 show the plots for the results of the
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Table 5.4: Comparison of Stellar Parameters for HIP43720: 2.3-m as found using
�

2-minimisation technique and those from Waite et al. (2011) for the AAT data.

Parameter AAT 2.3-m from
(Waite et al. (2011))

�

2-minimisation
technique

Equatorial Period 3.14±0.1 days —
Inclination Angle (i) 55±5� 58�

Projected ( vsini ) 39.5±0.5 km s�1 39.8 km s�1

Rotational Velocity
Photospheric Temperature (T

phot

) 6000±30 K -
Spot Temperature, (T

spot

) 4100±30 K -
Radial Velocity, v

rad

2.4±0.1 km s�1 2.4 km s�1

Stellar radius 3.0R�

�2-minimisation technique to the refine the data for radial velocity, vsini and
stellar inclination angle (i).

It is believed that this star has a small faint companion but it has not yet
been found. This has been put forward to explain the radial velocity changes
that this star seems to experience. In 2010 it was 2.2 km s�1 and in 2011 it is
2.4 km s�1. (Waite et al., 2012)

5.7.1 Summary of Stellar Parameters

It can be seen from Figures 5.12, 5.13 and 5.14 that the �2 values are reason-
ably parabolic. The plots show a minimum, which is the most suitable value
for the derived parameter to produce the best modelled fit to the observed
data.

The final values for the stellar parameters using the �2-minimisation tech-
nique are: Radial velocity: 30.9 km s�1

vsini : 89.5 km s�1 and
Stellar Inclination Angle (i) : 55�.

5.8 Summary and Conclusions

In this chapter observations of HIP43720 with both the AAT and 2.3-m tele-
scope have been presented, reduced, and analysed using the technique of
Doppler Imaging. Known fundamental parameters of the star were listed and
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Figure 5.10: Maximum Entropy Brightness Image for HIP43720 using �

2-
minimisation on the 2.3-m data.The image is a flattened polar projection. The radial
ticks outside the plot give the phases of observation. The dotted circles from the centre
are latitudes of +60� and +30�, the complete circle is the equator and the outside circle
extends to -30�. The coloured bar indicates a gradation of spottedness with 0 (absent)
to 1 (most intense)

then examined independently through the maximum entropy code to find that
most values were within the error bars. The maps produced from both the
AAT and 2.3-m telescope have been compared and variations noted. The
AAT because of its larger mirror and higher resolution spectrograph is capable
of resolving more surface detail. The results show, that the ANU 2.3-metre
telescope and its echelle spectrograph can obtain adequate maps even with
this fainter, slower rotating object than AB Dor and that it is possible to do
scientifically useful observations for DI with this telescope.

Spectral resolution and signal-to-noise ratio, which are equipment limita-
tions, affect the resolvability of the surface features in a spot occupancy map
particularly for faint targets. The limitation of signal-to-noise ratio can be
counteracted by the use of LSD which is used to produce high signal-to-noise
ratio profiles. The recoverable spot coverage is heavily reliant on the spatial
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Figure 5.11: Rectangular 2.3-m Doppler Imaging Spot Occupancy Map of HIP43720
using f�2-minimisation on the 2.3-m data.

Figure 5.12: Graph of �2 versus Radial Velocity

Figure 5.13: Graph of �2 versus vsini
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Figure 5.14: Graph of �2 versus Stellar Inclination Angle (i)

resolution, especially for targets with low values of vsinii (Piskunov et al.,
1990). This must be taken into account when comparing spot coverage per-
centages of targets with different vsinii values. Even with the advances in
astronomical equipment that has occurred over the last 20 years, the issue of
low resolution combined with low vsinii values must be taken into account,
especially when choosing targets for observation.

At 39 km s�1 as a projected rotational velocity, HIP43720 was at the lower
end of what had been believed could be imaged with the 2.3-m telescope and
the echelle spectrograph. It is also a faint star requiring the 1800 sec exposures,
which are the maximum time for an exposure due to the problem of cosmic
rays. In the LSD profiles you can see the slight line deformation due to the
presence of spots. However, we were able to get a reasonable signal-to-noise
on average around 875 for each exposure. The ability to map this star further
confirmed the capability of the telescope and instrument but also that it could
observe stars at the lower end of the projected rotational velocity scale.

The observations and creation of DI maps for AB Dor and HIP43720 that
have been compared with maps made from data collected at the AAT has
shown it is possible. This makes the 2.3-m with the echelle spectrograph an
ideal instrument to increase the sample size of southern targets being analysed
using DI. This can be achieved by extending the current target list as well as
obtaining more long term observations of the current targets, building up a
representative sample of the activity of young solar-type stars. Other areas
where DI would be of value is in considering the properties, including size,
distribution and longevity of active regions on stars across the H-R diagram.
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Through the production of comparison maps for AB Dor and the slower
HIP43720 this work has clearly demonstrated that it is possible to map young
suns with the ANU 2.3-metre telescope. In doing so it has laid the groundwork
for a larger long-term survey of the powerful activity and dynamo of stellar
proxies of early solar evolution. Such a program will enable the study the long-
term evolution of spot coverage, spot distribution, prominence expulsion, and
differential rotation and the emergence of the magnetic cycle, which is a key
aspect of the solar dynamo today. Such observations are important ingredients
in understanding early stellar evolution and how intense solar activity has
influenced the early development of the solar system and the habitability of
the Earth itself.
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Chapter 6

Conclusions and Future Directions

6.1 Introduction

Given that young solar-type stars are characterised by rapid rotation and
strong spot activity Collier-Cameron (2000), DI offers an effective way to probe
their dynamos. In particular DI of starspots can be used to assess the spot
latitude distribution and differential rotation of young solar analogues, thereby
providing empirical data to compare with the predictions of interface-layer and
distributed dynamo models.

Even solar-type dynamo models cannot be adequately tested using solar
observations alone, as it is not possible to vary any of the parameters of the
Sun. As the number of stars upon which long-term studies can be undertaken is
increased, so is the potential to measure directly the systematic variations with
stellar properties and long-term changes to better constrain the theoretical
models. Spot evolution, solar-like cycles and changes in differential rotation
will place important constraints on theoretical models using active regions and
their evolution on various timescales.

There are currently a number of stars identified as suitable or potentially
suitable for cool star DI studies in the Southern hemisphere. These include
those from the survey of Waite et al. (2011); those potential candidates from
the survey mentioned earlier in this thesis and others previously known, in-
cluding AB Dor, HD106506, R58 and HIP43720. The majority of these stars
are brighter than magnitude 10 and have a vsini greater than 40 km s�1 and
so would be suitable for observing with the 2.3-m telescope. The ongoing sys-
tematic observations of these targets can allow the study the evolution of spot
features, prominence activity and identification of activity cycles on young
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solar type stars.

6.2 Doppler Imaging into the Future - Long-
term Monitoring for Solar-like Cycles

The sample size of solar-type stars studied using DI, ZDI and differential rota-
tion analysis remains small in a statistical sense. An improved understanding
of dynamo processes requires an increase in this sample size across spectral
types, rotation rates and activity indices. This work, however, requires long-
term access to telescope time, at regular intervals to monitor any cyclic activity
and changes in spot distribution and differential rotation.

Järvinen et al. (2005) reported evidence for a possible activity cycle for
AB Doradus of ⇠ 20 years and the possible presence of a flip-flop cycle of
⇠5.5 years. Innie teal (2008) repeated the study with new data and also de-
termined a cycle period supporting the ⇠20 year period suggested by Järvinen
et al. (2005) while Lalitha and Schmitt (2013) presents evidence of a 17 year
photometric cycle. Long-term on going observations of stars like AB Dor en-
able detailed study of activity cycles that may occur on young solar-type stars.

This project has laid the groundwork for follow-up studies of the nature
of the activity and dynamo of stars representing early solar history. Time on
large telescopes, (such as the AAT), can be particularly competitive and hard
to obtain, and so the suitability of the 2.3-m for Doppler Imaging now offers
a useful alternative for DI studies.

6.3 Issues and Challenges

Doppler Imaging studies using the 2.3-m telescope currently face some limita-
tions and challenges. While some of these are common to all DI studies, some
are unique to this specific telescope setup. The constraints include the magni-
tude of the target stars and their rotational velocity and rotational period.

For the 2.3-m, the target star needs to have a visual magnitude preferably
brighter than 10 while the AAT and UCLES can observe stars up to magnitude
12. This is most critical if the star is an ultra-rapid rotator, as phase smearing
becomes an issue when exposures greater than 1-2% of the phase period are
required. These constraints can be overcome with long period observations
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with regular long observing runs covering multiple rotation periods of the
various target stars.

Another issue has been with the data reduction software ESpRIT.
ESpRIT software is a custom-written package written expressly for re-

duction of data collected on the AAT with UCLES when configured for ZDI
observing.

Due to the peculiarities of the instrumental setup used for ZDI, Donati
and Brown (1997) developed a dedicated package for image extraction (Men-
gel, 2005). Each order produced by UCLES include two spectra; one for each
polarization state and the setup uses the Bowen-Walraven image slicer to pro-
duce a complicated order section profile, which results in distortion in the slit
shape. Donati and Brown (1997) discusses how these peculiarities present dif-
ficulties for more conventional data reduction routines. UCLES is in a far more
stable environment where few, if any, changes occur between runs, whereas the
echelle instrument is one of two instruments on the Nasmyth B focus of the
2.3-m telescope and is often removed between runs. Each new observing run
requires a manual setup, and it is not always possible to get exactly the same
setup as for previous runs.

Many parameters are hard coded into ESpRIT, and this requires code
modification and recompiling when analysing new target stars. In addition,
the FITS file headers differ between both telescopes and it was necessary to
write scripts to amend the headers. The 2.3-m headers do not record HJD and
so the IRAF setjd task needs to be run on each nights data to set the Julian
date so that phase information to be calculated, and accurate DI maps to be
produced. The process of reducing the data from raw fits to final Doppler
Image map also requires many steps and manual inputs. The software was
written to work with fibres, not the long slit of the 2.3-m echelle so moving
forward one future task would be to incorporate some software work-arounds
into more permanent code changes and develop as automated a data reduction
pipeline process as possible.

Creating robust and semi-automatic data reduction pipeline software that
would work with minimal tweaks and make the necessary adjustments in soft-
ware that it is so difficult to achieve in hardware would be a worthwhile project.

The 2.3-m echelle is a long slit spectrograph with less resolution, less orders
and different chip geometry so the routines for geometry, wcal and extract, as
described in Chapter 3, all required to be modified to work with 2.3-m data.
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Using a target which is well known as far as stellar parameters and general
surface features are concerned, (such as AB Dor), was a useful confirmation of
the results.

Another issue is that the echelle on the 2.3-m has to be physically adjusted
and setup for each run. This is a particularly manual process involving the
adjusting of a vernier to the required setting, taking an arc frame to check the
location of the chosen calibration pixels and repeating the process until the
resulting setup is as close as can be achieved. It is thus almost impossible to
get precisely the same set up the same for two runs. In contrast, on the AAT
the amount of tweaking between runs is minimal; even when those runs are
separated by periods of up to six months.

A major challenge is that the 2.3-m echelle spectrograph and its detector
are old, inefficient and have ongoing problems including the number of occa-
sions where more than 60% of the biases, flats or arcs taken on a night are
not usable. A new instrument, which could operate from Cassegrain focus and
have the spectrograph or spectropolarimeter instrument located in a stable
clean room, would improve the usability of the set up considerably.

Continuous high-resolution spectra from an observing site that operates
for many years without significant instrumental modifications could then pro-
vide observations, of a consistent quality for comparing Doppler maps across
complete activity cycles.

6.4 Concluding Thoughts

This thesis project concentrated on assessing the suitability of the Australian
National University’s 2.3-m telescope for Doppler Imaging (DI) studies of stel-
lar activity; and the observations and creation of DI maps for AB Dor and
HIP43720 that have been compared with maps made from data collected at
the AAT suggests this is possible. At 39 km s�1 as a projected rotational
velocity, HIP43720 was at the lower end of what is normally imaged. It is also
a faint star requiring the 1800-second exposures, the maximum time for an
exposure due to the problem of cosmic rays. In the LSD profiles, slight line
deformation due to the presence of spots can be seen and an acceptable signal
to noise on average around 875 for each exposure was able to be obtained.

In overall terms, the 2.3-m with the echelle spectrograph, then offers a way
to increase the sample size of southern targets being analysed using DI. Such
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a survey can be achieved by extending the current target list and long term
observations of current and new targets, to build a representative sample of
the activity of young solar-type stars. DI would also be of value are in studying
more generally the properties (including sizes, distributions and longevity) of
active regions on stars across the H-R diagram.

In conclusion, through the production of comparison maps for AB Dor and
HIP43720 this work has demonstrated that it is possible to map “young suns”
with the ANU 2.3-metre telescope. In doing, so it has laid the groundwork for
a larger long-term survey of the powerful activity and dynamo of stellar proxies
for early solar evolution. Such observations are of value in understanding early
solar evolution, and how intense solar activity influenced the early development
of the solar system and the habitability of the Earth itself.
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This table shows the spectral range for each of the orders on the 2.3-
metre high resolution echelle spectrograph. It also shows the wavelength in
the middle of the order. This table is useful in planning the observation run
as well as in setting up the instrument to ensure correct order selection for
wavelength coverage. It also shows how from the lower to higher order the
coverage is reduced as is the order overlap. This project used orders 34 to
57 to obtain coverage from Li (6707Å ) H↵ (6562Å )and CaHK (3934Å )
(emission) and (3968Å )(absorption).
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Table A.1: Spectral Format Tables for 2.3-m Telescope Echelle Spectrograph.

Order Wavelength Wavelength Wavelength Free
Minimum Centre Max Spectral

Range
Å Å Å Å

60 3725.08 3756.38 3787.68 62.61
59 3787.72 3820.09 3852.46 64.75
58 3852.48 3885.98 3919.48 67.00
57 3919.50 3954.18 3988.87 69.37
56 3988.87 4024.81 4060.74 71.87
55 4060.74 4097.99 4135.25 74.51
54 4135.23 4173.88 4212.53 77.29
53 4212.50 4252.62 4292.74 80.24
52 4292.71 4334.39 4376.06 83.35
51 4376.02 4419.35 4462.68 86.65
50 4462.63 4507.71 4552.78 90.15
49 4552.73 4599.66 4646.60 93.87
48 4646.53 4695.44 4744.35 97.82
47 4744.28 4795.29 4846.31 102.03
46 4846.22 4899.48 4952.73 106.51
45 4952.64 5008.29 5063.94 111.30
44 5063.84 5122.04 5180.25 116.41
43 5180.14 5241.08 5302.02 121.89
42 5301.90 5365.78 5429.66 127.76
41 5429.53 5496.56 5563.59 134.06
40 5563.46 5633.88 5704.30 140.85
39 5704.15 5778.23 5852.31 148.16
38 5852.15 5930.18 6008.21 156.06
37 6008.04 6090.34 6172.64 164.60
36 6172.45 6259.39 6346.33 173.87
35 6346.12 6438.10 6530.07 183.95
34 6529.85 6627.31 6724.77 194.92
33 6724.54 6827.99 6931.45 206.91
32 6931.19 7041.21 7151.23 220.04
31 7150.95 7268.18 7385.41 234.46
30 7385.11 7510.28 7635.45 250.34
29 7635.12 7769.06 7903.01 267.90
28 7902.65 8046.33 8190.01 287.37
27 8189.60 8344.13 8498.65 309.04
26 8498.19 8664.82 8831.45 333.26
25 8830.93 9011.16 9191.38 360.45
24 9190.79 9386.34 9581.89 391.10
23 9581.21 9794.13 10007.04 425.83
22 10006.26 10238.97 10471.67 465.41
21 10470.75 10726.14 10981.52 510.77
20 10980.44 11261.99 11543.53 563.10
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Appendix B

Preliminary Survey for Southern
Doppler Imaging(DI) Candidates
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Table B.1: Echelle Exposure Times for Bright Magnitudes(Bessell, 2011).

Magnitude Exposure Time Magnitude Exposure Time
(secs) (secs)

3.5 30 8 240
4 60 8.5 340
4.5 45 9 450
5 60 9.5 650
5.5 60 10 900
6 80 10.5 1200
6.5 100 11 1800
7 120 11.5 1800
7.5 180 12 1800

B.1 Introduction

Over 200 young F, G and K spectral type HIPPARCOS unresolved vari-
able stars were observed with the object of identifying suitable candidates
for Doppler Imaging studies.

To determine their multiplicity, targets which appeared to have a rotational
velocity greater than 20 km s�1 were observed at least twice, several hours or
a day apart. The initial survey runs were on August 12-17, 2008; December
31, 2008 - January 4, 2009, and further survey work was undertaken on those
nights when weather prevented DI observations. These included: June 11,
2009, February 26/27, July 18, July 22, August 28/29, September 16/17, 2010
and June 25/26, 2011 and April 5, 2012.

Exposure times for the survey stars ranged from 60 to 1,200 seconds and
were calculated based on Table B.1. The stellar magnitudes ranged from 1.87
to 10.15 with the majority of targets being between 6 and 9 magnitude.

The target list was chosen using the original list from Koen and Eyer
(2002). Late F to early K spectral type unresolved variable stars were selected
using the following criteria: young stars, brighter than tenth magnitude and
variability between 0.04 and 0.1 magnitude. Variability less than 0.04 mag-
nitudes would mean that any spot activity would not be detectable via the
deformation of the line profiles and variability greater than of 0.1 magnitudes
the star would most likely be an eclipsing binary (Marsden et al., 2005; Waite
et al., 2011).
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Surveyed stars considered to be good candidates for DI follow up needed to
be single or a wide binary, rapid or ultra rapid rotating stars showing evident
line deformation and a vsini of at least 40 km s�1. Close binaries can be
studied with DI but tidal interactions between the stars can, for example,
reduce differential rotation on the surfaces of the involved stars(Moss and
Tuominen, 1997). The spectral lines of both components may be visible in the
spectrum in the case of close spectroscopic binaries. Radial velocities of both
components need to be measured to obtain an accurate value of the orbital
and rotational period as well as refining other stellar parameters.

The vsini constraint is based on spectral resolution as discussed in 2.4.2
as well as on the vsini of the target star. Although it is possible to use the
DI technique on slower targets - stars with low rotational velocities give a
degraded spatial resolution as the number of surface elements on the star that
are resolvable is based both on the resolution of the instrument and the vsini.
Spectral resolution and throughput are both instrument limitations, which
affect the resolvability of the surface features in a spot occupancy map. The
resolution of the 2.3-m echelle is at best 27,000 but averages about ⇠24,000
and the throughput is considered to be low.

The resolution of DI is determined by the projected stellar rotation ve-
locity vsini, as well as by the spectral resolution and noise of the observed
spectra. The issue of minimal spectral resolution or minimum for useful DI
was discussed in Piskunov et al. (1990). They considered resolutions ranging
from 20,000 to 50,000 and considered vsini values between 15 km s�1 and 30
km s�1. At the lowest spectral resolution and with vsini of 30 km�1 they could
still accomplish reasonable recovery for the coarse features and similarly for
the highest resolution and a vsini of 15 km s�1.

The LSD profile of the observed star provided the first indication of the
vsini, multiplicity and line deformation which may indicate the presence of
starspot activity as can be seen in Figure B.1. From the survey, a number
of targets have been identified as suitable for follow up DI and spot mapping
as they have a large vsinii. Two of these are covered in more detail later in
Appendix D.

It is obvious that from one spectrum or LSD profile of a star with potential
spot activity it is possible to find the information about the longitude of the
cool feature on the stellar surface. In order to reconstruct the latitude posi-
tion a series of spectral line profiles are necessary taken at as many different
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rotational phases of the star as possible.
In the profiles in Figure B.1 the arrows mark the location of possible spots.

As the star rotate then the spot can be observed from different angles and
perspectives. The bump or deformation will then appear at different parts of
the line profile. To identify whether there is a polar or whether the spots are
nearer to the equator requires analysis of as many spectra as possible. If the
spot is close to the pole then the deformation will stay close to the central or
lower part of the profile. A large polar spot will be evidenced by a characteristic
flattening at the bottom of the profile. These spots tend also to move more
slowly through the spectral line. Spots at lower latitudes can travel across the
whole profile at a much higher speed than polar spots and can be seen to cause
deformation even up near the wings of the profile.

Figure B.1: LSD Profiles of Rapid Rotators from August 2008 observing run showing
line deformation which could be evidence of the presence of starspots.

Twenty-one rapid or ultra-rapid rotating stars were identified that also
showed evidence of starspot activity via deformation of their line profiles. Two
of these new ultra-rapid rotators and are discussed in Appendix D.

Waite et al. (2011) defined a terminology to classify solar-type stars on the
basis of their projected rotational velocities.

The classifications are:

• Slow Rotators (SR) with vsini < 5 km s�1;

• Moderate Rotators (MR) with vsini 5  < 20 km s�1;
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• Rapid Rotators (RR) with vsini between 20 and 100 km s�1;

• Ultra-Rapid Rotator (URR) with 100  vsini <200 km s�1; and

• Hyper-Rapid Rotators (HRR) whose vsini are � 200 km s�1.

Eighteen possible spectroscopic binaries were also identified via their LSD
profiles. Examples are given in Figure B.2 of how the binary system may
be easily detected using the LSD profile. These three stars are not listed as
binaries on Simbad or in the literature.

Figure B.2: LSD Profiles of 3 Spectroscopic Binary Stars Identified during the DI
Survey

B.2 List of Survey Stars Observed as Part of the
Southern DI Candidate Survey

The stars below have been observed as noted and initial work has been done
on identifying their rotational velocities and suitability for Doppler Imaging
surveys
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Appendix C

Input File Formats for the
Reduction and Analysis of Targets

Data collected as per the methodology discussed in Chapter 3 needs to be con-
verted into wavelength calibrated spectra. To achieve this, a custom-written
package called ESpRIT (Echelle Spectra Reduction: an Interactive Tool) is
used.

A summary of the operation of ESpRIT was also given in Chapter 3 and
the various input files required to take the raw observation to the final map
are shown in this Appendix.

A more detailed description can be found in Donati and Collier-Cameron
(1997)

Since the 2.3-m data is very different from the AAT data (for which ES-
pRIT was written) a number of modifications are necessary. Before the data
can be used by ESpRIT the headers need to be modified. After the headers
and Julian Date issue are fixed then the initial data reduction needs four steps
to turn the modified raw frames into wavelength calibrated spectra and then
three more steps to create the map.

Each of these steps require input files and this section provide typical
examples of these files.

C.1 Preparation of Data

This step modifies the FITS headers to work with the soft are and to update
the Julian Date using IRAF.
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Table C.1: The following table shows the FITS Header Modifications and additions
which are needed for ESpRIT to work with 2.3-metre data.

OBSERVAT SSO
TELESCOP 2.3 m
EPOCH 2012.271533
UTDATE 2012-04-09T16:15:20.5
HASTART -2:55:50
HAEND -2:40:47
ZDSTART 37.59457
ZDEND 34.41
UTSTART 16:15:21
UTEND 16:30:21
MEANRA 274.9683333
MEANDEC -29.27583333
UTMJD 56026.67734
TOTALEXP 899.993
STSTART 15.41425
STEND 15.66502778
LAT_OBS -31.27336
LONG_OBS 149.0612
ALT_OBS 1149
JD 2456027.183
HJD 2456027.184
LJD 2456027

This is a Typical Input File for Creating a Master Flat for use in the
calibration process. A similar process is run to create a Master Bias as well.

Table C.2: Typical Input file for creating a master flat

Name of first file 2011012100012.fits

Median Value D

No of Files you want to operate on 5

List of filenames 2011012100043.fits

2011012100044.fits

2011012100045.fits

2011012100046.fits

Save s

Output as a 16 bit fits file 16

Master Flat Filename flat.fits

Quit: q
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C.2 Step 1: Geometry Correction

This is a typical input file to set up the geometry of the chip, to trace the
echelle spectra on the detector so the software knows where to find information
it needs. Detector geometry data is manually entered via the geom.in file. The
software then analyses the flat, bias and arc frames and generates polynomials
for tracing on the spectral orders on the CCD and is output to the geom.dat
file. The input file provides an estimate of the location of the centre of the field
and the width of the first order. The ESpRIT code then locates and traces
each order in the flat-field frame.

Table C.3: Typical Geometry_23m Input File

Flat field exposure:
Name of file to read FITS data from flat.fits

Comparison:
Name of file to read FITS data from arc.fits

for Fabry-Perot exposure (not used in DI) n

Fabry-Perot:
Name of file to read FITS data from bias.fits

Input CCD subformat (pix0, npix for each axis) 55 2045 1 2050

Is dispersion along columns n

Is wavelength increasing with pixels along orders n

Do you want to invert orders n

Centre point of first order (at row 1000) 60.5

Approximate separation between orders 107

Starting order 34

Increment number for orders 1

Number of orders 24

Correct for slit curvature y

File to save data to geom.dat

Do you want to save reduced comparison spectrum y

File to Save Stokes I profile to th.s

C.3 Step 2: Wavelength Calibration

The script wcal_23m takes the information manually specified in the wcal.in
file and then generates polynomials that represent the wavelength calibration
for each spectral order. In the wcal.in file the initial wavelength position and
dispersion measurement for the first order are manually entered. The ESpRIT
code then attempts to calibrate the first selected order; starting with the initial
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input and an atlas of known line positions, the code performs a preliminary
identification of lines which should be present in the selected order and then
iteratively calibrates each order.

Table C.4: Typical Input File for Wavelength Calibration

Uncalibrated spectrum of comparison lamp
Name of file to read Stokes I profiles from: th.s

How many orders in the spectrum 24

Number of starting order (pix 0 to 2044) and order increment: 34 1

Do you want to use an a priori calibration table (y/n): n

Approx lam0 (nm) and disp. (nm/pix) for order 34: 653.524 0.09154

Name of file to read th-ar line wavelengths from: thar.arc

Name of file to save Stokes profiles to: th.ws

Name of file to save calibration table to: calib.dat

C.4 Step 3: Spectra Extraction

Extraction of the Intensity Spectra requires the extraction of the stellar expo-
sure, a flat-field exposure and a bias exposure in conjunction with the output
of the previous two steps.This produces a preliminary spectrum, which is au-
tomatically corrected for the heliocentric motion.

Table C.5: Typical Input File for Extract_23m

Stellar Exposure:
Name of file to read FITS data from: ABDor230120.fits

Flat field exposure:
Name of file to read FITS data from flat.fits

Bias:
Name of file to read FITS data from bias.fits

Name of file to read geometry data from: geom.dat

Detector gain (e/ADU) and read noise:
(from RSAA detector webpage) 2.44.4

Optimal Extraction of spectrum y/n y

Rejection threshold - use default value 10.0

Do you have calibration information y

Name of file to read calibration table from: calib.dat

Do you want spectrum to be normalised y

Name of file to save stokes profiles to: ABDor230120.dat
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C.5 Step 4: Removing the Telluric Lines

Typical Inputs for sum_tel for the Removing of Telluric Lines
In this step the telluric lines from the spectrum are extracted. This allows

the software to make minor shifts in the spectrum to correct for small instru-
mental shifts. It essentially extracts the telluric lines to produce a LSD profile
of these lines, fits a Gaussian to the LSD profile and estimates the shift in that
profile and compares what the position should be.

Table C.6: Typical Input File for Sum_tell

Intensity Spectrum: Name of file to read Stokes I data from: ABDor230120.dat

Name of file to read lines from: /toolkit/atlas/tel

Weighting:
0: g, 1: prof⇤g, 2: lam⇤prof⇤g, 3: prof,
4:lam⇤prof, 5: 1, 6:prof⇤ (lam⇤g)2: 2

Upper and lower velocities in km s�1: �210210

Velocity step in LSD profile in km s�1; 4.2

Width of Fourier filtering (pixel): 4.2

Do you want to save results y

Name of file to save Stokes profiles to: tel.lsd

Typical Inputs for gfit_tel.in

Table C.7: Typical Input File for Gfit_tell

Name of file to read Stokes I profiles from: tel.lsd

File to be selected (1-2): 1

C.5.1 Typical Input File for Gfit

Table C.8: Typical Input File for Gfit

Name of file to read Stokes I profiles from: ABDor230120.dat

File to be selected (1-2): 1

Shift in km/s: 2.88

Name of file to save Stokes profiles to: ABDor230120dopcor.dat

C.6 Step 5 - Least Square Deconvolution

Typical Inputs for sum.in
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Table C.9: Typical Input for sum.in to create an LSD Profile

Name of file to read Stokes I profiles from ABDor230120dopcor.dat

Name of file to read lines from: /Users/donna/toolkit/atlas/k1

Weighting:
0: g, 1: prof⇤g, 2: lam⇤prof⇤g, 3: prof,
4:lam⇤prof, 5: 1, 6:prof⇤ (lam⇤g)2: 2

Upper and lower velocities in km s�1 �100 210

Velocity step in LSD profile in km s�1 4.2

Width of Fourier filtering (pix): 4.0

Do you want to save results: y

Name of file to save Stokes profiles to: ABDor230120.lsd

C.7 Step 6: Reformatting the Line Profile Data

List of Typical Parameters and Layout for reformat.in
Reformat takes the data from sum and then makes the .dat file required

for ZDICam by taking the data from the previous steps and rearranging them
into a form suitable for the imaging codes in the next step to make the intensity
map. and rearranges it for input to the imaging codes. It also make use of
photometric data if it is available.

Table C.10: Typical Input values for reformat.in

Do you want to include Photometry: n

Is it a binary star: n

How many phases to read: 10 will equal number of profiles you have

Number of lines to extract: 1

p Mean

lam (nm) 0.00

Left and right span (nm) �100100 (vsinifrompointsselectedonprofilewings)

Shift (nm) valueofradialvelocity

Continuum level for line 0 0.9985

Name of file to read Stokes I profiles from: ABDor230101.lsd

File to be selected 1
Type of Observation I (from intensity profile)

Phase 0.0000 (from calculation)

SN 877 (from sum.log)
Resolution for spectrum 0 24,000 (from wcal.out)
File to output data to ABDor.s
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Table C.11: Input Table for use in Creating reformat.in

filename profile Type of phase SNR resolution

obs

ABDor110121014.lsd 1 I 0.0000 857 24000
ABDor110121015.lsd 1 I 0.0138 854 24000
ABDor110121017.lsd 1 I 0.0746 854 24000
ABDor110121018.lsd 1 I 0.0884 849 24000
ABDor110121019.lsd 1 I 0.1022 845 24000
ABDor110121020.lsd 1 I 0.1160 840 24000
ABDor110121021.lsd 1 I 0.1300 846 24000
ABDor110121022.lsd 1 I 0.1437 848 24000
ABDor110121023.lsd 1 I 0.1575 846 24000
ABDor110121024.lsd 1 I 0.1715 844 24000
ABDor110121025.lsd 1 I 0.1853 839 24000
ABDor110121026.lsd 1 I 0.1991 800 24000
ABDor110121027.lsd 1 I 0.2129 836 24000
ABDor110121028.lsd 1 I 0.2269 833 24000
ABDor110121029.lsd 1 I 0.2413 825 24000

Gscale normalises equivalent width of all LSD profiles to first LSD profile
in list and then takes the information from previous profiles and selects the
best. It also flattens out the wings that makes for a better fit to model data.
This gives a graphical output of Signal to Noise to Equivalent Width.

Table C.12: Typical Input Values for gscale.in

Name of file to read spectral data from: filename.s

Name of file to save spectral data to: filename.rs

C.8 Step 7: Imaging

Typical Input factors for ZDICam

The maximum entropy code called ZDICAM was developed by Brown
et al. (1991); Donati and Collier-Cameron (1997). It works on the principle of
a statistical analysis of the output of the image reconstruction that involves
the minimum amount of surface spot features to solve for the variations in the
observed spectroscopic data. It then used a �2 value to determine what the
best fit for the model against the given information, where the lower �2 value
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the more correct the solution.

Table C.13: Typical Input Values for zdicam.in

Is it a magnetic image: n

Read an old image file: n

Number of grid points, inclination angle vsini : 5000 60 90.0

Photospheric EW fit: n

Default filling factor: 1

Default Photospheric temp; spot temp T_eff : 5000 3500

Delta and gamma for differential rotation: 0.000 0.0000

Outfile from gscale: ABDor.rs

Profile tab - this file is a presentation of a slowly rotating star: Gau_14.tab

Multiplication factors for line: 0.6400.320

Do you want to use mean LSD profile: y

What is the largest phase smearing allowed? 1

Oversampling factor: 1

Do you wish to weigh the pixels by cell area? Y

Lfac value for iteration - assuming a linearisation of the maximum entropy: 1

Input values for Caim and Maxit: 0.2 25

Output brightness file text file: ABDor.b1

Do you want to save synthetic spectra: y

Output spectral data - modelled LSD profiles: ABDor.s1

Creating a Map Using GDATA2 with
Input File new.in

Table C.14: Typical Input values for new.in

Rectangular, polar or spherical view (r/p/s): S spherical, p polar, r - rectangular
Number of plots, npx, npy: 111

Name of file to read brightness data from: zdicam.b1

Name of file to read spectral data from: zdicam.s1

Plot color (bw: 0; brown:1, blue/red:2, green/red:3) 1

Phase range: 0.01.0

Thresholds: 1.00.0

Label on x axis: SpotOccupancy

Title Hip43720
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Appendix D

Two Ultra-Rapidly Rotating
Young Active Targets for Doppler
Imaging Follow up.
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D.1 Introduction

The following two stars are highlighted, as they are potential targets for fu-
ture Doppler Imaging. Each LSD profiles of the individual stars show spectral
line deformation in their profiles which may indicate the presence of starspots.
Each star has been observed on multiple occasions and show definite variation
in its LSD profile between observations. The stars will need further exami-
nation to determine if the line deformation is due to spot activity or the star
being a binary. These stars were also chosen as their H↵ profiles show that
H↵ is in emission in these stars. If there is variation in the H↵ profile, as
demonstrated for HIP2729 and HIP108422, then this could indicate that the
stars have prominences, that could be mapped, using the technique of Doppler
Imaging on the H↵ profile alone (Donati et al., 2000). It is thought that
prominence expulsion could play a major part in the angular momentum loss
from a star, and prominence mapping can be done on relatively faint stars, as
evidenced by Donati et al. (2000).

D.2 HIP2729 (HD3221)

This is K5V dwarf star with a mass of 0.9 solar masses and a vsini of around 130
km s�1 and an age of around 20-30 Myr (Scholz et al., 2007; Zuckerman et al.,
2004). This star has a short period of approximately 9 hours and displays
active spot activity as well as possible prominence activity. It is a possible
member of the Tucana-Horologium Association and is located around 54.9
parsecs from the Earth (Torres et al., 2006). It is a chromospherically active
star with a H↵ equivalent width of 2Å± 0.24 H↵.

The profile in Figure D.1 shows the LSD profile for this star and the H↵

profile. The deformation of the line profile is most probably due to the presence
of large spot groups. In this case there is a very flat bottom to the profile, which
is usually indicative of a large polar spot. The H↵ profile of HIP2729 shows
some possible variability which may possibly be due to prominence activity.

D.2.1 Stellar Parameters

Table D.1 shows the various stellar parameters from literature for HIP2729.
The initial exposure times for this star were 650 seconds and showed the

broad LSD profile and and characteristic "bump" in the profile. However, the
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Figure D.1: Least-squares deconvolution profile (upper), and H↵ profile (lower), for
the Ultra-Rapid Rotator: HIP2729
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Table D.1: Stellar Parameters for HIP2729.

Parameter Value Refs

Age 20-30Myr (Zuckerman and Webb, 2000)
Distance 54.9 pc (Scholz et al., 2007)
Magnitude (V) 9.56 (van Leeuwen, 2007)
Spectral Type K5V (Scholz et al., 2007)

K4Ve (Torres et al., 2006)

Stellar axial
Inclination, i 55� ±5� (Zuckerman et al., 2011)
Projected equatorial
rotation velocity vsini 127 ± 2.5 km s�1 (Torres et al., 2006)
Photospheric temperature 4,400 � ± 30 K (Zuckerman et al., 2011)
Spot temperature 3,800� ± 30 K (Zuckerman et al., 2011)
Radial velocity 5.7 km s�1 (Malo et al., 2013),

(Torres et al., 2006)

Mass 0.9 solar masses (Zuckerman et al., 2011)
Radius 1.1 Solar Radius (Zuckerman et al., 2011)
Rotational Period at ⇠0.4±0.1days (Torres et al., 2006)
Equator

original profiles were very ’noisy’ and the signal-to-noise was only 40 in order
34 so exposure time was increased to 900-seconds. This was necessary to gather
sufficient light to undertake effective Doppler Imaging as it is the faintest of
the targets for which a preliminary collection of snapshots were taken. It
was necessary to select an exposure time that also reduced the generating of
rotational broadening due to the rapid rotation of ⇡128km s�1. Since the star
is believed to have a period of only 0.4± 0.1 days the star rotates 1� in 96 secs
so 900 seconds would see it cover ⇡9.4� which is 2.6% of the rotational period.
With this exposure time for a star of this magnitude it was still possible to
obtain a signal-to-noise ratio of 78 at order 34 and an overall mean SNR of
780 in the LSD profile was achieved.

HIP2729 certainly displays spot deformation over a short period of time.
From its H↵ profile it also may have prominence activity and this is some-
thing that will be followed up on future observing runs. It is classified as an
ultra-rapid rotator being between 100 and 200 km s�1. Since HIP2729 has
H↵ emission but no apparent HeI, although an explanation may be that the
extreme broadening go the spectral line is hiding the HeI line. It is most likely
caused by the chromospheric activity broadened by its fast rotation rather
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than by being an accretor, another cause could be an undiscovered close bi-
nary. However, it has been studied extensively in X-ray, radio and UV and
including the Spitzer and Hubble Space Telescope looking for a planet or sub-
stellar companion so far without success. The star has been observed on one
or two half nights over the last 3 years and there is no evidence, as yet, in the
LSD profile of a secondary star.

D.3 HIP108422 (HD208233)

This is a Pre Main Sequence 1.1Modot G8 or G9 star, considered to be a member
of the Tucana-Horologium Association and therefore aged around 20-30 Myr.
HIP108422 is a ultra-rapid rotator with a projected rotational velocity vsini
of 128 km/s Zuckerman and Webb (2000).

Chauvin et al. (2003) believes that this star has a low mass companion
as shown in Figure D.2. The presence of a low mass companion can cause
variations in the radial velocity and H↵ activity can also be a result of a
stellar or sub-stellar companion.

Figure D.2: ADONIS/SHARPII AO classical imaging of HIP108422 showing a possi-
ble low mass companion. (Chauvin et al., 2003)
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Table D.2: Stellar Parameters for HIP108422

Parameter Value Refs

Distance 45.9 pc (Scholz et al., 2007)
(Chauvin et al., 2003)

Magnitude (V) 8.9 (Scholz et al., 2007)
Spectral Type G8V (Scholz et al., 2007)

G9IV (Torres et al., 2006)

Stellar axial
Inclination, i 55�±5� (Zuckerman et al., 2011)
Projected equatorial
Rotation velocity vsini 148 ± 29.2 km s�1 (Torres et al., 2006)
Photospheric temperature 5200 � ± 50 K (Zuckerman et al., 2011)
Spot temperature 3,900� ± 30 K (Zuckerman et al., 2011)
Radial velocity 1.2 km s�1 (Malo et al., 2013),

(Torres et al., 2006)

Mass 1.18 solar masses (Zuckerman et al., 2011)
Rotational Period at ⇠0.5± 0.1 days (Torres et al., 2006)
Equator

D.3.1 Stellar Parameters

Table D.2 shows a list of parameters for this ultra-rapid rotator. This star has
a 0.5 day rotational period and a vsini of 128 km s�1.

Exposures of 600 seconds duration were used to reduce phase smearing
(⇡ 1 - 2% of the rotation period) and still gather sufficient light to undertake
effective Doppler Imaging without generating rotational smearing of the spots
due to the rapid rotation of ⇡128km s�1. Since the star is believed to have
a period of only 0.5± 0.1 days so it would rotate 1� every 2 minutes so 600
seconds would see it cover 5� which is just 1.4% of the rotational period. Even
with this exposure time for a star of this magnitude a signal to noise ratio of 89
at order 34 and an overall mean SNR of 975 in the LSD profile was achieved.

Figures ?? and D.3 shows the line deformation in the profile that could
most probably be due to the presence of large spot groups. ThH↵ profile
provides evidence that may possibly be prominence activity and needs to be
followed up on future observing runs.
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Figure D.3: H↵ profile, for the Ultra-Rapid Rotator: HIP108422, taken on two sepa-
rate observations.
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D.4 Summary

These are only 2 of over 21 single young active stars found during the Southern
DI Candidate survey. Their magnitude, rotational periods and vsini make
them ideal targets for followup with the ANU 2.3-metre telescope and echelle
spectrograph.


