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2.7 Normalisation of an order with a masked relative continuum . . . . . . 38

3.1 Depths of line formation . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Fitting the Balmer lines of a moon spectrum in order to derive the effec-

tive temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3 The solar surface gravity derived from the iron ionisation equilibrium . 56
3.4 The solar Mg Ib triplet . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.5 Estimation of mass in the Hertzsprung-Russell diagram .. . . . . . . . 62

4.1 Comparison of spectroscopic distances withHipparcosdistances . . . . 67
4.2 Comparison with effective temperatures from previous analyses . . . . 71
4.3 Comparison with the surface gravities from other work . .. . . . . . . 72
4.4 Comparison with the iron abundances from other work . . . .. . . . . 72
4.5 Temperature residuals vs. iron abundance residuals of this work with

respect to King & Schuler (2005) . . . . . . . . . . . . . . . . . . . . . 74
4.6 Comparison of the microturbulence parameterξt with Fuhrmann (2004) 75
4.7 Kiel diagram of the UMa group . . . . . . . . . . . . . . . . . . . . . . 77
4.8 Magnesium vs. iron abundance . . . . . . . . . . . . . . . . . . . . . . 78
4.9 Projected rotational velocity of UMa group members . . . .. . . . . . 78
4.10 Effective temperature vs. lithium equivalent width . . . . . . . . .. . . 82
4.11 Effective temperature vs. Hα core intensity . . . . . . . . . . . . . . . 84

vii



List of Figures

E.1 The Li I resonance doublet at 6707.8 Å of UMa group candidates . . . . xiv
E.2 The Hα line of UMa group candidates . . . . . . . . . . . . . . . . . . xv
E.3 The Hα line of UMa group candidates . . . . . . . . . . . . . . . . . . xvi
E.4 The Hα line of UMa group candidates . . . . . . . . . . . . . . . . . . xvii
E.5 The Hβ line of UMa group candidates . . . . . . . . . . . . . . . . . . xviii
E.6 The Hβ line of UMa group candidates . . . . . . . . . . . . . . . . . . xix
E.7 The Hβ line of UMa group candidates . . . . . . . . . . . . . . . . . . xx

F.1 LTE Hα residual fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . xxii

viii



List of Tables

1.1 The UMa group kinematic parameters compiled frome some recent studies 11
1.2 The kinematic sample – space velocities and membership .. . . . . . . 13
1.3 The literature data – Example: HD 39587 . . . . . . . . . . . . . . .. 18
1.4 The kinematic sample – stellar names and positions . . . . .. . . . . . 22

2.1 Properties and configuration of telescopes and instruments . . . . . . . 27
2.2 Overview over the observing runs in chronological order. . . . . . . . 28
2.3 Completeness of the observations – kinematic members . .. . . . . . . 29
2.4 The layout of the observations with typical exposure times . . . . . . . 33

3.1 The adopted solar elemental abundance pattern . . . . . . . .. . . . . 51

4.1 The set of homogeneous stellar parameters . . . . . . . . . . . .. . . . 64
4.2 Parameters of the Sun . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3 The stellar parameters of the probable UMa group member HD 217813

compared to the results of Fuhrmann (2004). . . . . . . . . . . . . . .. 66
4.4 Properties determined from the derived parameters . . . .. . . . . . . 68
4.5 Lithium equivalent widths, lithium abundances, and filling-in of the Hα

line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

B.1 List of the spectra which were included in this work . . . . .. . . . . . vi

C.1 Line data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

ix



List of Tables

x



Abstract

This work presents a homogeneous set of stellar parameters for a larger sample of kine-
matic Ursa Major (UMa) group members with spectral types late-F to early-K.

The UMa group is comprised of the stars in the UMa cluster in the Big Dipper constel-
lation and of many co-moving stars spread over the whole sky.The definition of kine-
matic membership criteria has ever been difficult so that spectroscopic criteria should be
added. Previous work indicated that the UMa group members are young with an age of
roughly 300 Myrs. The youth leaves traces in the stellar spectrum, i.e. the Li Iλ6707.8 Å
absorption line, and activity features, e.g. partial filling-in of the core of the Hα line due
to chromospheric emission. Furthermore rotational line broadening is stronger than that
of older stars. Additional to the youth indicators, iron abundance is an appropriate mem-
bership criterion in case it is different from that of other groups of stars. Spectroscopic
properties of the UMa group already have been specified but resulting membership cri-
teria are rather inconclusive.

For this thesis, a sample of kinematic members was drawn fromMontes et al. (2001a)
and King et al. (2003) in order to derive the spectroscopic properties of mid- and late-type
UMa group members homogeneously. Spectra with high resolving power (λ

∆λ
≈ 60000)

and signal-to-noise ratio (& 200) were obtained for twenty stars with spectral types late-F
to M.

Based on the quantitative spectral analysis of Fuhrmann (2004), the stellar parameters
such as effective temperatures, surface gravities, iron and magnesium abundance, and
projected rotational velocities of ten kinematic UMa groupmembers with spectral types
late-F to early-K are derived. These are combined with results for six further members
obtained the same way by Fuhrmann (2004) and König et al. (2006) giving a homoge-
neous list of stellar parameters for in total sixteen kinematic UMa group members.

The stellar parameters of the young star and possible UMa group member HD 217813
from Fuhrmann (2004) were reproduced in order to ensure the consistent application of
Fuhrmann’s methods.

Spectroscopic distances are calculated from the derived stellar parameters. They are
consistent withHipparcosdistances corroborating the derived surface gravities. Hereby
the quantitative spectral analysis of UMa group members by Fuhrmann (2004) is ex-
tended to distances beyond 25 pc.

The effective temperatures and surface gravities place the UMa group on the main
sequence but do not provide any further constraints on the age.

The homogeneously derived iron abundances increase the previously determined UMa
group iron abundance slightly to [Fe/H]= −0.03± 0.04. They can be distinguished from
the Hyades moving group but are similar to the Pleiades. Including the magnesium
abundances, the UMa group coincides well with the thin disk population defined by
Fuhrmann (2004).
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Abstract

Projected rotational velocities were measured for two further kinematic members by
Fuhrmann (2000). Together with the sixteen data points fromthe present work, from
Fuhrmann (2004), and from König et al. (2006), these data points trace well the onset
of main sequence magnetic braking of rotation at an effective temperature of≈6200 K.
The current rotation rates are consistent with an age of 250− 1000 Myrs when applying
a so-called Skumanich law.

In the present work, lithium absorption was analysed for allof the twenty observed
stars. At effective temperatures cooler than that of the Sun and higher than 5000 K, the
lithium absorption can be distinguished well from the open clusters Pleiades, Hyades,
and M 35, supporting the age estimates of roughly 300 Myrs. The distribution argues
against a large intrinsic age spread in the UMa group though based on few data points
only.

A preliminary study of the Hα filling-in was done for 24 stars in the present work
including measurements for five stars from Fuhrmann (2004).The core of the Hα line
is partially filled-in for most of the stars. However the homogeneous level of filling-in
encountered by Fuhrmann (2004) is not confirmed.

A promising prospect is the adaption of some of these properties as membership cri-
teria. The decision on the membership of many unsure UMa group candidates might
be simplified substantially when combining lithium absorption and iron abundance with
kinematic membership criteria.

xii



Zusammenfassung

In dieser Arbeit werden die stellaren Parameter einer größeren Zahl von kinematischen
Mitgliedern später F-Spektraltypen bis früher K-Spektraltypen der Ursa-Major-Gruppe
(UMa-Gruppe) homogen abgeleitet.

Die UMa-Gruppe setzt sich aus Sternen des UMa-Haufens im Sternbild des Großen
Wagens und vielen weiteren Sternen zusammen, die sich in diegleiche Richtung wie der
Haufen bewegen und über den gesamten Himmel verteilt sind.Die Festlegung von Kri-
terien zur Entscheidung über die Mitgliedschaft von Sternen ist schon immer schwierig
gewesen, so dass sich die Hinzunahme von spektroskopischenKriterien empfiehlt. Bish-
erige Arbeiten stellen heraus, dass die Mitglieder der UMa-Gruppe mit einem Alter von
ungefähr 300 Mio. Jahren noch recht jung sind. Die Jugend hinterlässt Spuren im
Spektrum dieser Sterne, z.B. die Absorptionslinie des neutralen Lithiums bei 6707,8 Å,
und Anzeichen von Aktivität, z.B. die teilweise Auffüllung der Balmer-α-Linie durch
chromosphärische Emission. Weiterhin ist die Rotationsverbreiterung der Spektrallinien
größer als bei älteren Sternen. Neben diesen Anzeichen f¨ur das junge Alter dieser
Sterne kann sich auch die Eisenhäufigkeit als Kriterium derMitgliedschaft erweisen,
sollte sie sich deutlich von derjenigen anderer Sterngruppen unterscheiden. Obwohl die
spektroskopischen Eigenschaften der UMa-Gruppe schon untersucht wurden, sind resul-
tierende Kriterien der Mitgliedschaft noch wenig prägnant.

Diese Arbeit wählt sichere kinematische Mitglieder späten Spektraltyps aus den Ar-
beiten von D. Montes und Mitarbeitern (2001a) und J. King undMitarbeitern (2003)
aus, um ihre spektroskopischen Eigenschaften homogen zu bestimmen. Spektren mit
hoher spektraler Auflösung von etwaλ

∆λ
≈ 60.000 und einem hohen Signal-zu-Rausch-

Verhältnis von meist über≈200 wurden für 20 Sternen mit späterem F-Spektraltyp bis
zu M-Spektraltypen aufgenommen.

In dieser Arbeit ergeben sich mittels der quantitativen Spektralanalyse nach K. Fuhr-
mann (2004) für zehn kinematische Mitgliedern der spätenSpektraltypen F bis frühen
Spektraltypen K stellare Parameter wie die Effektivtemperatur, die Oberflächenschwere-
beschleunigung, die Eisen- und Magnesiumhäufigkeiten unddie projizierte Rotations-
geschwindigkeit. In die Interpretation der Daten sind die kürzlich erzielten Ergebnisse
von Fuhrmann (2004) und König und Mitarbeitern (2006) einbezogen, die mit dersel-
ben Methode bestimmt wurden. Auf diese Weise erwächst einehomogene Liste stellarer
Parameter für insgesamt 16 kinematische Mitglieder.

Die Reproduzierbarkeit der Ergebnisse K. Fuhrmanns zeigt sich durch die erneute Be-
obachtung und Analyse des jungen Sterns und möglichen UMa-Mitglieds HD 217813.

Spektroskopische Entfernungen errechnen sich aus den abgeleiteten Eigenschaften der
Sterne. Sie stimmen mit den Entfernungen überein, die mittels derHipparcos-Mission
gefunden wurden. Im gleichen Zuge wird die Anwendung der Methode Fuhrmanns auf
Sterne der UMa-Gruppe jenseits von 25 pc ausgedehnt.
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Zusammenfassung

Die Effektivtemperaturen und Oberflächenschwerebeschleunigungen sind mit den
Werten der Hauptreihe vereinbar, erlauben jedoch keine weiteren Rückschlüsse über das
Alter.

Die homogen abgeleiteten Eisenhäufigkeiten erhöhen den bisher bestimmten Mittel-
wert, nämlich von [Fe/H] ≈ −0,08 auf [Fe/H] = −0,03. Dieser ist verschieden von
demjenigen der Gruppe der Hyaden, jedoch ähnlich zu demjenigen der Plejaden. Unter
Hinzunahme der Magnesiumhäufigkeiten passt die UMa-Gruppe gut zum Häufigkeits-
muster der dünnen galaktischen Scheibe nach Fuhrmann (2004). Fuhrmann (2002)
vermaß die projizierten Rotationsgeschwindigkeiten zweier weiterer kinematischer Mit-
glieder. Zusammen mit den anderen 16 Werten, sowohl aus der vorliegenden Arbeit als
auch von Fuhrmann (2004) und König und Mitarbeitern (2006), zeichnen sie deutlich das
Einsetzen der magnetischen Abbremsung der Rotation auf derHauptreihe bei einer Ef-
fektivtemperatur von etwa 6200 K nach. Die gegenwärtigen Rotationsgeschwindigkeiten
lassen auf ein Alter von 250 Mio. Jahren bis zu einer Milliarde Jahren schließen, sofern
man ein sogenanntes Skumanich-Gesetz zu Grunde legt.

Das Ausmaß der Lithiumabsorption wird in der vorliegenden Arbeit für alle der
beobachteten 20 Sterne bestimmt. Bei kühleren Effektivtemperaturen als derjeniger der
Sonne, aber heißer als 5000 K, ist das Ausmaß der Absorption durch Lithium wohlun-
terschieden von den offenen Haufen der Plejaden, der Hyaden und M 35. Dies un-
terstützt die bisherige Altersabschätzung von etwa 300 Mio. Jahren. Die Zahl der zu
Grunde liegenden Datenpunkte ist gering. Ihre geringe Streuung spricht jedoch gegen
eine größere Streuung im Alter der Sterne der UMa-Gruppe.

Eine vorläufige Studie der Einfüllung der Hα-Linie wurde in der vorliegenden Ar-
beit für 24 kinematische Mitgliedern vorgenommen, einschließlich von fünf Sternen von
Fuhrmann (2004). Der Kern der Hα-Linie der meisten Sterne ist teilweise aufgefüllt.
Das gleichmäßige Niveau der Auffüllung, die Fuhrmann (2004) gefunden hatte, kann
jedoch nicht bestätigt werden.

Ein vielversprechender Ausblick ist die Annahme einiger der vorgenannten Eigen-
schaften als Kriterien für die Mitgliedschaft zur UMa-Gruppe. Eine Zusammenführung
des Ausmaßes der Lithiumabsorption und der Eisenhäufigkeiten mit kinematischen Kri-
terien könnte die Einordnung von unsicheren Kandidaten deutlich vereinfachen.
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1 Introduction

The Ursa Major (UMa) group consists of co-moving stars spread over the whole sky
(Sect. 1.1). The proximity of these stars warrants high signal-to-noise ratio for many
kinds of studies. A similar age of roughly 300 Myrs makes the UMa group members
an ideal sample for evolutional studies (Sect. 1.2). However the age is not well-known
and there is disagreement on the member list. The UMa group has undergone several
attempts to define its properties and to establish a final listof members (Sect. 1.3) while
the existence of moving groups always has been controversial. Realising that this work
has not yet come to an end, I decided to choose a sample of kinematic members and to
extend the homogeneous quantitative spectroscopic analysis of Fuhrmann (2004) who
already analysed UMa group members closer than 25 pc (Sect. 1.4).

1.1 What is the Ursa Major group?

1.1.1 Co-moving stars in the Big Dipper constellation

TheBig Dipper1 (see the top panel of Fig. 1.1) has ever been known to mankind –seven
bright stars – Dubhe, Merak, Phekda, Megrez, Alioth, Mizar with Alcor, and Benet Nash
– solely circling around the polar star in an otherwise apparently empty region of the
sky (see Fig. 1.3). Halley (1718) discovered that fixed starsactually move slowly –
disordered at a first glance – on the celestial sphere. In the middle of the 19th century,
Proctor (1869) and Huggins (1871) found that five of the A stars in the Big Dipper were
moving into the same direction (bottom panel of Fig. 1.1). Hertzsprung (1909) found
stars far off the Big Dipper also moving into this direction, forming theUrsa Major
(UMa) moving group2. Sirius, the brightest star in the sky, is among these new members.
The classification of the whole structure is quite difficult as is illustrated by the following
sections. The designationUMa groupis used throughout this work.

A current census of the group is displayed in Fig. 1.2. The understanding of this figure
requires the knowledge of some characteristics of moving groups presented in the next
section.

1.1.2 Stellar motion and moving groups

Theproper motionµ [′′/yr] of a star describes its proper angular motion on the celestial
sphere after correcting for theparallactic motiondue to Earth’s orbit. It is related to the

1also Wagon, Bear, Plow, Coffin, depending on the culture. See Sesti (1991) for a good presentation.
2For a more popular presentation of the UMa group, see e.g. Croswell (2005).
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1 Introduction

Figure 1.1: The Big Dipper in the constellation Ursa Major – Top: The constellationUrsa
Major with theBig Dippermade up by the starsα (Dubhe),β (Merak),γ (Phekda),δ (Megrez),
ǫ (Alioth) ζ (Mizar), andηUMa (Benet Nash). The map is taken from Heis (1872).
Bottom: A Hammer-Aitoff equal area projection of the Big Dipper is shown. Five stars are co-
moving while the remaining two stars (α andηUMa) move exactly into the opposite direction.
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1.1 What is the Ursa Major group?

Figure 1.2: The UMa group – The graph shows a Hammer-Aitoff equal area projection of the
complete sky. Yellow star symbols mark the core of the UMa group, i.e. theUMa clusterin
the Big Dipper constellation. These and further co-moving members (red) are attached with
arrows indicating the direction and magnitude of proper motion. The remaining stars (blue)
are further possible members.

Figure 1.3: A photograph of the Big Dipper – A conspicuous amount of evenly bright stars
forms the Big Dipper. By courtesy of Noel Carboni. The original photograph was rotated and
cut.
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1 Introduction

three-dimensionalspace velocitytaking into account the distance and theradial velocity.
The latter is the velocity component along the line of sight and can be measured by spec-
troscopic observations only. The space velocity components U, V, andW are oriented
towards the galactic centre, towards the direction of galactic rotation and towards the
north galactic pole, respectively.

Moving groupsare constituted by stars which areco-moving, i.e. have common space
motion and move with the same speed into the same direction. In one respect, their
study is very special. Large sections of the sky are considered which can no longer be
regarded flat. The proper projection of space velocities onto the celestial sphere becomes
indispensable and co-moving stars do not necessarily have parallel proper motions. Con-
sider the paths of co-moving stars (Fig. 1.4, top panel). Thegraph shows two co-moving
stars with the sametotal space velocity Vtot. Thetangential velocity Vtan of these stars is
aligned along great circles as seen from the observer situated in the centre of the figure.
The observer further measures theradial velocityρ. Apparently, the stars diverge from
a radiant and converge to aconvergent point. Following Klinkerfues (1873) and Bohlin
(1905), the poles of the great semi-circles form a new great circle on the celestial sphere.
The poles of this circle are the radiant and the convergent point. In Fig. 1.4 (bottom
panel), a very suggestive example is shown – theHyadescluster. The space motion of
the Hyades is parallel. Due to the projection onto the celestial sphere, the stars apparently
converge to their convergent point situated outside of the field of view in this case.

The tangential velocityVtan is related to the proper motionµ, the stellar distancer and
the stellarparallaxπ by:

Vtan[km/s] = r [km] · µ
[rad

s

]

= 4.738
µ[′′/yr]
π[′′]

(1.1)

Note that

• the observed proper motions are the smallest for co-moving stars close to the con-
vergent point or the radiant,

• the observed radial velocities are the largest close to the convergent point or the
radiant, and

• for co-moving stars in the same region of the sky, the proper motions of the closer
stars are larger (solve Eq. 1.1 for proper motion).

The space motions have to be corrected for the motion of the Sun in order to find the
space velocities relative to the mean galactic field. Due to this motion, the solar neigh-
bourhood moves towards a convergent point on average, thesolar apexat a right ascen-
sion ofA⊙ = 270◦ and a declination ofD⊙ = +30◦ (Scheffler & Elsässer 1992).

Ludendorff (1910) realised the possibility ofvertex deviation, i.e. that the group mem-
bers do not share exactly the same space motion. This is discussed in the following
section in terms of formation and evolution.
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Figure 1.4: Top: Comoving stars on the celestial sphere– See the text for details.Bottom:
Proper motions of Hyades cluster members– The direction and magnitude of the proper
motion is indicated by arrows. The figure is taken from van Bueren (1952).
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1.1.3 Formation and evolution of open clusters and associat ions

Moving groups or stellar kinematic groups might be the link between open clusters or
associations on the one side and field stars on the other side.Some words have to be said
about the characteristics of these groups of stars in order to address this matter in more
detail.

Stars form in groups within dense and cool molecular clouds3. The solar neighbour-
hood is surrounded by severalstar forming regions, e.g. Orion, Taurus, and Scorpius-
Centaurus. Orion and Scorpius-Centaurus are constituentsof the so-calledGould Belt
(Gould 1879; Pöppel 1997) which surrounds the Cassiopeia-Taurus star forming region
and the solar vicinity. The star forming regions host very young open clusters and asso-
ciations. The densities and sizes ofopen clustersrange widely4.

Associations are spatial concentrations of stars of a certain type, e.g. stars with spec-
tral types O and B. TheseOB associations(e.g. the Ori OB1 association including the
Trapezium) are very young having ages from a few Myrs up to 30 Myrs . The star form-
ing region in Taurus gives an example of aT associationcomprising very young late-type
stars, theT Tauri starswith the eponymous prototypeT Tauri (Joy 1945). The Taurus T
association has an age of some 107 years.

The Pleiades, M 35, and the Hyades are examples for older clusters with ages of
110 Myrs (Terndrup et al. 2000), 175 Myrs (Barrado y Navascu´es, Deliyannis, & Stauffer
2001), and 625 Myrs (Perryman et al. 1998), respectively.

Cluster members are aligned along well-defined sequences intheHertzsprung-Russell
diagram and thecolour-magnitude diagram(see Fig. 1.5) with mass being the main
parameter. This alignment is interpreted in terms of age andevolution. The sequences
areisochrones, i.e. they connectco-evalpoints having equal age. They are divided into
several parts:pre-main sequence, zero-age main sequence5 (ZAMS), main sequenceand
post-main sequence. The evolution of higher-mass stars is faster than the evolution of
lower-mass stars so that usually more than one part of the sequence is populated. Higher-
mass stars already have entered the post-main sequence phase while the low-mass stars
may still be on the pre-main sequence and have not yet startedstable hydrogen burning.
The cluster sequences are snap-shots in time and thus major keys for the understanding
of stellar evolution.

Open clusters older than the Sun are rare. They have lifetimes of typically a few hun-
dred Myrs (Wielen 1971). Cluster evaporation alone cannot explain the short lifetimes.
Passing massive objects (e.g. giant molecular clouds) possibly play a role (Wielen 1991).
The stars mix with the Galactic field during the process of dissolution and kinematic in-
formation on previous cluster membership as well as the stellar birthplace cannot be
recovered (Wielen 1977). Eggen (1994) assumed that clusters form a halo of evaporated
stars giving rise to the concept of asupercluster. The stars retaining similar kinematics
after the disruption of the cluster are called astellar group. Then amoving groupis the
appearance of an open cluster or a supercluster extending into the solar neighbourhood.

3See Stahler & Palla (2004) for a recent text book on star formation.
4The classification of open clusters follows the scheme of Trumpler (see Neckel 1994).
5TheZAMSis the position of stars which start stable hydrogen burning.
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1.1 What is the Ursa Major group?

Figure 1.5: Cluster sequences– The sequences of several clusters of different ages are shown
in the colour-magnitude diagram with absolute V-band magnitudeMV vs. colour indexB−V.
The low-mass stars all reside at the faint cool end (lower right) of the main sequence. Massive
stars finish their main sequence phase earlier and turn off to the subgiant and giant branches
at higher luminosities. The position of thisturn-off is a function of the age of the cluster. The
figure is taken from Sandage (1956).
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Montes (2001) analysed the relation of young nearby moving groups with young nearby
clusters and the Gould Belt by comparing their galactic space velocities. The study gave
rise to the speculation that the Gould Belt could be the origin of young moving groups.

1.1.4 The nature of the UMa group – cluster or association, or
something else?

On the one hand, there is this concentration of stars in the Big Dipper constellation, the
UMa cluster or often calledUMa nucleus(Roman 1949; King et al. 2003). It is gravi-
tationally bound indicated by the small vertex deviations.Probably it is the remainder
of an almost evaporated cluster (Wielen 1978). It represents the closest open cluster at a
distance of≈25 pc with the five bright members of spectral type A constituting the Big
Dipper constellation. The cluster is situated in an otherwise quite empty region of the sky
off the galactic plane and forms a complete constellation (Fig.1.3). Hence its appearance
is quite different from other open clusters perceived as local concentrations of stars like
the Pleiades and Hyades open clusters.

On the other hand, there are many widely spread co-moving stars which form theUMa
streamor moving group. In contrast to the cluster, they are associated only by motion
and not by concentration on the sky. The relation of the stream members to the cluster
is not yet clear. Wielen (1978) advocated a separate formation of stream members and
cluster members still within the same association. Following Eggen (1994), the UMa
cluster is part of the so-calledSirius supercluster.

The UMa group is young with a canonically quoted age of≈300 Myrs which has al-
ready been given by von Hoerner (1957) (cf. Giannuzzi 1979; Duncan 1981; Soderblom
& Mayor 1993). It is still under discussion and the reader is referred to Sect. 1.3.5 for
details. If we assumed that the UMa group was a large open cluster, its age would equal
the time-scale of dissolution (≈200 Myrs, Wielen 1971).

The term “UMa group” will be used throughout this thesis. Fuhrmann (2004) rather
suggested to use the term “UMa association”6 by comparing to the properties of recently
discovered young nearby groups and associations. An additional argument is the scope
of the UMa group which may exceed the size of open clusters by far (see Sect. 1.2.3).

1.2 Why is the UMa group interesting?

1.2.1 A snapshot in stellar evolution

Due to the common age, the UMa group members are an ideal sample for stellar evolu-
tional studies. The properties of stars of different mass can be compared to equal-mass
members of other groups with different age like the Hyades and the Pleiades. Then stel-
lar properties are analysed in terms of evolution. An example is given by chromospheric

6or even more simpler “UMa stars”
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Figure 1.6: Distribution of distances of UMa group members– The distance distribution of all
UMa group members and candidates with known distances (mostly from Hipparcos) is shown.
While few stars are more distant than 200 pc, most are closer than 100 pc with a strong peak
between 20 and 30 pc (supposedly contributions by the UMa open cluster).

emission or lithium abundance which can be studied precisely at an age of some 108 years
(Fuhrmann 2004).

1.2.2 A laboratory in front of the door

Most known UMa group members are very nearby (Fig. 1.6) making the UMa group a
homogeneous laboratory for many sorts of studies. Astrometric, photometric and spec-
troscopic studies can be done with high resolution and high signal-to-noise ratio. Most
distances were derived precisely fromHipparcosdata (ESA 1997; Perryman et al. 1997)
so that luminosities are well-known. Due to the proximity, photometric measurements
do not suffer from interstellar extinction.

Substellar companions(brown dwarfs and extrasolar planets) can be imaged at small
separations from the host stars. The proper motions are high(Fig. 1.7) but not only due
to the small distance. Another reason is the large angular distance of the UMa cluster
– including a large part of the UMa group members – from the radiant and the conver-
gent point (Fig. 1.2). Hence the positions of the stars change measurably within months
and further co-moving objects are found quickly, i.e. additional UMa group members or
gravitationally bound companions. The UMa group memberεEri, for example, shows
a very high proper motion of almost 1”/yr. The known age of about 3· 108 years al-
lows to estimate the mass of a faint companion from observed luminosities when using
evolutionary models (e.g. Burrows et al. 1997) and puts constraints on the time scale
of formation. Previous direct imaging campaigns revealed multiple brown dwarf com-
panions of Gl 569 (e.g. Forrest, Shure, & Skrutskie 1988; Kenworthy et al. 2001) and
HD 130948 (Potter et al. 2002). König et al. (2002) confirmeda low-mass stellar com-
panion ofχ1 Ori.
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Figure 1.7: Distribution of total proper motions of UMa grou p members– The distribution of
proper motions of very nearby UMa group members and candidates within 30 pc is displayed.
Most of the stars have relatively high proper motion clustering between 100 and 200 mas/year.

Most known UMa group members are bright so that searches for radial velocity planets
can be easily done with telescopes of intermediate size7. εEri is an example for an
UMa group members harbouring a radial velocity planet (e.g.Campbell, Walker, & Yang
1988).

1.2.3 The census of the solar neighbourhood

How is the Sun embedded in its galactic neighbourhood? The census of the solar vicinity
is incomplete and the UMa group may contribute a large part.

Proxima Centauri’s distance of only 1.3 pc is eponymous. Yet it is a faint star with
spectral type M5 and an apparent V-band magnitude of 11 mag. Therefore Proxima
Centauri cannot be seen with the naked eye. How many more faint stars lurk in the
nearby space?

The initial mass function(e.g. Kroupa 2002), i.e. the mass distribution of newly
formed stars after one star formation event, gives a clue. Only a few high-mass stars
are formed while there are up to thousands of low-mass stars.Eggen (1998) compared
the number of bright UMa group stars with the initial mass function of field stars:

“.. either most of the small proper-motion stars near the Sunremain to be
identified or the luminosity function of the supercluster isdrastically differ-
ent from that of the field stars.”

The stars might be outnumbered by brown dwarfs even by a factor of two (Kirkpatrick
2001) so that one can only guess on the true scope of the UMa group. Fuhrmann (2004)
gave an account of faint UMa group members in the solar vicinity.

7apertures of 2 m-4 m

10



1.3 Constraining the UMa group – previous approaches

1.3 Constraining the UMa group – previous
approaches

Several approaches were undertaken over the past 150 years in order to establish mem-
bership lists of the UMa group. Roman (1949) presented a goodaccount of the research
on the UMa group before the middle of the last century. A historical overview of the
pre-Hipparcosera was given by Eggen (1992) and Soderblom & Mayor (1993). The
relation of moving groups and open clusters suggests to identify members by spatial
concentration (Sect. 1.3.1). Though kinematic approachesare more promising. Tradi-
tionally the mean space velocity or the convergent point of the motion are derived from a
list of “canonical members”, usually the UMa nucleus. Kinematic criteria then decide on
the membership of further stars (Sect. 1.3.2). Rather than adopting a “canonical” mem-
ber list, moving groups can be recovered as concentrations in the total kinematic space
(Sect. 1.3.3). Table 1.1 lists kinematic parameters of the UMa group derived in recent
studies. The existence of moving groups has been rather controversial considering the
lack of precise distances – before theHipparcosmission – and radial velocities.

Table 1.1: The UMa group kinematic parameters compiled frome some recent studies– The
comments in the last column specify details with respect to the given source.

reference conv. point space velocity comments
[km/s]

A (2000.0) D (2000.0) U V W

Chereul et al. (1999) 14.0 1.0 -7.8 scale 3
Chupina et al. (2001) 300.◦6864 −29.◦74465 13.5 3.0 -7.5 UMa nuc.
Asiain et al. (1999) 8.7 2.8 -6.9 group A
Montes et al. (2001a) 20.h55 -38.◦10 14.9 1.0 -10.7
King et al. (2003) 13.9 2.9 -8.4 UMa nuc.

The kinematic criteria alone turned out to be weak constraints so that additional crite-
ria are necessary. Previous spectroscopic determinationsof stellar parameters and abun-
dances are either inhomogeneous or based on small samples (Sect. 1.3.4). The use of age
constraints from photometry and spectroscopy turned out tobe challenging (Sect. 1.3.5
and 1.3.6). Some advance has been achieved by combining several criteria (Sect. 1.3.7).

1.3.1 Spatial clustering

Spatial clustering can be perceived as long as the density ofcluster stars in the considered
region of the celestial sphere is similar or higher than the density of field stars. This is not
the case for the UMa cluster although it coincides with a quite sparsely populated region
on the celestial sphere – in the region of the Big Dipper, close to the celestial pole. The
situation turns out to be different when taking into account the distances. Chereul et al.
(1999) looked for inhomogeneities in the spatial distribution of a volume-complete and
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magnitude-limited sample of the solar neighbourhood. Wavelet analysis ofHipparcos
data recovered the UMa cluster at a distance of 25 pc.

1.3.2 Kinematic criteria – derived from a “canonical” member list

As noted above, Proctor (1869) and Huggins (1871) discovered the first indications for
the existence of the UMa cluster considering the common space motions of five bright
central stars in the Big Dipper (bottom panel of Fig. 1.1). The determination of the
convergent point turned out to be difficult. The common method of Klinkerfues (1873)
and Bohlin (1905) was based on the following principle: The convergent point is the pole
of the circle made up by the poles of the great circles of stellar proper motions (top panel
of Fig. 1.4). Unfortunately the five Big Dipper stars are clustered closely on exactly this
circle (Fig. 1.2) so that the resulting convergent point is not well determined.

The work of Haas (1931) was the first systematic search for more members in the
region of the UMa cluster. Hertzsprung (1909) has realised well before that co-moving
stars reside outside of the cluster, too. Both analyses werehampered by the still very
uncertain distances.

In further searches, many stars were classified as members bycomparing the space
velocities of the stars with the cluster velocity. However it turned out to be difficult to
define a proper limit for the residuals. Being more critical,Smart (1939a,b) put con-
straints on the individual observables (position angles ofproper motion, radial velocities
and parallaxes) retaining only 42 definite members out of 135.

In the 1990’s, preciseHipparcosdistances became available. A more recent approach
similar to Smart (1939a,b) was the study of the UMa nucleus region by Chupina et al.
(2001). Proper motions and radial velocities were treated separately in order to retain the
high proper motion precision achieved withHipparcos.

The explanations now concentrate on the most recent UMa group member lists pre-
sented by Montes et al. (2001a) and King et al. (2003) which will form the basis for
this thesis. The definition of the kinematic membership criterion by King et al. (2003)
followed Soderblom & Mayor (1993) but was based on preciseHipparcosdistances and
new radial velocity data. Their candidates were mostly taken from Soderblom & Mayor
(1993) and Montes et al. (2001a). Using a list of canonical members, the UMa nucleus,
they calculated the weighted means of their galactical U,V,and W velocities and the cor-
responding standard deviations. The kinematic membershipcriterion then required that
the kinematics of a candidate deviates by less than 3σ from the nucleus’ mean in the
U − V and theW− V plane.

Most studies of the UMa group are dedicated to bright early-type stars. In contrast,
Montes et al. (2001a) comprehensively selected late-type members of young moving
groups from a large sample of candidates taken from various sources. According to
Montes et al. (2001a), the kinematic properties of the UMa group are given by the
galactic space velocities (U,V,W) = (14.9, 1.0,−10.7) km/s, the total space velocity
VT = 18.4 km/s, the right ascension of the convergence pointαC.P. = 20.h55 and its
declinationδC.P. = −38.◦10 (Eggen 1992). The selection proceeded in several steps:
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1. Selection of young disc stars (−50 km/s< U < 20 km/s,−30 km/s< V < 0 km/s,
−25 km/s<W < 10 km/s) following Eggen (1989).

2. Selection ofpossiblemoving group members with smallV dispersion following
Eggen. However a large dispersion ofU and V of .8 km/s with respect to the
moving group velocities was allowed for. A deviation of the same amount in the
W component led to the exclusion of a candidate.

3. The application of the peculiar (Vpec) and the radial velocity criterion (ρc) following
Eggen (1958, 1995) led to the decision on UMa group membership. For details see
Appendix A.

The kinematic membership assignments of Montes et al. (2001a) and King et al.
(2003) are compared in Table 1.2 which will form the basis forthis thesis described
later. The list comprises 56 stars of all spectral types and is composed of all 33 sure
kinematic members presented by King et al. (2003) (denoted by kinematic member-
ship status ‘Y’ in their table 5) and the 28 late-type UMa group members from Montes
et al. (2001a) which fulfil both Eggen’s criteria (denoted by‘Y’ in their table 4). Only
seven of the twenty stars in common are classified as kinematic members by both King
et al. (2003) and Montes et al. (2001a): HD 59747, HD 75605, HD109647, HD 110463,
HD 115043, HD 238224, and HD 129798 A. For six common stars, the membership
assignments are contradicting: HD 13594 A, HD 24916 A, HD 81659, HD 199951 A,
HD 167389, HD 134083. Fig. 1.8 shows the positions of these stars in theU-V dia-
gram and theW-V diagram, respectively. Obviously the criterion of King et al. (2003)
is much tighter than that of Montes et al. (2001a) giving a sample with a very homoge-
neous space motion. However the kinematic boundary of King et al. (2003) was chosen
quite arbitrarily as was the tolerance limit of Eggen’s criteria in Montes et al. (2001a).
Furthermore the difference in the adopted cluster’s space velocity (see Table 1.1), i.e. the
adopted convergent point, is visible in Fig. 1.8.

Table 1.2: The kinematic sample – space velocities and membership. The galactic space ve-
locity components of the kinematic sample of Fig. 1.8. The column ref gives the origin
of the values: 1=Montes et al. (2001a), 2=King et al. (2003). If stars are common to
both, space velocities were taken from the former.

object U [km/s] V [km/s] W [km/s] ref kin. Vpec ρc

mem.

HD 11131 19.31± 1.86 2.07± 0.29 -2.59± 0.70 1 ? Y Y
HD 11171 18.74± 0.66 1.91± 0.18 -5.95± 1.40 1 ?/Y? Y Y
HD 13594 A 15.75± 1.17 0.42± 1.06 -12.62± 0.79 1 N? Y Y
HD 18778 12.99± 2.63 3.30± 3.12 -6.71± 1.96 2 Y
HD 24160 19.74± 0.89 0.38± 0.57 -11.19± 0.87 1 ? Y Y
HD 24916 A 7.40± 0.79 0.34± 0.17 -16.16± 0.73 1 N? Y Y
HD 26923 14.02± 0.23 -0.29± 0.18 -9.60± 0.35 1 Y? Y Y

Table 1.2 continued next page
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Table 1.2 continued

object U [km/s] V [km/s] W [km/s] ref kin. Vpec ρc

mem.

HD 28495 14.44± 0.35 2.99± 0.43 -6.38± 0.31 1 Y N Y
HD 33111 14.02± 1.24 2.63± 0.58 -10.75± 0.71 2 Y
HD 38393 18.35± 0.57 4.59± 0.60 -11.68± 0.38 1 ?/Y? Y Y
HD 39587 13.01± 0.20 2.58± 0.10 -7.97± 0.12 2 Y
HD 41593 10.55± 0.10 0.25± 0.10 -10.91± 0.20 1 N?/? Y Y
HD 59747 13.07± 0.37 2.70± 0.17 -10.33± 0.24 1 Y Y Y
HD 71974 A 12.03± 0.50 4.03± 0.24 -9.06± 0.38 1 Y Y N
HD 71974 B Y
HD 75605 13.78± 1.18 3.18± 1.49 -10.74± 0.97 1 Y Y Y
HD 81659 25.68± 0.86 0.57± 0.69 -16.53± 0.50 1 N? Y Y
HD 87696 13.64± 0.90 1.92± 0.77 -7.16± 0.95 2 Y
HD 91480 12.40± 0.30 3.25± 0.18 -5.77± 0.40 1 Y Y N
HD 95418 13.69± 0.42 2.82± 0.26 -7.35± 0.65 2 Y
HD 95650 12.43± 0.68 3.51± 0.54 -9.76± 1.81 1 Y N Y
HD 103287 13.94± 0.34 2.73± 0.27 -8.20± 0.70 2 Y
HD 238087 15.79± 3.65 1.92± 3.99 -10.96± 8.43 1 Y? Y Y
HD 109011 14.11± 0.88 2.45± 0.68 -10.26± 0.57 2 Y
HD 109647 14.16± 0.40 3.64± 0.28 -7.14± 0.28 1 Y Y Y
HD 109799 16.12± 0.77 0.18± 1.07 -12.28± 0.94 1 ? Y Y
HD 110463 14.45± 0.29 2.87± 0.23 -7.71± 0.27 1 Y Y Y
HD 111456 14.17± 0.96 1.15± 0.88 -9.84± 1.26 1 ? Y Y
HD 112185 13.96± 0.19 2.50± 0.14 -8.77± 0.18 2 Y
HD 112196 9.61± 0.61 0.59± 0.17 -8.56± 0.04 1 N?/? Y Y
HD 113139 A 12.88± 0.22 3.25± 0.25 -9.16± 0.44 1 Y N Y
HD 113139 B (Y)
HD 115043 14.52± 0.26 2.19± 0.21 -8.08± 0.27 1 Y Y Y
HD 116656 13.34± 0.21 4.19± 0.24 -5.62± 0.44 2 Y
HD 116657 14.03± 0.42 2.57± 0.88 -8.87± 1.76 2 Y
HD 116842 13.17± 0.68 3.44± 0.62 -9.25± 0.46 2 Y
HD 238224 13.98± 1.20 3.71± 2.38 -6.21± 4.27 1 Y Y Y
HD 129798 A 15.73± 0.50 3.08± 0.68 -8.51± 0.81 1 Y Y Y
HD 129798 B (Y)
HD 134083 17.70± 0.89 -1.17± 0.61 -16.46± 1.73 1 N? Y Y
HD 139006 14.26± 0.92 3.15± 0.79 -7.58± 1.62 2 Y
HD 141003 A 13.74± 1.32 3.07± 0.61 -11.04± 1.56 2 Y N Y
HD 141003 B 13.63± 0.57 4.06± 0.30 -10.80± 0.57 1 (Y)
HD 147584 13.30± 1.11 4.58± 0.95 -6.28± 0.38 2 Y
HD 152863 A 13.30± 1.45 1.37± 0.77 -12.14± 1.44 1 ? Y Y
HD 155674 A 12.50± 0.52 5.32± 0.17 -4.39± 0.29 1 ? Y Y

Table 1.2 continued next page
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Table 1.2 continued

object U [km/s] V [km/s] W [km/s] ref kin. Vpec ρc

mem.

HD 155674 B 11.78± 0.78 5.22± 0.25 -4.97± 0.45 1 ? Y Y
HD 165185 14.42± 0.20 3.73± 0.14 -9.33± 0.17 1 Y N Y
HD 167389 17.20± 0.94 -3.75± 2.21 -13.33± 1.11 1 N? Y Y
HD 171746 A 11.90± 0.41 3.23± 0.26 -10.14± 0.73 1 Y N Y
HD 171746 B Y
HD 180777 13.89± 0.39 4.03± 0.63 -10.21± 0.37 2 Y
HD 184960 19.13± 0.28 1.07± 0.20 -12.86± 0.21 1 ?/Y? Y Y
HD 199951 A 13.75± 0.69 3.47± 0.27 -10.50± 0.62 1 Y N N
HD 205435 14.92± 0.36 6.31± 0.90 -10.07± 0.27 1 ?/Y? Y Y
HD 211575 16.53± 0.55 2.80± 0.31 -10.85± 0.15 1 Y? Y Y

End of Table 1.2

King et al. (2003) markedly summarise the problem of finding accurate cluster param-
eters for the selection of further members:

“... many stars are deemed to have uncertain membership status, and the
necessity of adopting a priori kinematic definitions of the UMa group (based
on the sparse nucleus) biases the resulting kinematic statistics”.

1.3.3 Kinematic parameters – derived from kinematic cluster ing

Dziewulski (1916) suggested a statistical approach in order to isolate moving groups.
At first, intersections of the great circles of stellar motion (top panel of Fig. 1.4) were
expected to be distributed homogeneously on the celestial sphere. This expectation was
based on the assumption that stellar proper motions were completely stochastical. Then
concentrations of intersections would indicate moving groups. Based on the catalogue of
Boss, the density of intersections of an UMa group sample indeed exceeded the density
for stochastic motion. According to Dziewulski (1916), this was only true for a small
segment around the convergent point of the UMa group. The probability to include
spurious members strongly increased if the segment was increased.

Gliese (1941) defined moving groups (UMa andTaurus streams) by detecting concen-
trations of space velocities in the FK3 catalogue. Delhaye (1948) studied space motions
of 2000 bright stars and encountered a concentration of space motions towards the UMa
nucleus.

The Taurus and UMa streams were identified withKapteyn’s streams I and II, respec-
tively. These are directed in opposite directions and result from galactic rotation. Follow-
ing Roman (1949), “it has become important to decide whetherthe Ursa Major stream
can be distinguished from [Kapteyn’s] stream II”. The kinematic analysis of the UMa
group became revived after the advent of the preciseHipparcosdata and put Eggen’s
groups on more firm grounds. Asiain et al. (1999) presented a review. They analysed
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Figure 1.8: Space velocities of the kinematic sample– (a) The galactic space velocities U and
V of kinematic members and further UMa group candidates are displayed. Triangles denote
the stars fulfilling both membership criteria in Montes et al. (2001a). Squares denote the stars
which fulfil the kinematic criterion of King et al. (2003). Circles are the seven stars which fulfil
the criteria of both Montes et al. (2001a) and King et al. (2003). Dots are further candidates
whose kinematic membership status is still under discussion. (b) Same as top, now forW
andV. Note that the dots do not fulfil bothUV andWV constraints simultaneously. If space
velocities are given by both Montes et al. (2001a) and King etal. (2003), then they are taken
from the former. See Table 1.2 for the velocities of the kinematic members.
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the distribution of space velocities of≈2000 nearby early-type stars adding as fourth di-
mension the photometric age. A concentration at (U,V,W) = (8.7, 2.8,−6.9) km/s could
be identified with Eggen’s Sirius supercluster although some substructure was found,
too. Chereul et al. (1999) used wavelet analyses to study clustering in the velocity space.
While tangential velocities were well-known fromHipparcos, the available radial veloc-
ities were incomplete and biased. Therefore they first considered every possible con-
vergent point (similar to Dziewulski 1916) by forming all possible pairs of stars. Then,
in contrast to Dziewulski (1916), they assumed that these velocities were strictly paral-
lel and reconstructed the total space velocities of each pair. The candidate convergent
point is only kept if the amounts of the reconstructed space velocities differ by less than
0.5 %. Clusters of the retained velocities in the space velocity distribution were detected
by wavelet analysis and indicated the presence of moving groups. Similarly to Asiain
et al. (1999), Chereul et al. (1999) recovered the Sirius supercluster with mean veloc-
ity components (U,V,W) = (+14.0,+1.0,−7.8) km/s and isolated some substructure at
(U,V,W) = (12.4,+0.7,−7.7) km/s and (U,V,W) = (12.4,+4.2,−9.0) km/s.

On the one hand, these methods of kinematic clustering yielded unbiased cluster pa-
rameters in contrast to the determinations which are based on selected stars. On the
other hand, the results from kinematic clustering showed all the more that the definition
of kinematic membership criteria remains difficult.

1.3.4 Stellar parameters and abundances

The UMa group members are expected to have similar abundances if they formed co-
evally in the same region. Only a few studies were dedicated to the UMa group as
a whole although exhaustive data on nearby stars is catalogued multiply in the recent
literature. Boesgaard & Friel (1990) derived an UMa group mean value of [Fe/H]=-
0.085 but a large spread over 0.2 dex seems realistic (Soderblom & Mayor 1993; Gaidos
& Gonzalez 2002).

King et al. (2003) realised the inhomogeneity of compiled literature values. Their fol-
lowing statement clearly indicates the necessity of ahomogeneousabundance analysis:

“We acknowledge that the tabulated values [for the iron abundance] are
probably inhomogeneous, and no attempt has been made to rectify this.
Such an attempt is not practically accomplished either empirically (because
of lack of overlap between different studies) or fundamentally (because of
implicit differing assumptions in the analyses, such as choice of model at-
mospheres, temperature scales, atomic data, solar normalization, etc., which
are impossible to calibrate).”

This is exemplified by the clearly comprehensive compilation of iron abundances for
stars of spectral types F, G, and K by Cayrel de Strobel, Soubiran, & Ralite (2001). The
entry for the kinematic UMa group member HD 39587 illustrates the present situation
(Table 1.3). Several determinations can be found for some UMa group members while
hardly any are available for other members. The measurements are based on different
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Table 1.3: The literature data – Example: HD 39587– The entry for the UMa group member
HD 39587 in the catalogue of Cayrel de Strobel et al. (2001). While the effective temperatures
agree well, the surface gravities and abundances scatter widely.

Teff [K] log(g [ cm
s2 ]) [Fe/H] source

5929 -0.05 Boesgaard, Budge, & Burck (1988)
5929 -0.05 Boesgaard (1989)
5929 4.50 -0.05 Boesgaard & Friel (1990)
5900 4.21 -0.05 Friel & Boesgaard (1992)
5953 4.46 -0.03 Edvardsson et al. (1993)
5895 4.21 -0.04 Gratton, Carretta, & Castelli (1996)
5950 4.46 +0.11 Mallik (1998)
5929 70 4.49 0.10 -0.02 0.12 Castro, Porto de Mello, & da Silva(1999)
5805 70 4.29 0.10 -0.18 0.10 Chen et al. (2000)

methods and different data. Large scatter is introduced especially in surface gravities
and abundances. This scatter is beyond the error bars that can be achieved from spectra
with high resolution and high signal-to-noise ratio. Considering this situation, it does
not seem realistic to draw a homogeneous and reliable data set from the literature for a
larger sample of UMa group members.

The situation has improved only partly in the past few years although new data sets
have become available. Gray et al. (2003) and Nordström et al. (2004) presented large
scale surveys based on spectra with intermediate resolution and Strömgren photome-
try, respectively. Stellar parameters and metallicities for many UMa group members
can be found within these surveys. The situation is not satisfying for iron abundances
and photometric gravities while effective temperatures agree in a statistical sense with
spectroscopic determinations. See Luck & Heiter (2005) whocompared spectroscopic
parameters with Nordström et al. (2004) and other photometric measurements. Emphasis
is put here on the fact that the photometric studies of Nordström et al. (2004) and Gray
et al. (2003) do not aim at precise abundance measurements but at accurate radial veloc-
ities and spectral types, respectively. The use of effective temperature calibrations – as
done by Nordström et al. (2004) – is only valid in a statistical sense and does not allow
to determine precise effective temperatures of individual stars (Fuhrmann 1993; Fuhr-
mann, Axer, & Gehren 1994). For these tasks, high-resolution spectroscopy is clearly
preferable.

The homogeneous analysis of Castro et al. (1999) showed thatthe UMa group abun-
dance pattern is different from that of the field, particularly considering barium and cop-
per. However this study was restricted to only seven UMa group members.

Recent magnitude-limited spectroscopic surveys were undertaken by Luck & Heiter
(2005) and Allende Prieto et al. (2004) for stars within 15 pcand by Fuhrmann (2004, and
preceeding papers) within 25 pc. Most stars of the UMa group are beyond 15 pc so that
only the survey of Fuhrmann (2004) comprised homogeneous spectroscopic analyses of
a larger sample of UMa group members.
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1.3.5 The age of the UMa group – photometric criteria

As pointed out in Sect. 1.1.3, the alignment of cluster members along sequences in the
Hertzsprung-Russell and the colour-magnitude diagram is interpreted in terms of age
and thus advocates the use of photometry as a membership criterion. Eggen (1998) com-
pared the colourB − V and the absoluteV−band magnitudeMV of Sirius supercluster
members from the Bright Star catalogue totheoretical isochronesof Castellani, Chi-
effi, & Straniero (1992) and derived an age of 400 Myrs. In a similar way, King et al.
(2003) compared UMa nucleus stars with isochrones of Yi et al. (2001) but separately
for the coloursB − V andV − I , respectively. Similar to Eggen (1998), isochrones of
600 Myrs and 400 Myrs, respectively, matched the UMa nucleussequences. King et al.
(2003) derived aphotometric membership criterionfrom this finding. Correspondingly
photometric members were required to reside between the 400Myrs and the 600 Myrs
isochrone. King & Schuler (2005) readdressed the photometric age of the UMa group
but based on the final members of King et al. (2003). The new photometric age was
≈600 Myrs. King et al. (2003) pointed out that the photometricmembership criterion is
only sensitive close to the turn-off, i.e. at early spectral types (compare Fig. 1.5).

In contrast to King et al., König et al. (2002) advocated a much younger age of
200 Myrs. Based on astrometry, they detected a companion of the UMa group mem-
berχ1 Ori (HD 39587) with a mass of onlyM = 0.15± 0.02M⊙. The comparison with
evolutionary models of Baraffe et al. (1998) clearly places the faint object on the pre-
main sequence. The corresponding age is substantially younger than even the canonical
value of 300 Myrs (see König et al. 2002 for a discussion). The problem could be easily
solved by simply excludingχ1 Ori from the UMa group. However the membership of
this star is assured by kinematics and enforced by spectroscopic signatures common to
UMa group members. See the next section.

1.3.6 Spectroscopic indicators for age and activity

The coupling of the convective envelope to stellar rotationgenerates magnetic fields by
means of astellar dynamo. The dissipation of the magnetic fields induces phenomena of
stellar activity, e.g. coronal X-ray emission and chromospheric emission which fills-in,
i.e. adds intensity to the cores of strong absorption lines (see Stix 1989 and Mestel 1999
and references therein). The filling-in of the Hα line is a common tracer of chromo-
spheric emission (see Herbig 1985; Pasquini & Pallavicini 1991; Montes et al. 2001b;
Fuhrmann 2004; Biazzo et al. 2006, and references therein).Activity in the UMa group
already has been noted by Roman (1949):

“It is interesting to note that, of the four stars later than G0, three show
emission at H and K.”

Walter et al. (1984) addressed the X-ray emission of UMa group members. Activity
signatures in the UMa group were studied comprehensively bySoderblom & Mayor
(1993). These address their applicability as membership criteria, motivated by the young
age of the UMa group of only≈300 Myrs. They distinguished probable spectroscopic
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members, possible spectroscopic members, and probable non-members. Interestingly
they concluded that

“... stars that meet the spectroscopic criteria also have kinematics that
agree better with the space motions of the nucleus of UMaG [UMa group]
than does the starting sample as a whole.”

King et al. (2003) concluded that chromospheric activity can be used to exclude non-
members.

Activity measures are indirect age indicators whereas absorption lines of lithium are
directly related to the age of late-type stars. Their large convective envelopes transport
lithium to the hot central parts where the temperature is high enough to burn lithium
(& 2.5× 106 K). This lithium depletionis faster for cooler stars having deeper convective
envelopes.

The lithium abundances of Hyades members with spectral typeG are tightly correlated
with effective temperature (Thorburn et al. 1993). In contrast, Pleiades members show
substantial scatter (Soderblom et al. 1993b) which might bedue to different rotation rates
or an age spread. According to standard evolutionary models, the amount of lithium
depletion depends only on mass, age, and metallicity. Yet convection is the only mixing
mechanism taken into account by these models while mixing due to rotation, diffusion,
mass loss, and gravitational waves is not implemented (see Pinsonneault 1997). Sestito
& Randich (2005) emphasised the necessity of a homogeneous analysis. See Carlsson
et al. (1994) for a good review on the use of lithium as age indicator.

Montes et al. (2001b) applied chromospheric activity and lithium absorption as mem-
bership criteria. For three stars, they derived the chromospheric flux from the filling-in
of the Balmer lines and Ca II H&K lines as well as the Ca II infrared triplet (λ8498 Å,
λ8542 Å, andλ8662 Å) and detected moderate chromospheric activity according to the
age of the UMa group. Furthermore they compared the equivalent widths of the Li I
λ6707.8 Å absorption line of their three UMa group candidates with the equivalent
widths of several open clusters having different age. These equivalent widths were in
between the values found in the Pleiades and the Hyades and corroborated UMa group
membership. Similarly the lithium abundances found by King& Schuler (2005, see their
fig. 6) were higher than these of the Hyades at effective temperatures cooler than the Sun.
Following Montes et al. (2001b), this would support the young age of the UMa group.
Yet the reasoning of King & Schuler (2005) was different. They approved an age similar
to the Hyades based on the lithium absorption of the hotter stars. Referring to the litera-
ture quoted above, the present work follows the reasoning ofMontes et al. (2001b) and
relies on the age sensitivity at spectral types mid- and late-G.

Within his spectroscopic analysis of nearby stars within 25pc, Fuhrmann (2004) iso-
lated UMa group members – including HD 39587 discussed in theprevious section – by
the following distinct spectral properties:

• homogeneous filling-in of the cores of Hα and the Ca II infrared triplet as well as
Na D and Mg Ib (Fuhrmann 2000),
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• faster rotation compared to other main sequence stars, and

• strong lithium absorption except for the coolest members.

The stars isolated by Fuhrmann (2004) happened to have spacevelocities similar to these
of the UMa cluster core. In this respect, the main advance of Fuhrmann (2004) is the
underlying volume-complete and magnitude-limited sample.

1.3.7 Combining kinematic, spectroscopic, and photometric
criteria

Montes et al. (2001b) added their spectroscopic criteria mentioned above to the kinematic
membership criteria in Montes et al. (2001a) and confirmed the UMa group membership
of three stars.

King et al. (2003) followed the work of Soderblom & Mayor (1993) and additionally
assigned photometric membership to the stars which were enclosed by the 400 and 600
Myr isochrones in the colour-magnitude diagram as discussed above. Combining kine-
matic, photometric and spectroscopic criteria, they presented a list of nearly 60 assured
members out of 220 candidates. They used the same kinematic criterion as Soderblom
& Mayor (1993) though now based on well-known distances fromHipparcosand new
radial velocities. Photometry and iron abundance are only used to exclude non-members
and not to confirm membership of candidates. King et al. (2003) stated that:

“... photometric membership and abundance-based membership are nec-
essary but far from sufficient conditions to guarantee UMa membership.”

1.4 A new homogeneous spectroscopic study

I summarise the problems encountered in the research on the UMa group:

1. Kinematic membership criteria are not sufficient to decide on the membership of
further candidates.

2. At mid and late spectral types, photometric and spectroscopic criteria can presently
only be used to exclude candidates.

3. Up to now, there is no homogeneous set of precise stellar parameters and abun-
dances of a large sample of late-type UMa group members. The homogeneous
work of Fuhrmann (2004) does not include any UMa group members beyond
25 pc.

4. Previous age determinations range widely from 200 Myrs to600 Myrs.

Therefore, in the present work, I select a sample of UMa groupmembers (Sect. 1.4.1).
These stars then are analysed homogeneously following the method of Fuhrmann (1998)
(Sect. 1.4.2) so that the work of Fuhrmann (2004) on the UMa group is extended beyond
25 pc.

21



1 Introduction

1.4.1 Defining the sample

King et al. (2003) and Montes et al. (2001a) presented the most recent listings of UMa
group members, accounting for theHipparcosastrometry. Their member lists are still
discrepant due to different membership criteria. A member list defining these criteria is
missing although there is some agreement on spectroscopic and photometric properties.
Yet this set of properties rather describes something that one would call a class of objects.
What actually supports the reality of the UMa group as an entity of related stars? This
question points back to the original evidence of the UMa group. This evidence is given
by the very central part, the UMa cluster which has ever been the kinematically most
coherent part of the UMa group. For this thesis, the UMa cluster and all assuredly co-
moving stars will be the member list for the derivation of thespectroscopic properties.
These properties may be the basis for future membership criteria.

For this thesis, I selected the assured kinematic members from King et al. (2003) and
Montes et al. (2001a) (Tables 1.4 and 1.2). Considering the need for a sufficiently large
sample, a compromise is made and the two selections are simply joined. The result is
still a list of stars which can be called the certain kinematic members in contrast to the
bulk of ≈200 UMa group candidates. It’s worth noting that the most prominent member
of the UMa group, Sirius (HD 48915 A), is not found in this kinematic list.

Table 1.4: The kinematic sample – stellar names and positions. The last column gives the
reference for the distances: 1=Perryman et al. (1997), 2=Fuhrmann (2004), 3=Gliese
& Jahreiß (1991)

HD name HR GJ HIP α (2000) δ (2000) d [pc] ref

11131 χ Cet B 9061 B 8486 01 49 23.36 - 10 42 12.8 23.61± 0.49 2
11171 χ Cet 531 9061 A 8497 01 49 35.10 - 10 41 11.1 23.61± 0.49 1
13594 A 647 10403 02 14 02.46+ 47 29 03.2 41.55± 1.66 1
18778 906 14844 03 11 42.67+ 81 28 14.6 62.00± 2.04 1
24160 g Eri 1195 17874 03 49 27.25 - 36 12 00.9 64.35± 2.40 1
24916 A 157 A 18512 03 57 28.70 - 01 09 34.0 15.77± 0.50 1
26923 1322 19859 04 15 28.80+ 06 11 12.7 21.19± 0.48 1
28495 3295 21276 04 33 54.27+ 64 37 59.7 27.53± 0.81 1
33111 67 Eri 1666 9175 23875 05 07 50.99 - 05 05 11.2 27.24± 0.56 1
38393 γ Lep 1983 216 A 27072 05 44 27.79 - 22 26 54.2 08.97± 0.05 1
39587 54 Ori 2047 222 B 27913 05 54 22.98+ 20 16 34.2 08.66± 0.08 1
41593 227 28954 06 06 40.48+ 15 32 31.6 15.45± 0.22 1
59747 36704 07 33 00.58+ 37 01 47.4 19.69± 0.50 1
71974 A 41820 08 31 35.02+ 34 57 58.4 28.71± 1.13 1
71974 B
75605 3512 43352 08 49 51.50 - 32 46 49.9 70.13± 6.15 1
81659 46324 09 26 42.83 - 14 29 26.7 39.89± 1.59 1
87696 21 LMi 3974 9314 49593 10 07 25.76+ 35 14 40.9 27.95± 0.66 1
91480 37 UMa 4141 51814 10 35 09.69+ 57 04 57.5 26.46± 0.43 1

Table 1.4 continued next page
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Table 1.4 continued

HD name HR GJ HIP α (2000) δ (2000) d [pc] ref

95418 β UMa 4295 9343 53910 11 01 50.47+ 56 22 56.7 24.35± 0.36 1
95650 410 53985 11 02 38.34+ 21 58 01.7 11.66± 0.18 1
103287 γ UMa 4554 58001 11 53 49.84+ 53 41 41.1 25.65± 0.45 1
238087 457 59496 12 12 05.22+ 58 55 35.2 28.38± 1.00 1
109011 1160 61100 12 31 18.91+ 55 07 07.7 23.74± 1.75 1
109647 61481 12 35 51.29+ 51 13 17.3 26.26± 0.77 1
109799 4803 61621 12 37 42.28 - 27 08 20.0 34.59± 0.90 1
110463 3743 61946 12 41 44.52+ 55 43 28.8 23.22± 0.44 1
111456 4867 9417 62512 12 48 39.46+ 60 19 11.4 24.16± 1.87 1
112185 ǫ UMa 4905 62956 12 54 01.74 + 55 57 35 24.81± 0.38 1
112196 63008 12 54 40.02+ 22 06 28.6 34.26± 1.88 1
113139 A 78 UMa 4931 63503 13 00 43.70+ 56 21 58.8 24.96± 0.37 1
113139 B
115043 503.2 64532 13 13 37.01+ 56 42 29.8 25.69± 0.44 1
116656 ζ UMa 5054 3783 A 65378 13 23 55.54+ 54 55 31.3 23.96± 0.35 1
116657 5055 3784 B 13 23 56.41+ 54 55 18.1 24.15± 3.56 3
116842 80 UMa 5062 3785 65477 13 25 13.53+ 54 59 16.6 24.88± 0.35 1
238224 509.1 65327 13 23 23.30+ 57 54 22.1 25.10± 0.91 1
129798 A 5492 71876 14 42 03.25+ 61 15 42.9 42.61± 1.03 1
129798 B
134083 45 Boo 5634 578 73996 15 07 18.07+ 24 52 09.1 19.72± 0.30 1
139006 α CrB 5793 9524 76267 15 34 41.27+ 26 42 52.9 22.91± 0.41 1
141003 A β Ser 5867 77233 15 46 11.26+ 15 25 18.6 46.93± 1.89 1
141003 B
147584 ζ TrA 6098 GJ 624 80686 16 28 28.14 - 70 05 03.8 12.11± 0.08 1
152863 A 56 Her 6292 82780 16 55 02.16+ 25 43 50.5 140.06±13.14 1
155674 A 659 A 83988 17 10 10.51+ 54 29 39.8 21.21± 0.85 1
155674 B 659 B 83996 17 10 12.36+ 54 29 24.5 20.89
165185 6748 702.1 88694 18 06 23.72 - 36 01 11.2 17.37± 0.23 1
167389 89282 18 13 07.23+ 41 28 31.3 33.43± 0.66 1
171746 A 6981 91159 18 35 53.22+ 16 58 32.5 34.21± 1.80 1
171746 B
180777 59 Dra 7312 748.1 94083 19 09 09.88+ 76 33 37.8 27.29± 0.36 1
184960 7451 4116 96258 19 34 19.79+ 51 14 11.8 25.59± 0.31 1
199951 A γ Mic 8039 103738 21 01 17.46 - 32 15 28.0 68.54± 3.71 1
205435 ρ Cyg 8252 106481 21 33 58.85+ 45 35 30.6 38.17± 0.74 1
211575 8507 110091 22 18 04.27 - 00 14 15.6 41.48± 1.58 1

End of Table 1.4

1.4.2 How to obtain precise stellar parameters?

What is the best spectroscopic approach for a homogeneous analysis of the UMa group?
Allende Prieto et al. (2004) derived effective temperatures from calibrations and surface
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gravities from evolutionary isochrones while only the abundances were derived from
spectra. They encountered discrepancies in the iron abundance when derived from lines
of neutral and ionised iron separately; in contrast to Fuhrmann (2004) and Luck & Heiter
(2005) who obtained all parameters consistently from the spectra only (see Luck & Heiter
2005 for a discussion). It is important to note here that King& Schuler (2005) – a work
dedicated to the UMa group – derived the stellar parameters similarly to Allende Prieto
et al. (2004) and encountered the same problems with the ionisation equilibrium.

For this thesis, the extension of the work of Fuhrmann (2004)right into the UMa
cluster still is favourable since he already has analysed homogeneously a good account
of late-type UMa group members closer than 25 pc. Fuhrmann’squantitative spectral
analysis is differential with respect to the Sun and proved of value in his comprehen-
sive work on nearby dwarfs, sub-giants, and young stars including UMa group members
among others (see e.g. Fuhrmann 1998, 2000, 2004). Details are explained in Chapter 3.
Effective temperatures are derived from the wings of the Balmerlines (cf. Barklem et al.
2002). Surface gravities are derived from the iron ionisation equilibrium (cf. Luck &
Heiter 2005) or from the wings of the Mg Ib triplet. Iron abundance is derived from
some ten lines of ionised iron. Microturbulence is found consistently from the spectra
by the following requirement: Iron abundance derived from individual lines of the same
star must not vary with equivalent width.

The obtained spectra not only allow to derive the stellar parameters but also to measure
lithium equivalent widths and the chromospheric filling-inof the Hα line.
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2 Observations, reduction and
calibration

The requested spectroscopic features define how the stellarlight has to be collected and
measured: the wings and cores of Balmer lines and Mg Ib lines,the equivalent widths
and profiles of lines of neutral and singly ionised iron and the Li I λ6708 Å absorption
line (Sect. 2.1).FOCESon Calar Alto, Spain, and the Coudé-Échelle spectrograph in
Tautenburg, Germany, are valuable instruments providing the desired spectra with high
quality (Sect. 2.2). Using these instruments, spectra of≈100 UMa group members and
candidates were taken in 2002-2004 (Sect. 2.3). The observed spectra are arranged on
CCD frames, forming arrays of many spectral orders. The process of data reduction
(Sect. 2.4) transforms these raw data to data products whichcan be used in the subsequent
analysis.

2.1 Required data

The aim of spectral analysis is to derive the stellar properties from various spectral fea-
tures. The properties of interest for the present work are encoded in the following lines:

• Well-sampled wings of the Balmer lines Hα λ6562.81 Å and Hβ λ4861.34 Å yield
the effective temperature while filling-in of the Hα line core allows to estimate
chromospheric activity.

• Equivalent widths of many iron lines of neutral (Fe I) and singly ionised (Fe II)
iron are used to determine surface gravity and iron abundance. These equivalent
widths as well as microturbulence and rotational velocity are obtained precisely by
fitting synthetic lines to the observed lines.

• Several lines of neutral magnesium (Mg I), especially theMg Ib triplet (λ5167.33 Å,
λ5172.70 Å, andλ5183.62 Å), provide an additional constraint on the surface grav-
ity and for some stars even the only constraint. The weak Mg I linesλ4571.10 Å
andλ5711.09 Å are needed in order to estimate the magnesium abundance.

• The equivalent width of the Li I line atλ6707.8 Å allows a relative age estimate. It
is a blend of the7Li I resonance doubletcomprised of components atλ6707.761 Å
andλ6707.912 Å (Pavlenko 1995).
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These spectral lines are located over wide parts of the optical spectrum and are best
recorded simultaneously by spectroscopic observations covering the whole optical wave-
length range. Aiming at a precise analysis, spectra with a high spectral resolution of
λ
∆λ
&40000 and with a high signal-to-noise ratio ofS/N > 200 are indispensable.

2.2 Instruments

The constraints of wide wavelength coverage, high signal-to-noise ratio and high reso-
lution are fulfilled with the Coudé-́Echelle spectrograph of theAlfred-Jentsch-Teleskop
located at theThüringer Landessternwarte Tautenburgin Germany andFOCES1 at the
German-Spanish observatory on Calar Alto in Andalusia, Spain. For specific informa-
tion onFOCES, refer to Pfeiffer et al. (1998) and Grupp (2003) as well as the unfinished
PhD thesis of M. Pfeiffer which is attached to Grupp (2004). Also see theFOCESweb
page2. For details on the Tautenburg Coudé-Échelle spectrograph, refer to König (2003).
For further information, consider the institute’s web pages3.

Both spectrographs aréEchelle spectrographs. In Tautenburg, the light enters the
spectrograph in the Coudé4 focus while in the case ofFOCESthe light is collected in the
Cassegrain focus and guided through the fibre to the spectrograph. In both spectrographs,
the stellar light is expanded by ańEchelle grating into high spectral orders. The orders
overlap so that they have to be separated by a grism (Tautenburg)5, or prisms (FOCES)6

vertical to the direction of dispersion, i.e. in the direction ofcross-dispersion. Eventually
the orders are imaged onto a CCD7. Fig. 2.1 shows spectra of calibration light sources
with flat spectral energy distributions, so-calledflat-fields. Solid lines roughly mark
central cuts along the direction of cross-dispersion.

For the configuration of both spectrographs, see Table 2.1. In the case ofFOCES,
I referred closely to the configuration used by Klaus Fuhrmann in recent years. The
configuration of the Coudé-Échelle spectrograph in Tautenburg is the same as for the
radial velocity planet search program (TOPS, Hatzes et al. 2005), of course without the
iodine cell. See also König (2003) for a description of the setup.

2.3 Observations

Observations withFOCESon Calar Alto were applied for in collaboration with Klaus
Fuhrmann, Brigitte König, and Ralph Neuhäuser. Four campaigns in 2003 and 2004
were granted. In collaboration with Eike Guenther, observations were carried out in

1Fibre Optics CassegraińEchelle Spectrograph
2http://www.usm.uni-muenchen.de/people/gehren/foces.html
3http://www.tls-tautenburg.de/telesc.html, http://www.tls-tautenburg.de/coude/echellespectrograph.html
4See Kitchin (1998) for basics on telescope designs.
5Three grisms covering different wavelength ranges can be moved into the light path:UV, VIS, andIR.

TheVIS grismis used for this work covering the wavelength rangeλ4700− 7400 Å.
6Two prisms are used simultaneously in tandem mounting.
7Charge-Coupled Device
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2.3 Observations

Figure 2.1: Spectral layout of frames ofFOCES (left) and of the Tautenburg Coudé spectro-
graph (right) – Flat-field frames are shown. The direction of cross-dispersion is indicated by
solid lines. Red wavelengths are to the left on theFOCESframe and on top on the Tautenburg
frame.

Table 2.1:Properties and configuration of telescopes and instruments

Coudé-́Echelle FOCES
Tautenburg (Germany) Calar Alto (Spain)

telescope
latitude (North) 50◦ 58′ 48.4′′ 37◦13′ 23.8′′

longitude (East) 11◦ 42′ 40.2′′ 02◦32′ 45.7′′

altitude [m] (sea level) 341 2168
telescope aperture [m] 2.0 2.2
focus Coudé Cassegrain
spectrograph
Échelle orders (extracted) 78-121 69-137
wavelength range [Å] 4700-7400 4100-8200
slit width [µm] 520 120
CCD 20482 pixel Loral#11i, 20482 pixels
nominal 2 pixel resolving power 67000 65000
pixel distance [µm] 15 15
readout noise [#e−] 4.16 8.5
sensitivity [#e−/ADU] 2.6 1.7
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2 Observations, reduction and calibration

Table 2.2: Overview over the observing runs in chronological order – In total, more than 100
UMa group members and candidates were observed and more than500 spectra were obtained.
Only a part of these spectra is included in this thesis. See Table B.1 for these exposures.

run identifier period observatory (instrument)

Jun02 24.06.-01.07.2002 Tautenburg (CoudéÉchelle)
Jul02 17.07.-29.07.2002 Tautenburg (CoudéÉchelle)

Aug02 26.08.-02.09.2002 Tautenburg (CoudéÉchelle)
Mar03 11.03.-18.03.2003 Tautenburg (CoudéÉchelle)
Jul03 14.07.-21.07.2003 Tautenburg (CoudéÉchelle)

Aug03 11.08.-13.08.2003 Calar Alto (FOCES), 2.2m #16, PI Ammler
Oct03 07.10.-10.10.2003 Calar Alto (FOCES), 2.2m #16, PI Ammler
Feb04 06.02.-09.02.2004 Calar Alto (FOCES), 2.2m #12, PI Ammler
Mar04 06.03.-15.03.2004 Tautenburg (CoudéÉchelle)
May04 28.05.-02.06.2004 Calar Alto (FOCES), 2.2m #12, PI Ammler
Sep04 27.09.-05.10.2004 Tautenburg (CoudéÉchelle)

seven campaigns during 2002-2004 with the Coudé-Échelle spectrograph in Tauten-
burg. Table 2.2 shows an overview introducing identifiers for each run. In particular,
the Calar Alto runs were very successful because only one night out of 17 was lost due to
weather. See Table 2.3 for details. Table B.1 lists the spectra used for this thesis together
with the signal-to-noise ratio. For HD 95650, HD 109647, HD 115043, HD 155674 A,
HD 171746 B, HD 238087, and HD 238224, single spectra with high signal-to-noise ra-
tio (&200) could not be obtained. Except of HD 171746 B and HD 109647, two spectra
each were available and added by means of the programcoad.proof Andreas Korn. The
addition of subsequently obtained spectra is possible for the analyses done within this
thesis but not for measurements of precise radial velocities.
The measured signal not only is a response to the stellar properties which are encoded in
the incoming stellar light but also to the properties of the telescope and the instrument.
Therefore in addition to the scientific stellar observations, several calibration frames were
taken in order to remove these imprints from the scientific frames and to recover the
requested stellar signal:

• Bias frames: In order to avoid negative signals due to the read-out noise,a con-
stant offset is applied to the CCD signal, the so-calledbias level. In order to sub-
tract this signal from the exposures, it has to be determinedfrom bias frames.
These frames are obtained by mere read-out, i.e. zero exposure time, with the
camera shutter being closed. They further allow to estimatethe read-out noise
which modulates the bias level. See McLean (1997) for details.
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2.3 Observations

Table 2.3: Completeness of the observations of kinematic members – The last column
refers to the following comments:(1), (3) These stars have already been anal-
ysed by Fuhrmann (2004) and Fuhrmann (2000), respectively,with the same
methods.(2) HD 24916 A was analysed by König et al. (2006) with the same
method as Fuhrmann (2000, 2004).(4) These stars could be observed within the
campaigns described in Table 2.2.(5) The complete stellar atmosphere analysis
according to Fuhrmann (1998) with iron and magnesium lines is not possible
for these stars. Either they are early-type stars (A - mid F),very late-type stars
(K2 - M), giants or close binaries, or simply to faint.(6) These stars of the
southern sky could not be observed from Calar Alto and Tautenburg.

name α (2000) δ (2000) spec. type V comment

HD 7804 01 17 47.96 +03 36 52.1 A3V 5.140 5
HD 11131 01 49 23.36 -10 42 12.8 G1V 6.721 1
HD 11171 01 49 35.10 -10 41 11.1 F3III 4.664 4,5
HD 13594 A 02 14 2.46 +47 29 3.2 F4V 6.080 4,5
HD 18778 03 11 42.67 +81 28 14.6 A7III-IV 5.910 5
HD 24160 03 49 27.25 -36 12 0.9 G9II-III 4.172 5,6
HD 24916 A 03 57 28.70 -01 09 34.0 K4V 8.000 2,5
HD 26923 04 15 28.80 +06 11 12.7 G0IV 6.330 1
HD 28495 04 33 54.27 +64 37 59.7 K3V 7.748 4
HD 33111 05 07 50.99 -05 05 11.2 A3III 2.790 5
HD 38393 05 44 27.79 -22 26 54.2 F7V 3.586 4
HD 39587 05 54 22.98 +20 16 34.2 G0V 4.410 1
HD 41593 06 06 40.48 +15 32 31.6 K0V 6.767 1
HD 59747 07 33 0.58 +37 01 47.4 G5V 7.710 1
HD 71974 A 08 31 35.02 +34 57 58.4 G5V 7.300 4,5
HD 71974 B 4,5
HD 75605 08 49 51.50 -32 46 49.9 G5III 5.204 5,6
HD 81659 09 26 42.83 -14 29 26.7 G6/G8V 7.900 6
HD 87696 10 07 25.76 +35 14 40.9 A7V 4.490 4,5
HD 91480 10 35 9.69 +57 04 57.5 F1V 5.161 4,5
HD 95418 11 01 50.47 +56 22 56.7 A1V 2.346 4,5
HD 95650 11 02 38.34 +21 58 1.7 M0 9.690 4,5
HD 103287 11 53 49.84 +53 41 41.1 A0V 2.427 4,5
HD 238087 12 12 5.22 +58 55 35.2 K5 9.980 4,5
HD 109011 12 31 18.91 +55 07 7.7 K2V 8.100 4,5
HD 109647 12 35 51.29 +51 13 17.3 K0V 8.503 4
HD 109799 12 37 42.28 -27 08 20.0 F1IV 5.416 5,6
HD 110463 12 41 44.52 +55 43 28.8 K3V 8.256 4
HD 111456 12 48 39.46 +60 19 11.4 F5V 5.845 3,4,5
HD 112185 12 54 1.74 +55 57 35.3 A0 1.760 4,5

Table 2.3 continued next page
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2 Observations, reduction and calibration

Table 2.3 continued

name α (2000) δ (2000) spec. type V comment

HD 112196 12 54 40.02 +22 06 28.6 F8V 6.985 4
HD 113139 A 13 00 43.70 +56 21 58.8 F2V 4.930 4,5
HD 115043 13 13 37.01 +56 42 29.8 G1Va 6.814 4
HD 116656 13 23 55.54 +54 55 31.3 A2V 2.270 4,5
HD 116657 13 23 56.41 +54 55 18.1 A1m 3.950 4,5
HD 116842 13 25 13.53 +54 59 16.6 A5V 4.005 4,5
HD 238224 13 23 23.30 +57 54 22.1 K5 9.730 4,5
HD 129798 A 14 42 3.25 +61 15 42.9 F2V 6.250 4,5
HD 134083 15 07 18.07 +24 52 9.1 F5V 4.930 3,4,5
HD 139006 15 34 41.27 +26 42 52.9 A0V 2.210 4,5
HD 141003 A 15 46 11.26 +15 25 18.6 A2IV 3.660 4,5
HD 147584 16 28 28.14 -70 05 3.8 F9V 4.910 6
HD 152863 A 16 55 2.16 +25 43 50.5 G5III 6.073 4,5
HD 155674 A 17 10 10.51 +54 29 39.8 K0 8.800 4
HD 155674 B 17 10 12.36 +54 29 24.5 K8 9.290 4,5
HD 165185 18 06 23.72 -36 01 11.2 G5V 5.949 6
HD 167389 18 13 7.23 +41 28 31.3 F8 7.380 4
HD 171746 A 18 35 53.22 +16 58 32.5 G2V 6.924 4
HD 171746 B 18 35 53.22 +16 58 32.5 G2V 7.009 4
HD 180777 19 09 9.88 +76 33 37.8 A9V 5.120 4,5
HD 184960 19 34 19.79 +51 14 11.8 F7V 5.714 4
HD 199951 A 21 01 17.46 -32 15 28.0 G4III 4.677 5,6
HD 205435 21 33 58.85 +45 35 30.6 G8III 3.986 4,5
HD 211575 22 18 4.27 -00 14 15.6 F3V 6.398 4,5

End of Table 2.3

• Flat-field frames: The sensitivity varies across the CCD and strongly depends
on the wavelength. Furthermore the measured light depends on the wavelength-
dependent efficiency of the instrument. In order to correct for these effects, the
exposures are divided by so-calledflat-field frames. These are obtained by illumi-
nating the instrument with a light source having a continuous spectrum. Samples
of flat-field frames are shown in Fig. 2.1. In Tautenburg, the flat-fields are ob-
tained by pointing the telescope at a homogeneously illuminated screen inside the
dome. FOCESuses an internal lamp which is moved into the light-path in front
of the fibre. The intensity of theFOCESflat-fields rapidly decreases towards the
blue Échelle orders. Therefore, flat-fields with three different exposure times are
obtained (Fig. 2.2) in order to maintain high signal-to-noise ratio when calibrating
the object exposures while in Tautenburg, two different exposure times are suffi-
cient in order to have all orders well-exposed (see Fig. 2.3).
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2.3 Observations

Figure 2.2: Types of flat-fields taken with FOCES – Cuts through raw flat-field frames in
the direction of cross-dispersion (approximately along the lines in Fig. 2.1) are shown. The
intensity decreases rapidly from the red (left) to the blue (right) orders. Therefore the exposure
times were adjusted to have each the blue, green and red regimes well-exposed. SeveralÉchelle
orders are saturated in the lower two cases and cannot be used. Therefore, only the orders
below a certain intensity limit (dashed line) are included.
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2 Observations, reduction and calibration

Figure 2.3: Types of flat-fields taken in Tautenburg– Same as Fig. 2.2 but with Tautenburg
flat-fields. The blue wavelength range is to the left and the red to the right. The intensity slope
from red to blue is not as steep as the slope ofFOCESflat-fields so that two different exposure
times are sufficient. Note that the saturated parts are set to zero automatically within the CCD
readout.
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2.3 Observations

Table 2.4:The layout of the observations with typical exposure times.

Calar Alto Tautenburg
type of number of exposure number of exposure
exposure exposures time exposures time

daytime calibrations
bias frames 5 0 s 10 0 s
flat-field frames 10 5 s 3 250 s

10 20 s 1 750 s
10 50 s

Th-Ar frames 6 10-60 s 2 15 s
scientific observations
each target 2 40 s-60 min 2 20 s-45 min
end of night calibrations
bias frames 5 0 s 3 0 s
Th-Ar frames 2 15 s

• Wavelength calibration: The identification of the pixel position on the CCD
frame with the wavelength of the incoming light, i.e. thedispersion relation, is
best found by means of a calibration lamp. Stellar spectral lines are affected by
Doppler shiftdue to stellar radial velocities, macroscopic velocity fields, and by
Earth’s motion itself. Therefore, the absolute laboratorywavelength scale of the
spectra is determined by taking a spectrum of a thorium-argon (Th-Ar) calibration
lamp which provides sharp emission lines at well-known wavelengths.

All calibration frames are taken during daytime so that the nighttime can be devoted
to the science observations. The typical observing schedule follows the scheme in Ta-
ble 2.4.

The observations are spread over several campaigns so that slight differences in the
instrumental setup or the ambient conditions might introduce variations in the observed
spectra. These influences were monitored by obtaining solarspectra during each cam-
paign. The Sun is too bright so that the telescope was pointedtowards the Moon yielding
spectra of the reflected light of the Sun. Section 4.1.1 showsthat consistent solar param-
eters werde derived from all these spectra.

33



2 Observations, reduction and calibration

2.4 Reduction and calibrations

The data reduction extracts the requested information fromthe observed CCD frames. It
follows the common scheme (cf. Horne 1986, McLean 1997) and is carried out with the
FOCES EDRS8 (Pfeiffer et al. 1998) for both spectrographs.

• Bias subtraction: The bias is a constant offset which is subtracted from all frames,
i.e. flat-field frames, Th-Ar frames and science frames.

• Order detection: The reduction software detects theÉchelle orders by following
the order ridges. Fig. 2.1 shows the spectral layout of both spectrographs and indi-
cates the difficulty to detect théEchelle orders automatically. Note thatFOCESis
a fibre spectrograph producing narrow orders with well-defined intensity ridges, so
that theÉchelle orders can be detected automatically by following the order ridges.
In contrast, the Tautenburg spectrograph has no additionalpre-slit optics and the
incoming light fully covers the slit producing much broaderorders. Hence Klaus
Fuhrmann adjusted the order detection algorithm to the Tautenburg spectrograph.

• Wavelength calibration: The Th-ArÉchelle orders are extracted and used to de-
rive the wavelength scale.

• Master flat-field: The usefulÉchelle orders of all flat-field frames (cf. Figs. 2.2
and 2.3) are combined to have one master flat-field for all spectral orders .

• Background subtraction: The pollution by scattered light is measured between
theÉchelle orders in all frames and subtracted.

• Flat-field division: The extracted science orders are divided by the master flat-
field orders.

The simple order extraction algorithm9 integrates all light along the direction of cross-
dispersion at each position of theÉchelle order and ignores the exact order profile.

An absolute flux calibration is difficult and not necessary in this thesis. The spectral
analysis described later requires the line profiles only, given with respect to the relative
continuum. Therefore the relative continuum itself has to be found by considering the
parts of the spectrum which are apparently free of line absorption. This process, the
rectification of the continuum, is most critical for the proper measurement of effective
temperature. The principle is shown in Fig. 2.4. First, several points of the relative con-
tinuum are fixed manually. Spline interpolation then recovers the approximate relative
continuum. The division by this curve finallynormalisesthe spectral order.

In some cases, the continuum is masked by strong lines (Balmer lines, Mg Ib triplet,
Na D doublet) or telluric bands. Since the continua change monotonically with order
number for all spectra (cf. Fig. 2.6 and 2.7), the relative continuum can still be recovered

8Échelle Data Reduction Software
9The optimal extraction scheme as described in Horne (1986) is not used here.
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2.4 Reduction and calibrations

Figure 2.4: Normalisation of an order with a clearly perceivable relative continuum– A re-
duced, extracted, and calibrated spectral order of HD 115043 obtained in Tautenburg is shown
(dotted line). It is affected neither by broad lines nor by strong blends. Several continuum
points are fixed manually (dots) and used to recover the complete continuum by spline inter-
polation (solid).
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Figure 2.5: Merging of two Échelle orders.– The overlaps of order 94 (top) and order 93 (offset
by −0.2 for clarity) of aFOCESspectrum of HD 28495 are compared. The order ends usually
suffer from high noise as well as bad rectification and normalisation (grey parts). The merging
allows to remove these parts and to average the remaining good parts.
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2 Observations, reduction and calibration

in most cases by interpolation with unaffected neighbouring orders. This is essential for
the Balmer lines used in the determination of effective temperature. In Fig. 2.6, espe-
cially the green orders look quite similar in each set corroborating normalisation with
interpolated splines. In contrast, the continua of blue orders are veiled by countless stel-
lar lines and some red orders are strongly affected by Earth’s atmosphere. Therefore the
normalisation is not well determined in these spectral regions. WhileFOCESis known
for its flat orders (Korn 2002; here the green and red parts), the centres of the Tautenburg
orders show a wide bump. The redFOCESorder ends are strongly affected by oscilla-
tions. However, these parts overlap with other orders and can usually be removed within
the merging described below.

For the analysis, the orders are merged in order to have one spectrum running from
blue to red wavelengths continuously. In the optical, theÉchelle orders mostly overlap
conveniently in wavelength so that the overlapping parts can be used to “glue” the order
ends. These parts are compared so that discrepancies in the rectification can be seen
and removed (Fig. 2.5). Overlapping parts with good qualityare averaged and therefore
improve locally the signal-to-noise ratio. Bad redundant parts on the edges of the orders
are removed.

The positions of the spectral features do not yet agree with the corresponding labora-
tory wavelengths. They are shifted by the Doppler effect due to the radial velocity of the
star and the motion of the observer caused by Earth’s motion and rotation. The correc-
tion for these line shifts, i.e. theradial velocity correction, is derived by correlating the
observed spectrum with a synthetic solar-like spectrum provided by Brigitte König.
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Figure 2.6: Rectification splines of Tautenburg andFOCES Échelle orders – Relative in-
tensity is plotted versus pixel position. The spline sets are obtained from Tautenburg(top)
andFOCES(bottom) spectra of HD 217813. The colours indicate the number of the rectified
Échelle order.
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(a) raw order
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(b) interpolation of rectification spline with neighbouring orders
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(c) normalised order with rectified continuum

Figure 2.7: Normalisation of an order with a masked relativecontinuum – (a) Order 86 with
the Hα line before rectification of the continua (Moon exposure obtained withFOCES). (b)
The spline curves for the neighbouring orders 84 and 88 are unaffected by the Hα wings and
used to find an interpolated spline curve for the affected orders 85-87 (only order 86 is shown
in this example).(c) The Hα line after rectification and normalisation of the continuum.
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3 Deriving the stellar parameters –
Methods

A wealth of information is accessible by spectral analysis of the integrated stellar light.
The higher the spectral resolution and the stronger the signal, the more information we
can obtain. The stellar parameters, e.g. effective temperature, surface gravity and metal-
licity, leave their traces in the stellar spectrum and it is the task of stellar atmosphere
analysis to disentangle their influence on a set of spectral absorption lines. I was in-
structed by Klaus Fuhrmann in the use of his spectral analysis package (cf. Fuhrmann
1998) which works strictly differential with respect to the Sun (Sect. 3.1) and is based on
the use of model atmospheres and synthetic line formation (Sect. 3.2). The application
of these theoretical tools to the derivation of stellar parameters is described in Sect. 3.3.

3.1 Differential analysis

The presented analysis is strictly differential with respect to the Sun. Hence it is instruc-
tive to relate the stellar to the solar parameters. Mass, radius, and luminosity are given
in units of the solar values, i.e.M⊙ = 1.9891· 1030 kg andR⊙ = 6.9598· 108 m, and
L⊙ = 3.845· 1026 W, respectively. Similarly the abundance logε(X) = log NX

NH
+ 12 of an

element X with respect to hydrogen H, whereN is the number of particles, is related to
the solar value by :

[X/H] ≡ log
ε

ε⊙
(3.1)

The differential analysis works for stars with stellar parameters only slightly differ-
ent from the Sun. Model atmospheres calibrated to match the Sun can still be used
(Sect. 3.2). Oscillator strengths which usually are not well-known can be calibrated to
match the spectrum of the Sun (Sect. 3.2.6). Furthermore theassumption oflocal ther-
modynamic equilibrium(LTE) (Sect. 3.2.4) is valid for weak lines and for the far wings
of strong lines. The assumptions of LTE and plane-parallel atmospheres (Sect. 3.2.2)
will certainly break down for giants while they are still valid for any star with spectral
type G0 or G5 on the main sequence. Certainly an exact definition of the limits of the
differential approach is difficult. However it proved of value for dwarf and subgiant stars
with spectral types late-F to early-K (Fuhrmann 1998, 2000,2004).
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3 Deriving the stellar parameters – Methods

3.2 Model atmospheres and synthetic line formation

I derive the parameters of the stellar atmospheres by analysing observed spectral ab-
sorption lines. Therefore the radiative transfer problem has to be solved which couples
the emerging light to the properties of the absorbing and emitting stellar material. The
FORTRAN77codesMAFAGS1 andLINFOR are used to model the stellar atmospheres
and the line formation, respectively.MAFAGSis an unpublished model atmosphere code
which was developed by T. Gehren and revised by Reile (1987).The line formation code
LINFORby T. Gehren, C. Reile, K. Fuhrmann, and J. Reetz is based onMAFAGS.

The stellar parameters in a differential analysis cannot be decoupled from the under-
lying models. Results of the present work will only be usefulin the future if the cir-
cumstances of their origin are well-known. Therefore a specification of the used mod-
els is indispensable. The last comprehensive documentation for MAFAGSis given by
Reile (1987). Furthermore some basics are needed in order todiscuss the application
of MAFAGSandLINFOR to the young UMa group stars and to understand the methods
for the determination of the stellar parameters (Sect. 3.3). The following presentation
is formally close to Mihalas (1978), Gray (1992), and Gray (2005). See these publica-
tions for more details on general topics. Some details on thealgorithm inMAFAGSfor
the construction of model atmospheres are not of immediate importance for this thesis.
They are outlined in Appendix D.

In Sect. 3.2.9, the onedimensional hydrostatic modelling is confronted with recent re-
sults of multidimensional hydrodynamic approaches and methods ofstatistical equilib-
rium, often callednon-LTE. Consequences are discussed with respect to the differential
analysis.

3.2.1 Radiative transfer

The properties of radiation are described by thespecific intensity:

Iν =
dE

cosθ dAdω dt dν
(3.2)

where dE, dA, dω, dt, dν are the increments of energy, area, solid angle, time, and
frequency, respectively. The directional average of the specific intensity is given by the
mean intensity:

Jν =
∮

Iν
dω
4π

(3.3)

Consider a radiation field which interacts with a plasma of densityρ. Think of a stellar
plasma which consists of atoms, ions, molecules and ionic molecules. Then the change
of intensity along a path with an increment ds is composed of losses and gains

dIν = −κνρIνds+ jνρds

whereκν is theabsorption coefficientand jν theemission coefficient.
1Model Atmospheres for F- And G-Stars
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3.2 Model atmospheres and synthetic line formation

The optical depthdτν = κνρds relates the path increment to the absorption. It is a
measure for the depth an observer can look into the medium. Then the intensity fulfils
theequation of radiative transfer:

dIν
dτν
= −Iν + Sν (3.4)

whereSν =
jν
κν

is thesource function. In contrast to absorption, it adds up to the radiation
field along dτν.

The equation of radiative transfer can be written in integral form

Iν(τν) =
∫ τν

0
Sν(tν)e

−(τν−tν)secθdtν + Iν(0)e−τν (3.5)

(Gray 1992, p. 111) where the integration constantIν(0) represents some external inci-
dent radiation.

3.2.2 Radiative transfer in solar-like stars – defining the
geometry

The atmosphere is considered to be homogeneous so that the atmospheric parameters
(effective temperature, gas pressure, electron pressure) onlydepend on the depth. Of
course, real photospheres are by far more complicated than suggested by the presented
model. Integral effects of inhomogeneity have to be taken into account for absolute abun-
dance analyses while homogeneity can still be assumed within the presented framework
of differential analysis (see Sect. 3.2.9 for some discussion). The study of surface struc-
tures is challenging (e.g. Doppler imaging or interferometry). Only the surface of the
Sun can be analysed precisely.

In spherical symmetry (coordinatesr, θ, φ), the radiation quantities can be written in-
dependently of the azimuthal angleφ so that the radiative transfer equation is expressed
by:

∂Iν
∂r

cosθ
κνρ
− ∂Iν
∂θ

sinθ
κνρr

= −Iν + Sν (3.6)

Assuming that close to or on the main-sequence the photosphere is thin compared to
the stellar radius, aplane-parallel approximationis applied. The thickness of the solar
photosphere, for example, amounts to only≈ 1 % of the solar radius. Furthermore the
direction is reversed and follows the line of sight from the observer back into the deep
photospheric layers:

cosθ
dIν
dτν
= Iν − Sν (3.7)

where dτν = κνρdz is theoptical depthalong an axisz.
The flux is the quantity relevant for the analysis of the integrated stellar light. It is

related to intensity by:

Fν = 2π
∫ π

0
Iν cosθ sinθ dθ dφ
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Separation into incoming and outgoing radiation gives:

Fν = 2π
∫ π

2

0
I in
ν cosθ sinθ dθ + 2π

∫ π

π
2

Iout
ν cosθ sinθ dθ (3.8)

The insertion ofIν at a certain optical depthτν for incoming and outgoing radiation
corresponding to Eq. 3.5 yields (Gray 1992, p. 115):

Fν = 2π
∫ ∞

τν

Sν

∫ π
2

0
e−(tν−τν)secθ sinθ dθ dtν − 2π

∫ τν

0
Sν

∫ π

π
2

e−(tν−τν)secθ sinθ dθ dtν (3.9)

The innermost integrals can be expressed in terms ofexponential integrals:

∫ π
2

0
e−(tν−τν)secθ sinθ dθ =

∫ ∞

1

e−xw

w2
dw≡E2(x) (3.10)

3.2.3 Thermodynamic equilibrium

Information on the occupation of atomic and molecular states as well as ionic states is
necessary in order to quantify the gains and losses of the radiation field. In thermody-
namic equilibrium, the population ratio of an atomic upper levelNu and a lower levelNl

with energy levelsχu andχl, respectively, can be described by providing the equilibrium
temperatureT only:

Nu

Nl
=

gu

gl
e−
χu−χl

kT (3.11)

wheregu andgl are the corresponding statistical weights andk = 1.380650· 10−16 erg/K
is theBoltzmann constant. The population of a leveln with respect to the total number
N of a species is then given by theBoltzmann equation:

Nn

N
=

gn

U(T)
e
−χn
kT , (3.12)

where
U(T) =

∑

i

gie
−χi
kT

is thepartition function.
In thermal equilibrium, the fraction ofNr+1,m particles at an ionisation stager + 1 to

Nr,m particles at an ionisation stager of a speciesm with an ionisation energyIr,m can be
expressed in terms of temperature, too – by theSaha equation:

Nr+1,m

Nr,m
Pe =

(2πm)
3
2 (kT)

5
2

h3

2Ur+1,m(T)
Ur,m(T)

e−
Ir,m
kT (3.13)

wherePe is the electron pressure.
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3.2 Model atmospheres and synthetic line formation

Thermal equilibrium of radiation is modelled by the black body. Its radiation field
Bν(T) is described by:

Bν(T) =
2hν3

c2

1

e
hν
kT − 1

(3.14)

The law is based on quantum mechanics as is shown by the appearance of Planck’s
constanth (see Gray 1992 for further discussion).

3.2.4 Local thermodynamic equilibrium (LTE)

Thermal equilibrium is not globally valid in a stellar photosphere. An important property
of a black body is the little loss of radiation. In the upper photospheric layers, by contrast,
radiation escapes freely. Yet thermal equilibrium is stillmaintained as a local concept
in the deeper photospheric layers where excitation and de-excitation are dominated by
collisions. Thus most photons cannot escape so that thermalequilibrium is still valid
locally. Then a single temperature, i.e. the local equilibrium temperatureT at each depth
pointτ, is sufficient to describe the atmosphere (Eqs. 3.12, 3.13).

The temperatures and densities of solar-like atmospheres justify the assumption of
ideal gas so that the thermodynamic state of the photospheric layers is fully described
in MAFAGSby providing the temperature and the gas pressure stratification, T(τ) and
Pg(τ), respectively.

For the young main-sequence stars analysed in this work, LTEis valid for weak ab-
sorption lines (formed in deep photospheric layers) of abundant species and the wings of
strong lines. It is not valid for transitions of rare specieslike Fe I in stars hotter than the
Sun or in the cores of strong lines formed in the upper photospheric layers or even in the
chromosphere (see Fig. 3.1). In these cases, the methods ofstatistical equilibrium/ non-
LTEapply which are not implemented inMAFAGSandLINFOR. See Mihalas (1978) for
a textbook.

If we consider a spectral line formed under LTE conditions, the source function is
given by theKirchhoff-Planck relation Sν = Bν(T) and the outcoming flux is expressed
following Eq. 3.9 and Eq. 3.10 by (Gray 1992, p. 275):

Fν = 2π
∫ ∞

0
Bν(T) E2(τν) dτν (3.15)

3.2.5 Contributions to absorption and emission

Pure absorption and scattering

Radiation is attenuated along its path by “true” absorption(χν, e.g. atomic line ab-
sorption) or by just scattering photons into other directions (σν). Therefore the total
absorption coefficient oropacityis given by:

κν = χν + σν (3.16)
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Figure 3.1: Depths of line formation – The formation heights of several spectral lines are in-
dicated. The continuous line traces the temperature stratification of the quiet Sun derived by
Vernazza et al. (1981). The transition from the photosphereto the chromosphere is at≈500 km,
from the chromosphere to the corona at&2000 km. Note that the Hα core is formed in the chro-
mosphere while the wings are still formed in the photosphere. LTE line formation is not valid
in the Hα core. The figure is taken from Vernazza et al. (1981).

44



3.2 Model atmospheres and synthetic line formation

Similarly light may be scattered into the light path and addsup to the intensity, described
by the coefficient jSν . This again merely is redistributed light while emission from de-
excited atoms, for example, adds energy to the thermal pool of the radiation field (jTν ):

jν = jTν + jSν (3.17)

In the case ofpure absorption, photons are absorbed completely and all emitted pho-
tons are newly created with a distribution governed by the physical state of the material.
Hence the source function for pure absorptionSp

ν is given by the Planck functionBν(T)
(Eq. 3.14), and the law of Kirchhoff-Planck relates the absorption and emission coeffi-
cients:

Sp
ν(T) = Bν(T) =

jTν
κν

(3.18)

Furthermore the scattering coefficient jSν is given by:

jSν = σνJν, (3.19)

whereJν is the mean intensity (Eq. 3.3). Solving Eq. 3.18 forjTν and using Eqs. 3.4, the
definition of the source function, and the components of opacity and emissivity (Eqs. 3.16
and 3.17), the total source function is expressed by:

Sν = γνBν + (1− γν)Jν (3.20)

(Gray 1992, p. 98) whereγν ≡ χνκν . Obviously the specification ofχν andσν is sufficient
under LTE conditions (Eq. 3.16).

Eqs. 3.3, 3.4, and 3.20 further illustrate that the problem of radiative transfer is not
described by a simple differential equation. In the equation of radiative transfer, the spe-
cific intensity Iν is related to the source functionSν which partly depends on the mean
intensityJν and thus again onIν. Hence the equation of radiative transfer is an inhomo-
geneous, non-linearintegro-differential equationwhich cannot be solved analytically.

3.2.6 Line profiles

The absorption coefficientχν is comprised of contributions from bound-free and free-free
(continuous absorption) as well as bound-bound transitions (line absorption):

χν = χ
bb
ν + χ

bf
ν + χ

ff
ν (3.21)

MAFAGSandLINFORinclude the bound-free transitions of H and He+, the bound-free
and free-free transitions of H−, the free-free transitions of H−2 , absorption by H+2 and H2,
bound-free transitions of He, free-free transitions of He−, bound free transitions of the
neutral species of C, N, O, Si, Fe, Al, Mg, and Ca, and free-free transitions of all positive
ions (Reile 1987). InMAFAGS, the time expensive direct calculation of opacities can be
avoided by optionally usingODF (see below). For the present work, I am specifically
interested in the bound-bound transition, i.e. the formation of spectral lines. The line
absorption coefficient of bound-bound transitions between a leveln and a leveli with
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3 Deriving the stellar parameters – Methods

energy levelsEi > En of an elementm in an ionisation stager under the assumption of
total redistribution and LTE is given by (Fuhrmann 1993; Reile 1987):

χν =
πe2

mec
1
ρkT

Pr,m

Ur,m(T)
gn fniΦni(ν)e

− En
kT E(ν,T) (3.22)

Φni(ν) is the profile function,Pr,m the partial pressure of an elementm at the ionisation
stager, fni the oscillator strength for the transition (see below),me the electron mass, and
E(λ,T) is the correction for stimulated emissionE(ν,T) = 1 − e−

hc
νkT . In MAFAGSand

LINFOR, all quantities are used in terms of wavelength instead of frequency.

χλ =
πe2

mec2

1
ρkT

Pr,m

Ur,m(T)
gn fniλ

2
niΦni(λ)e

− En
kT E(λ,T) (3.23)

The line profilesΦλ are subject to a variety of line broadening mechanisms: radiation
damping, pressure broadening and Doppler broadening.

Radiative damping and natural line broadening

A simple model for absorption of light by matter is the absorption of a plane electro-
magnetic wave by a dipole. Following Gray (2005, p. 234 et seq.), the atomic absorption
coefficient in this case is given by:

α(λ) =
e2

mc
λ2

c
γλ2/4πc

∆λ2 + (γλ2/4πc)2
(3.24)

where∆λ is the distance from the line centre. The damping constant inthe classical
treatment has to be adopted in cases where damping constantsare not available from the
literature:

γrad =
a
λ2

(3.25)

LINFORadopts the constanta = 0.221 as given in Fuhrmann (1993, p. 167).
Integration over wavelengths yields:

∫ ∞

0
αdλ =

πe2

mc
λ2

c

A quantum mechanical treatment gives rise to theoscillator strength f:

∫ ∞

0
αdλ =

πe2

mc
λ2

c
f

The oscillator strength can be defined for both emission and absorption. These cases are
related by:

gu fem= gl fabs (3.26)

wheregu is the statistical weight of the upper level of the transition andgl of the lower
level. Therefore, oscillator strengths are unambiguouslygiven byg f values.
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3.2 Model atmospheres and synthetic line formation

Collisional or pressure broadening

Collisions of the absorber with other particles change the energy levels involved in the
transition. This results in additional line broadening when averaged along the line of
sight. The energy change depends on the distanceR of the colliding particles and can be
approximated by:

∆E∝R−n

The exponentn depends on the type of interaction:

n type source of perturbation

2 Linear Stark effect ions and electrons
3 Resonance broadening dipole coupling with same species
4 Quadratic Stark effect electrons
6 Van der Waals broadening neutral particles

The damping constantγ4 for the quadratic Stark effect is related to the Stark interaction
constant logC4 taken from the literature (Gray 1992, p. 215):

logγ4 = K +
2
3

logC4 + logPe −
5
6

logT

The electron pressurePe and the temperatureT are given by the model atmosphere cal-
culated withMAFAGS. The exact value ofK is uncertain and is 19.4 in LINFOR.

The van der Waals broadening in cool stars is mostly due to interaction with neutral
helium and hydrogen atoms. Similar to the quadratic Stark effect, the van der Waals
damping constantγ6 is related to the van der Waals interaction constant logC6 by (Gray
1992, p. 217):

logγ6≈19.6+ 0.4logC6(H) + logPg − 0.7logT (3.27)

The gas pressurePg and the temperatureT are given by the model atmosphere. Equa-
tion 3.27 is only an approximation giving the general behaviour while the implementation
in LINFOR is more complicated.

Thermal broadening

Thermal broadening is due to the thermal movement of the absorbers and emitters. The
line of sight velocityvr results in a wavelength shift:

∆λ

λ
=

vr

c
wherec is the speed of light. Thus the distribution of wavelength shifts is proportional

to the Maxwellian distribution of velocities with a width ofv0 =

√

2kT
m wherek is Boltz-

mann’s constant,T the local temperature andm the mass of the species. We get for the
width of the wavelength distribution:

∆λD =
v0

c
λ
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3 Deriving the stellar parameters – Methods

The total line profile is given for a transition between the levels n and i by:

Φni =
H(a, u)
√
π∆λD

(3.28)

with a = γni

4πc

λ2
ni
∆λD

andu = ∆λ
∆λD

(Reile 1987, p. 98).H(a, u) is theHjerting functionwhich
is related to theVoigt function(Gray 1992):

V(a, u) =
λ2

c
√
π∆λD

H(a, u) (3.29)

In LINFOR andMAFAGS, this function is evaluated by means of approximations and
series expansions2.

The damping constantγni is composed of the natural damping constantγrad, the Stark
damping constantγ4, and the van der Waals damping constantγ6:

γ = γrad+ γ4 + γ6 (3.30)

Curve of growth and microturbulence

The microturbulence is a free parameter introduced in the analysis ofcurves of growth
and describes the monotonic increase of line equivalent width with increasing abundance
of the absorbing species. The shape changes with equivalentwidth. The equivalent
width of weak lines(Wλ . 80 mÅ) is proportional to the abundance. The line width is
dominated by the thermal broadening∆λD. The line saturates with increasing abundance
and starts to form strong wings. The Doppler profile is still present in the very central
part of the line, theDoppler core. In this part of the curve of growth, the equivalent width
increases with the square root of the abundance. The microturbulenceξ accounts for the
observed fact that the equivalent widths of saturated linesare larger than predicted from
thermal and damping broadening alone.

The effects of turbulent motion are regarded in two limits within the line synthesis, the
microturbulence and the macroturbulence limit. In the microturbulence limit, turbulent
cells are small compared to the optical depth and effectively increase the thermal velocity
in the absorption process. They are approximated by a Gaussian velocity distribution
with the widthξ [km/s]:

N(v)dv =
1

π
1
2ξ

e−( v
ξ
)2

This distribution is formally convolved with the absorption coefficient. The convolution
of Gaussians gives a new Gaussian so that the total line broadening is implemented by:

∆λD =
λ

c

(

v2
0 + ξ

2
)

1
2

2cf. Gray (1992, p. 227 et seq.) and Mihalas (1978, p. 280 et seq.).
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3.2 Model atmospheres and synthetic line formation

Accounting for macroturbulence, rotation and instrumenta l profile

In the macroturbulence limit, turbulent cells are large compared to the optical depth.
The radiative transfer is unchanged and only the non-thermal velocity broadening is in-
creased. In consequence, the macroturbulence parameterζ [km/s] conserves the equiva-
lent width. Theradial-tangentialmodel postulates Gaussian distributed velocities with
a parameterζRT either along stellar radii or tangent to the surface as is suggested by the
motion of convective cells.

The macroturbulence is taken into account by convolving thetheoretical spectrum
after synthesis withLINFOR. Additionally the synthetic spectrum is convolved with the
non-thermal broadening due to stellar rotation and due to the instrumental profilewhich
incorporates the limited resolution of the spectrograph.

Opacity distribution functions ( ODF)

Instead of calculating the absorption of individual lines,so-called opacity distribution
functions can be optionally used inMAFAGS. Following Kurucz (1979), these are cre-
ated by dividing the whole wavelength scale in small intervals with widths of typically
10 Å. In each of these wavelength intervalsi, the wavelengths are rearranged and mapped
with a function fi onto the interval [0; 1] in a way that the opacitiesκi(λ) become mono-
tonic increasing distributionsκi( fi(λ)). The argument behind this method is that the at-
mospheric structure depends only on wavelength integrals of the radiation quantities and
not on monochromatic quantities. Therefore, the integralscan be obtained from these
distribution functions as well. The distribution functions are pre-calculated on a grid
of electron and gas pressure, temperature, and abundances,saving much time in the ac-
tual calculation of the model atmospheres.ODF are sufficient for the calculation of the
atmospheric stratification.

Fuhrmann et al. (1997a) argue that the solar abundance most probably equals the
meteoritc value of logε(Fe) = 7.51 which is considerably lower than the value of
logε(Fe)= 7.67 adopted by Kurucz (1992). Therefore, instead of using theoriginal Ku-
rucz ODF (see Kurucz 1995),MAFAGSadopts interpolatedODF scaled by−0.16 dex.
For more details and a discussion, see Fuhrmann et al. (1997a) and (Fuhrmann 1993,
p. 157-161, 164). .

Line profiles with MAFAGS and LINFOR

The following paragraphs outline the treatment of line absorption and compile the refer-
ences for the line data. A discussion is not included. Instead the reader is referred to the
quoted literature.

The treatment of the Balmer and Lyman series inMAFAGSneglects Doppler broaden-
ing, radiation damping and resonance damping. Only the linear Stark effect according to
Edmonds, Schlüter, & Wells (1967) is accounted for. Correction for stimulated emission
is not included. In the present implementation ofLINFOR, the unified theory by Vidal,
Cooper, & Smith (1970) is used. Instead of applying the tables of Vidal, Cooper, & Smith
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(1973), the Stark profiles were interpolated in the recalculated tables of T. Schöning and
K. Butler (Fuhrmann 1993; Fuhrmann, Axer, & Gehren 1993). This profile is convolved
with resonance broadening (Ali & Griem 1965, 1966) including radiation damping for
Hα-Hδ.

The profiles of metallic lines inMAFAGSaccount for Doppler, radiation, and van der
Waals broadening according to the theory of Unsöld (1955) with empirical corrections of
Holweger (1972) and O’Mara (1976). InLINFOR, astrophysicalvan der Waals broad-
ening constantsγ6 are used, i.e. the constants were not obtained from laboratory mea-
surements but fitted to match the solar flux atlas of Kurucz, Furenlid, & Brault (1984)
(Fuhrmann 1993; Fuhrmann et al. 1997a). Radiation damping constants for magnesium
were taken from Chang (1990). The radiation damping constants for iron were obtained
from a line list of Kurucz if available and otherwise calculated from the classical formula
Eq. 3.25 (Fuhrmann 1993). The damping due to the Stark effectγ4 is taken into account
only for Mg I λ5172, 5183 and 5528 Å (Fuhrmann et al. 1997a). logg f values for the list
of Fe I and Fe II lines are again derived from the solar flux atlas of Kurucz et al. (1984)
(Fuhrmann et al. 1997a). An average of literature values wasadopted for the oscillator
strengths of the Mg Ib triplet (Fuhrmann 1993, table 7.2). The oscillator strengths of the
remaining magnesium lines were determined in the same way asthese of iron. See Axer,
Fuhrmann, & Gehren (1994) for the derivation of astrophysical oscillator strengths and
van der Waals damping constants. They emphasised the importance of the fact that these
atomic data were derived with the same model atmospheres used in their subsequent
stellar analyses. See Table C.1 for the adopted line data.

The absorption and emission processes are further controlled by the exact abundance
pattern. The solar abundance pattern ofMAFAGSandLINFOR is mostly based on Hol-
weger (1979) (see Table 3.1).

3.2.7 Hydrostatic equilibrium

Hydrostatic equilibrium is assumed for solar-like stars onthe main sequence. The gas
pressure is the dominant pressure component:

dP
dτλ
=

g
κλ

(3.31)

The mass of a thin photosphere is regarded negligible compared to the total mass of the
star. Hence the surface gravityg is approximately constant throughout the atmosphere.

3.2.8 Convection

The mixing-length theory(Böhm-Vitense 1958) is a common approach to implement
convection. Convection is modelled by rising warm cells which dissolve after a certain
heightlmix and release their excess energy into the surrounding material. The efficiency
of convection is thereby related to a free parameterα = lmix/HP whereHP is the pressure
scale height. Analysing the temperature dependent wings ofthe Balmer lines, Fuhrmann
(1993) concluded that the convective efficiency significantly influences the temperature
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3.2 Model atmospheres and synthetic line formation

Table 3.1: The adopted solar elemental abundance pattern– Almost all abundances are taken
from Holweger (1979). The few exceptions are indicated. Thelast column lists the number of
ionisation stages accounted for in the synthetic line formation.

Z element ε⊙ weight [u] Nion

1 H 12.00 1.008 3
2 He 11.00 4.003 2
3 Li 3.28 6.939 2
6 C 8.581 12.011 2
7 N 7.992 14.007 2
8 O 8.923 15.999 2
10 Ne 7.73 20.179 2
11 Na 6.28 22.990 2
12 Mg 7.53 24.305 3
13 Al 6.43 26.982 3
14 Si 7.50 28.086 3
15 P 5.35 30.974 3
16 S 7.20 32.060 3
17 Cl 5.26 35.453 2
18 Ar 6.83 39.948 2
19 K 5.05 39.100 2
20 Ca 6.36 40.080 3
21 Sc 2.99 44.958 3
22 Ti 4.88 47.900 3
23 V 3.91 50.944 3
24 Cr 5.61 51.996 3
25 Mn 5.47 54.938 3
26 Fe 7.514 55.847 3
27 Co 4.85 58.940 3
28 Ni 6.18 58.710 3
29 Cu 4.24 63.550 3
30 Zn 4.60 65.370 3
38 Sr 2.93 87.630 3
39 Y 2.18 88.908 3
40 Zr 2.46 91.220 3
56 Ba 2.18 137.350 3
57 La 1.07 138.920 3
58 Ce 1.58 140.130 3
60 Nd 1.40 144.250 3
62 Sm 0.88 150.360 3
63 Eu 0.48 151.960 3

1Stürenburg & Holweger (1990); Biemont et al. (1993)2Biemont et al. (1993)3Lambert
(1978)4Biemont et al. (1991)
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stratification of theMAFAGSatmospheres. He was able to derive consistent temperatures
when settingα to 0.5. This value is adopted for all stars in the present workwithin the
scope of the differential analysis.

3.2.9 Three-dimensional hydrodynamics versus
one-dimensional hydrostatics

Looking at the Sun, we find photospheric features like the granules3 and spots. They have
an effect onto the integrated stellar light, too, as can be seen from shifts and asymmetries
of spectral lines (Asplund 2005, fig. 3). Within this context, the solar metallicity has re-
cently been subject to a substantial revision (see Asplund 2005 for a review). Steffen &
Holweger (2002) encountered a substantial increase of linestrength when modelling the
convective solar surface layers by two-dimensional hydrodynamics, and derived “granu-
lation abundance corrections”. Asplund, Grevesse, & Sauval (2005) presented a relative
solar metal abundance lower by almost a factor of two than previously adopted. Their
analysis is based on non-LTE calculations and a three-dimensional hydrodynamic solar
model atmosphere. At first, the differential analysis is not affected by these results since
abundances are measured relative to the Sun.

Ludwig & Kučinskas (2005) stated that the microturbulenceand macroturbulence pa-
rameters as well as the mixing-length parameter of convection have become obsolete
with the advent of three-dimenionsal hydrodynamical models. Yet they admitted that a
grid of such models has not yet been available.

3.3 The stellar parameters

After specifying the theoretical tools, we can turn to the determination of the stellar
parameters. Synthesised Hα and Hβ lines are compared to the observed profiles in or-
der to infer effective temperature (Sect. 3.3.1). Sect. 3.3.2 describes the derivation of
surface gravities. Iron lines further allow to determine the iron abundance, the micro-
turbulence, and the projected rotational velocity (Sect. 3.3.3). It is mostly the effective
temperature which indicates the mass of the star in the Hertzsprung-Russell (HR) dia-
gram (Sect. 3.3.5).

3.3.1 Effective temperature

The effective temperatureTeff characterises the radiative flux emitted from the stellar
photosphere connecting the stellar luminosityL to the stellar radiusR by the Stefan-
Boltzmannlaw:

L = 4πσR2T4
eff (3.32)

3The granulation pattern results from the overshooting of convective cells from the solar convection zone
into convectively stable layers. See Stix (1989) for details.

52



3.3 The stellar parameters

with theStefan-Boltzmann constantσ = 5.67·10−5 erg
cm2sK4 . Accordingly the most obvious

way to derive effective temperature relates photometric measurements (→ L) to measured
apparent diameters (→R). This method works only for certain stars with resolved an-
gular diameters (Perrin et al. 1998, Hanbury Brown et al. 1974, Richichi et al. 1998).
The infrared flux method is a modification which partly relieson model atmospheres
(Blackwell & Shallis 1977). Most conveniently, effective temperatures are derived from
colours or spectral types by using calibrations based on direct measurements. Yet these
are only valid in a statistical sense (Fuhrmann 1993; Fuhrmann et al. 1994).

Precise effective temperatures have been derived from the Balmer linessince the early
1980’s although the temperature sensitivity of the Balmer lines of F and G stars has al-
ready been realised in the 1950’s. The advance is due to improvements in spectroscopic
observations, atmosphere modelling, and line modelling (see Fuhrmann 1993 for a his-
torical account). Fuhrmann (1993) and Fuhrmann et al. (1994) concluded that the Balmer
lines allow to derive more precise effective temperatures than photometric methods4.

Figure 3.2 shows an example. The solar temperature is derived from an observation
of the lunar disk which reflects the light of the Sun. The adopted effective temperature
Teff = 5780±60 K is consistent with the literature value for the Sun and with the value
derived from the Hβ line. The wings are considered at their strongest curvaturebecause
the sensitivity to effective temperature is highest there. The LTE modelling is insufficient
at a relative flux lower than 0.7 (see Sect. 3.2.4 and AppendixE) but these parts of the
line core are not used in any case.

In the case of stars with spectral types F, G and K, the curvature of the Balmer line
wings strongly depends on effective temperature but hardly on other parameters (surface
gravity, metallicity). Hence the effective temperature can be derived first with rough
main-sequence estimates for surface gravity and iron abundance.

The stars of the present sample are still young so that the Balmer lines may be effected
by chromospheric emission. In the case of UMa group stars, the consistency of the
temperatures from Hα and Hβ gives support that at least the Hα wings are unaffected by
chromospheric activity (Fuhrmann 2004; Cayrel, Cayrel de Strobel, & Campbell 1988).
Chromospheric activity mostly affects the line cores which are not considered in the
analysis. In the case of even younger stars, the determination of effective temperatures
from the Hα wing may be sincerely affected by activity, e.g. EK Dra (König et al. 2005).

3.3.2 Surface gravity

The following sections describe the methods for the derivation of surface gravities. Two
methods were also applied by Fuhrmann (1998): firstly the iron ionisation equilibrium
and secondly the strong line method using the Mg Ib triplet. Neither the iron ionisation
equilibrium nor the Mg Ib triplet can be used for some of the hotter stars so that surface
gravities are determined fromHipparcosdistance in these cases.

4At first, the Balmer line temperatures do not reflect the true effective temperature in the sense of the
definition Eq. 3.32 but are only valid in the context of the used model atmospheres. Comparing with
other temperature determinations, Fuhrmann showed that these temperatures are accurate indeed.
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Figure 3.2: Fitting the Balmer lines of a moon spectrum in order to derive the effective
temperature – top: Two theoretical fits (solid line) for different temperatures (top and bottom
panel) constrain the observed Hα profile (dots) which is blended by other lines (cf. Fuhrmann
et al. 1997a). bottom: Same as the upper figure but for the Hβ line. The profile can be
recovered similarly although it is heavily blended by many lines.
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3.3 The stellar parameters

Surface gravity from the iron ionisation equilibrium

The absorption of weak lines of two ionisation stages of an element is compared, in
this case the neutral and the singly ionised states of iron, Fe I and Fe II, respectively.
The surface gravity follows from the requirement that the absorption of both ionisation
stages is related to the same elemental abundance. The physical background for the
different behaviour of Fe I and Fe II lines can be retraced by following the reasoning in
Gray (1992). TheEddington approximationis used for spectral lines in order to obtain
estimates. Then the source functionSν(τν) ≈ 3

4πFν(0)(τν + 2
3) equals the fluxFν(0) at an

optical depth of≈3.5 and the line profile is approximated by:

Fc − Fν
Fc

≈
Sν(τc = 3.5)− Sν(τν = 3.5)

Sν(τc = 3.5)
(3.33)

Fν is the flux in the line andFc is the continuum flux. After several further steps5, we get

Fc − Fν
Fc

∝ lν
κν

(3.34)

κν varies hardly across the line. In consequence, the profile ofa weak line in LTE has
approximately the shape of the line absorption coefficient lν (Gray 1992, p. 275 et seq.).

Electron and gas pressure in photospheres with spectral types F, G, and K are related
to surface gravityg by (Gray 1992):

Pe∝g
2
3 (3.35)

Pg∝g
1
3 (3.36)

In solar-like photospheres, most of the iron is found in the singly ionised stage. Hence
the occupation of the upper levelNr+1 in the Saha equation (Eq. 3.13) is approximately
given by the total number of iron absorbers. Consequently the pressure dependence of
the numbers of neutral absorbers in Eq. 3.13 reduces toNr∝Pe. The line absorption
coefficient lν is proportional toNr while the continuous absorption coefficientκν is dom-
inated by H− and thus proportional toPe . Therefore lν

κν
does not change with pressure

and gravity in the case of Fe I lines.
The number of Fe II ions approximately equals the constant total number of iron ab-

sorbers in Eq. 3.13 as stated above so thatlν does not change with pressure. Considering
the pressure dependence ofκν, we get:

lν
κν
∝ 1

Pe
(3.37)

i.e. the dependence on surface gravity enters indirectly bythe dependence of the ionic
stage on electron pressure. This qualitative behaviour is nicely illustrated by Fig. 3.3.

5Gray (1992, p. 276 et seq.)
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Figure 3.3: The solar surface gravity derived from the iron ionisation equilibrium – Abun-
dances were derived from 27 Fe I and 11 Fe II lines of a spectrumof the lunar disk. The
diagrams show the variation of derived abundance [Fe/H] with changing surface gravity logg,
separately for Fe I and II and for different effective temperatures: 5700 K(top) and 5900 K
(bottom). The dotted lines indicate the 1σ-scatter of the values from the individual lines.
The abundance determined from Fe II strongly varies with surface gravity while the value de-
rived from Fe I does not (see text). The analysis of both species has to yield the same Fe
abundance so that the intersection of both curves determines the surface gravity. In this case,
the Balmer lines support an effective temperature of 5780±60 K so that interpolation gives
logg = 4.43±0.09.
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3.3 The stellar parameters

The measured quantities are the equivalent widths6 of Fe I and Fe II lines. Iron abun-
dances are derived from these equivalent widths on a grid of surface gravities. The cor-
rect surface gravity is then found by requiring that both species yield the same total iron
abundance (see Fig. 3.3). The error of the surface gravitiesis estimated by repeating the
derivation with the limits of the effective temperatures. The sensitivity of surface gravity
to effective temperature is pronounced:∂T logg ≈ 0.15 dex

100 K .
The ionisation equilibrium is controlled by both effective temperature and surface

gravity, in contrast to the Balmer line wings. The effective temperature is fixed inde-
pendently by the Balmer lines.

Some more words have to be said on the calculation of iron abundance for the iron ion-
isation equilibrium. Instead of applying curves of growth,theoretical spectra for a dense
grid of atmospheric parameters (Teff, logg, [Fe/H], ξt) are used. Theoretical equivalent
widths for all iron lines are calculated from these spectra and compared to the observed
equivalent widths. The microturbulenceξt is accounted for by an initial estimate, usually
the solar value7, and is constrained iteratively.

The coolest stars in the stellar atmosphere analysis, HD 110463 and HD 109647
(Teff ≈ 5000 K), are at the limits of the grid of theoretical spectra8. In these cases the
stellar parameters are found by directly fitting the observed lines and requiring following
constraints:

• The microturbulence is adjusted until the abundances derived from each Fe I and
Fe II line do not show any trend with the equivalent widths.

• The surface gravity is changed until the difference between the average abundances
of Fe I and Fe II becomes smaller than 0.05 dex. According to Luck & Heiter
(2005), such a difference adds an error of 0.10 dex in the surface gravity. The use
of a stricter constraint does not improve the overall uncertainty which is governed
by the large scatter of the few useful Fe II lines.

At effective temperatures of≈5000 K, the analysis is complicated by severe line blends.
Furthermore the number of suitable Fe II lines is strongly reduced. The few available
Fe II lines were checked for blends using theextract stellarfeature ofVALD9 (Kupka
et al. 2000, 1999; Ryabchikova et al. 1997; Piskunov et al. 1995) with a sensitivity limit
of 0.05.

The UMa group members are chromospherically active. In order to avoid influence
of chromospherical effects, only iron lines with equivalent widths.60 mÅ are used ac-
cording to Fuhrmann (2004) because these form in the deeper layers of the photosphere.

6These equivalent widths do not originate from direct integrations of the observed line profiles because
these are subject to corruptions like blends with lines of other species rendering erroneous equivalent
widths. Such problems are avoided for the most part by using the equivalent widths of synthetic lines
calculated withLINFORand fitted to match the observed spectrum.

7Fuhrmann (1998) derived a value ofξt = 0.95±0.15 km/s for the Sun pointing out that the precise value
depends on the quality of the modelling, on the spectrum, andon the model atmospheres.

8An extension of the grid to lower effective temperatures requires a substantial programming effort not
done within the present work (see App. D for details).

9Vienna Astrophysical Line Data-Base
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3 Deriving the stellar parameters – Methods

This value had to be compromised repeatedly due to the sparseness of weak lines so that
a limit of . 80 mÅ was applied mostly.

Surface gravity from strong lines

The surface gravities of the hotter stars (&6000 K) are underestimated when derived with
the iron ionisation equilibrium (cf. Fuhrmann et al. 1997a,fig. 4). The discrepancies
probably arise from the Fe I lines. Most iron is ionised in hotter stars so that the lines of
neutral iron depend on the details of the temperature structure described insufficiently by
the LTE model atmospheres (Fuhrmann et al. 1997a).

Surface gravities of stars hotter than the Sun can still be determined from strong lines
since their pressure broadened wings indicate surface gravity (see Sect. 3.2.6). Fuhrmann
et al. (1997a) recommended the strong Mg Ib triplet because oscillator strengths and the
collisional damping are well-known. Furthermore, the continuum can be placed accu-
rately in this spectral region (cf. Sect. 2.4). The Mg Iλ5167 Å line suffers from severe
blends whereas the other two triplet lines Mg Iλ5172 Å andλ5183 Å provide redundant
information on the surface gravity. Figure 3.4 shows synthetic lines fitted to match the
solar Mg Ib triplet.

Of course, the depth of the Mg Ib triplet also depends on the magnesium abundance
and the microturbulence. The microturbulence is derived from iron lines (see Sect. 3.3.3).

Fuhrmann et al. (1997a) pointed out that the ionisation potential and the cosmic abun-
dance of magnesium were similar to that of iron. Consequently, weak Mg I lines are
found (e.g. Mg Iλ4571 Å andλ5711 Å) which are independent of surface gravity and
can be used to fix the magnesium abundance. Yet this abundanceis only valid as an
intrinsic parameter ofLINFOR. Similar to the iron abundance derived from Fe I lines, it
is presumably not very accurate for hotter stars.

Fuhrmann (2004) encountered problems with the magnesium line wings of hotter UMa
group members. Possibly the line cores of stronger Mg I lineswere affected by chro-
mospheric activity. Moreover large projected rotational velocities ofvsini & 40 km/s
smeared out the weak Fe II lines and inhibited the proper derivation of abundances. Con-
sequently Fuhrmann (2004) recommended to use surface gravities which are derived
from theHipparcosdistance. On the other side, all hot stars in the present sample show
sufficiently low vsini probably due to different inclination angles so that weak lines can
still be used. In the end, substantially raised Mg Ib wings hamper the derivation of sur-
face gravities of several sample stars hotter than≈ 5900 K.

Surface gravity from distance

The surface gravity of some of the hotter stars of the sample can be neither derived from
the iron ionisation equilibrium nor from the wings of stronglines. In these cases, the
only way is to calculate surface gravities from the well-known Hipparcosdistances and
magnitudes. The distance modulus is:

V − MV = 5·logd − 5+ AV (3.38)
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Figure 3.4: The solar Mg Ib triplet – Top: A fit of a synthetic spectrum (dots) with logg =
4.40 to the observed solar Mg Ib triplet (solid) is shown. The spectrum originates from an
observation of the bright lunar disk.Bottom: The region centred onλ5172 Å is enlarged.
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3 Deriving the stellar parameters – Methods

with the apparent V-band magnitudeV, the corresponding absolute magnitudeMV, the
interstellar absorptionAV, and the distanced. The absolute magnitude is connected to
the luminosity by:

MV = Mbol + B.C.V = Mbol,⊙ − 2.5 · log
L
L⊙
+ B.C.V

with thebolometric correction B.C.V. The luminosity in turn is expressed in terms of the
stellar parameters derived in the analysis, i.e the massM, the surface gravityg, and the
effective temperatureTeff:

L∝R2T4
eff∝

M
g

T4
eff =⇒

L
L⊙
=

M·T4
eff ·g⊙

M⊙·T4
eff,⊙·g

Insertion into the equation of distance modulus (Eq. 3.38) gives after some rearrange-
ments (cf. Fuhrmann et al. 1997b):

logg = −2logd + 4.44+ logM + 4log
Teff

5780 K
+

2
5

(V − AV − B.C.V + 5− Mbol,⊙) (3.39)

Obviously, some additional information is required:

• Distancesd are calculated directly from preciseHipparcosparallaxesπ by d [pc] =
1
π [”] .

• The apparent visual magnitudeV is derived from the preciseHipparcos HP mag-
nitude using the conversion tables of Bessell (2000).

• The bolometric correctionsB.C.V are taken from Alonso, Arribas, & Martı́nez-
Roger (1995)10.

• The interstellar extinctionAV can be neglected since all stars of the sample are
nearby.

• The derivation of the massM is described in Sect. 3.3.5.

Errors of surface gravities are calculated from Eq. 3.39 by error propagation. Pho-
tometric variability may strongly increase the errors but is expected to be low for the
considered hotter stars of the sample (cf. Adelman, Coursey, & Harris 2000).

3.3.3 Abundances and microturbulence

The effects of abundances and microturbulence on the spectrum are intertwined. The
same constraint as in Sect. 3.3.2 is applied: The abundancesderived from each line must
not correlate with equivalent width (cf. Gray 1992)! The microturbulence is usually

10They use another definition ofB.C.V with opposite sign!

60



3.3 The stellar parameters

derived from the Fe II lines only because these are least affected by inadequacies in the
model atmospheres. If the correct microturbulence is established, the measured iron
abundance does not change with equivalent width and thus is known, too. Limits on the
iron abundance are determined by repeating the analysis with the upper and lower limits
on effective temperature. An adoption of abundance errors as small as 0.05 or lower
hardly seems realistic. The accuracy of the analysis is entangled with the accuracy of the
solar abundances and even these are not known to better than 0.04 dex (Asplund et al.
2005).

The value of the microturbulence and its scatter is finally confirmed by fitting several
selected Fe II lines keeping the other parameters fixed at thedetermined values.

3.3.4 Instrumental profile, rotation, and macroturbulence

In contrast to the microturbulence, the projected rotational velocity does not change the
equivalent width and thus is determined simultaneously. Instrumental profile and macro-
turbulence result in non-thermal broadening (cf. Sect. 3.2.6). In order to measure the
rotational velocity, the rotational broadening has to be disentangled from the instrumental
broadening and the broadening by macroturbulence.

The instrumental broadeningis due to the finite resolution of the spectrograph and is
approximately constant within each observing run. Eleven spectral windows with widths
of 20 Å of an observed moon spectrum are used. These are convolved with the high
resolution Kitt Peak solar flux atlas of Kurucz et al. (1984).The instrumental broadening
is well described by a Gaussian. In the present work, it is quantified by the width of
this Gaussian ranging within≈3-5 km/s for the typical resolving power of≈60000. The
derived values are insofar insufficient as they are derived from some spectral windows
only. In contrast, the instrumental profile may vary strongly along eachÉchelle order
being largest at the order ends.

According to Fuhrmann (2000), the macroturbulence parameter is calculated from the
linear fit given by Gray (1984):

ζRT[km/s] = 3.95·Teff[103K] − 19.25 (3.40)

Then the projected rotational velocity is derived by fittingindividual weak Fe II lines.
The scatter of these values usually is below 0.50 km/s. An error of 1.0 km/s seems more
realistic regarding the uncertainties in the instrumentalbroadening and the macroturbu-
lence parameter.

3.3.5 Estimating the stellar mass

Evolutionary models for post-main (e.g. VandenBerg et al. 2000) or pre-main sequence
stars (e.g. Baraffe et al. 1998) predict the evolution of the stellar parameters at a cer-
tain stellar mass. In the Hertzsprung-Russell diagram, thestars followevolutionary
tracks (Fig. 3.5). Stars with same age but different mass are aligned alongisochrones
(cf. Fig. 1.5). Estimates of the mass are obtained by comparing the measured values to
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Figure 3.5: Estimation of mass in the Hertzsprung-Russell diagram – Filled circles denote
the stars analysed in this work. The open circle indicates the position of the Sun. Furthermore,
evolutionary tracks of VandenBerg et al. (2000) ([Fe/H] = 0.00, [α/Fe] = 0.0) for different
mass (small labels, [M⊙]) are shown. Ages are indicated at the positions of the asterisks (large
labels, [Gyrs]).

the predicted values. Previous age estimates for the UMa group range from 100 Myrs
(König et al. 2002) to 600 Myrs (King & Schuler 2005) and place stars with spectral
types late-F to early-K onto the zero-age main sequence (ZAMS) at the lower boundary
of the main sequence.

Masses for the present sample are derived from the post-mainsequence models by
VandenBerg et al. (2000) with solar abundance pattern ([Fe/H]=0.00, [α/Fe]=0.0011).
These proved of value in the work of Fuhrmann (2004). In this thesis, their use in
a Hertzsprung-Russell diagram assures methodical consistency with Fuhrmann (2004).
The mass of each star is estimated directly from Fig. 3.5.

11Theα-element abundance[α/Fe] gives the abundance of elements enriched by theα process (O, Ne,
Mg, Si, S, Ca). Stars with low metallicities tend to be overabundant in theα elements.
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4 Results and implications for the
UMa group

The spectral analysis provided precise values for effective temperatures, surface gravities
and metallicities. However, precision does not imply accuracy. How sure can one be
about the accuracy of these parameters (Sect. 4.1)? In Sect.4.2, all information obtained
in the present work is collected and interpreted in order to constrain the properties of the
UMa group. Finally all results are discussed especially in terms of age and membership
criteria (Sect. 4.3 and 4.4).

4.1 How accurate are the resulting stellar
parameters?

Several steps are undertaken. First of all, one has to assessthe overall reliability of
the analysis. The analysis was done differentially with respect to the Sun. Therefore
the analysis has to reproduce the solar parameters from the Moon spectra obtained in
each observing run (Sect. 4.1.1). The next step is to reproduce Fuhrmann (2004) in
the analysis of a star similar to the stars in the UMa group (Sect. 4.1.2). After these
general tests, the sample of this work is addressed as a whole. The preciseHipparcos
parallaxes allow a crucial test of the spectroscopic surface gravities (Sect. 4.1.3). Finally
the parameters of individual stars are compared to previousdeterminations. One question
is of particular interest: How do discrepancies affect the parameters which are used to
characterise the UMa group members, e.g. iron abundance?

The data derived for assured kinematic members – composed ofthe results of this the-
sis, of Fuhrmann (2000, 2004), and of König et al. (2006) – are compiled and compared
to other previous work (Sect. 4.1.5). Table 4.1 lists the stellar parameters of these stars
and presents a homogeneous though not complete set of stellar parameters of UMa group
stars selected by kinematic criteria only.

In this work, the effective temperature of each star was derived from the Hα and
Hβ line. Iron abundances are based on Fe II lines only, as was discussed in Sect. 3.
The surface gravity of HD 28495, HD 109647, HD 110463, and HD 115043 was de-
rived from the iron ionisation equilibrium and from the Mg Ibline wings for HD 167389
and HD 184960. The surface gravity of HD 38393, HD 112196, HD 171746 A and
HD 171746 B could not be determined with either method and hadto be calculated from
Hipparcosdistances. The Balmer lines of HD 155674 A indicate an effective temperature
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4 Results and implications for the UMa group

Table 4.1: The set of homogeneous stellar parameters– The stellar parameters of the sample
stars which were studied following the method of Fuhrmann (1998). The columns list the
following quantities: (2) effective temperature,(3) surface gravity,(4) iron abundance,(5)
magnesium overabundance,(6) microturbulence,(7) macroturbulence,(8) projected rotational
velocity. The second line provides the corresponding errors for each object. The last column
gives the references for the given parameters: 1=this work, 2=Fuhrmann (2004), 3=König
et al. (2006), 4=Fuhrmann (2000)

object Teff logg [Fe/H] [Mg /Fe] ξt ζRT vsini ref.
[K] [ cm

s2 ] [km/s] [km/s] [km/s]

HD 11131 5796 4.43 -0.10 0.00 0.97 3.70 1.5 2
60 0.10 0.07 0.05 0.20 1.0

HD 24916 A 4600 4.60 -0.03 2.1 3
100 0.20 0.07 2.0

HD 26923 5975 4.41 -0.06 -0.01 0.99 4.40 0.0 2
70 0.10 0.07 0.05 0.20

HD 28495 5465 4.45 -0.05 0.00 0.93 2.34 4.5 1
90 0.12 0.05 0.05 0.20 1.0

HD 38393 6310 4.28 -0.05 0.01 1.30 5.70 8.1 1
60 0.03 0.05 0.06 0.20 1.0

HD 39587 5920 4.39 -0.07 -0.01 0.95 4.20 8.7 2
70 0.10 0.07 0.05 0.20 0.8

HD 41593 5278 4.54 0.02 -0.01 1.12 1.70 4.3 2
80 0.10 0.07 0.05 0.20 1.0

HD 59747 5094 4.55 -0.03 -0.01 1.00 0.90 1.5 2
90 0.10 0.07 0.05 0.20 1.0

HD 109647 4980 4.70 0.05 -0.07 0.80 0.40 3.1 1
60 0.15 0.15 0.15 0.20 1.0

HD 110463 4940 4.68 0.00 -0.02 0.86 0.40 3.1 1
80 0.18 0.10 0.10 0.20 1.0

HD 111456 6300 4.32 5.70 41.0 4
HD 112196 6110 4.39 0.01 0.02 1.31 4.90 12.0 1

60 0.06 0.05 0.05 0.20 1.0
HD 115043 5850 4.36 -0.10 0.05 1.26 3.90 7.5 1

70 0.13 0.07 0.05 0.20 1.0
HD 134083 6480 4.30 6.40 45.0 4
HD 167389 5895 4.37 -0.02 -0.03 0.99 4.00 3.3 1

80 0.15 0.07 0.05 0.20 1.0
HD 171746 A 6100 4.36 -0.04 0.03 1.50 4.80 8.3 1

80 0.06 0.06 0.05 0.20 1.0
HD 171746 B 6040 4.37 0.02 -0.04 1.51 4.60 7.3 1

80 0.06 0.05 0.05 0.20 1.0
HD 184960 6310 4.22 -0.08 -0.01 1.55 5.70 8.0 1

80 0.10 0.05 0.05 0.20 1.0
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4.1 How accurate are the resulting stellar parameters?

Table 4.2: Parameters of the Sunare listed derived for the observing runs. The results of two
Moon spectra each are averaged. The rows with the parameters(uncertainties below) are led
by the run identifier as introduced in Table 2.2. Effective temperatures and surface gravities
agree well with the literature values from Gray (2005).

run Teff [K] log(g [ cm
s2 ) [Fe/H] [Mg /Fe] ξt [km/s] ζRT [km/s]

Jul03 5792 4.41 0.04 0.00 0.81 3.58
90 0.20 0.10 0.05 0.20

Oct03 5780 4.42 0.03 0.02 0.91 3.62
40 0.10 0.05 0.05 0.20

Feb04 5771 4.40 0.02 0.01 0.84 3.52
72 0.13 0.06 0.06 0.20

May04 5791 4.43 -0.01 0.02 0.94 3.62
60 0.11 0.06 0.06 0.20

Gray (2005) 5777 4.438

much lower than previous estimates and than expectations from its spectral type K 01.
Two spectra of each star were analysed if available. The values in Table 4.1 are the

means of the results from the individual spectra.
HD 134083 and HD 111456 were analysed by Fuhrmann (2000). Dueto their high

projected rotational velocities, weak lines are smeared out and the abundance analy-
sis is not possible. This lack of stellar parameters of UMa group members at effective
temperatures beyond 6000 K is now filled by the analyses of HD 38393, HD 112196,
HD 171746 A, HD 171746 B, and HD 184960.

4.1.1 The Moon spectra and the solar parameters

As discussed in Chapter 3, the spectral analysis is differential with respect to the Sun and
should reproduce the solar parameters from Moon spectra which primarily are spectra of
the reflected Sun light. Table 4.2 testifies the good agreement of the derived parameters
between the different observing runs and with the literature values.

4.1.2 Consistency with Fuhrmann (2004)

The previous section showed that following the method of Fuhrmann (1998), I was able
to reproduce the parameters of the Sun. But how do things looklike for younger stars at
the age of the UMa group? Table 4.3 shows that the analysis of the young probable UMa
group member (though not a kinematically certain member) HD217813 agrees well with
the analysis of Fuhrmann (2004).

1The Balmer lines only give an upper limit of 4800 K and an analysis is not possible within the frame
of this thesis. The companion HD 155674B has a wide separation of ≈ 0.′5 and does not pollute the
measured light of the primary.
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Table 4.3:The stellar parameters of the probable UMa group member HD 217813 (Ammler et al.
2005) compared to the results of Fuhrmann (2004).

this work Fuhrmann (2004)

Teff 5900± 80 K 5866± 70 K
logg 4.44± 0.14 4.43± 0.10
[Fe/H] 0.01± 0.10 0.01± 0.07
vsini 2.1± 1.0 km/s 2.0± 1.0 km/s
〈ξt〉 1.1± 0.2 km/s 1.0± 0.2 km/s
Msp 1.10± 0.05M⊙ 1.05M1

⊙
dsp 24.88± 4.15 pc 24.28± 3.32 pc

1Fuhrmann (2004) does not provide uncertainties in mass but expects errors to be less than 10 %.

4.1.3 Comparison of spectroscopic distance with Hipparcos
distance

The derived stellar parameters are a clue to the distance of the star. All necessary relations
already have been given in Sect. 3.3.2. Rearrangement of Eq.3.39 gives:

logdsp = −
1
2

(logg−4.44− logM)+2log
Teff

5780 K
+

1
5

(V−AV −B.C.V +5−Mbol,⊙) (4.1)

The spectroscopic distances are calculated from the data inTable 4.1 and 4.4 and com-
pared to the astrometric distance precisely known for all stars in the sample from the
Hipparcosmission (ESA 1997) (see Fig. 4.1). The spectroscopic distance is mostly sen-
sitive to the derived surface gravity so that the comparisonwith Hipparcosresults repre-
sents a crucial test for this quantity. Of course, the spectroscopic distances of HD 38393,
HD 112196, HD 171746 A, and HD 171746 B are not included since their surface grav-
ities were calculated from theHipparcosdistances. They will be placed on the line of
identity in Fig. 4.1.

The error bars were calculated from the propagation of the errors of the quantities
entering Eq. 4.1. Fuhrmann points out that the true uncertainties are best reproduced by
the scatter in a diagram of the type of Fig. 4.1 (cf. Fuhrmann 2004, fig. 2).

The spectroscopic distances agree with theHipparcosdistance within the error bars.
Yet the scatter of the data points from the present work is somewhat larger than that of the
values taken from Fuhrmann (2004) and König et al. (2006) (see especially the residuals
in the upper panel of Fig. 4.1).

The two data points with distances lower thanHipparcosreflect the possibly overesti-
mated surface gravities of HD 109647 and HD 110463. As pointed out in Sect. 3.3.2, the
analysis of these two objects at the cooler end of the sample was complicated by the lack
of MAFAGSatmospheres and of Fe II lines.
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Figure 4.1: Comparison of spectroscopic distances withHipparcos distances– The bottom
panel allows a direct comparison of the distances. The dashed line represents perfect agree-
ment withHipparcos. The grey-shaded area displays theHipparcoserrors. The top panel
shows the residuals and allows to judge the overall quality of the spectroscopic distances. The
dashed line represents the typical individual uncertainties of 10− 15 % experienced by Fuhr-
mann (2004). This thesis (circles) adds ten to the four analyses of kinematic members from
Fuhrmann (2004) (triangles). The square represents the spectroscopic distance of HD 24916
A which was calculated from the parameters given by König etal. (2006).
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Table 4.4: Properties determined from the derived parameters – The stellar parameters of
the sample stars which were studied following the method of Fuhrmann (1998). The columns
give: (2) mass,(3) radius,(4) bolometric correction,(5) absolute bolometric magnitude,(6)
spectroscopic distance, and(7) difference fromHipparcosdistance (Table 1.4) as percentage.
The second line gives the corresponding uncertainties. Thesources of masses and radii are
the same as of the parameters in Table 4.1. The comparison with Hipparcoscannot be done
for HD 38393, HD 112196, HD 171746 A and B, since their surfacegravities were calculated
from Hipparcosdistances.

object M R B.C.V Mbol dsp
dsp−dHIP

dHIP

[M⊙] [R⊙] [pc] [%]

HD 11131 1.00 1.01 -0.13 4.73 23.8 0.6
0.05 0.04 0.07 3.3

HD 24916 A 0.70 0.69 -0.57 6.48 15.4 -2.4
0.05 0.03 0.09 3.7

HD 26923 1.07 1.01 -0.11 4.57 22.4 5.5
0.05 0.04 0.07 3.1

HD 28495 0.95 0.85 -0.19 5.35 31.3 13.8
0.10 0.04 0.09 4.8

HD 38393 1.23 1.33 -0.08 3.74 – –
0.05 0.04 0.05 –

HD 39587 1.04 1.03 -0.12 4.59 9.1 5.3
0.05 0.04 0.05 1.3

HD 41593 0.89 0.82 -0.24 5.57 15.8 2.5
0.05 0.03 0.06 2.2

HD 59747 0.83 0.76 -0.31 5.90 20.8 5.8
0.05 0.04 0.08 2.9

HD 109647 0.83 0.74 -0.36 6.05 24.0 -8.8
0.05 0.03 0.08 4.3

HD 110463 0.80 0.75 -0.38 6.05 21.9 -9.8
0.05 0.03 0.07 4.5

HD 112196 1.15 1.14 -0.09 4.22 – –
0.05 0.08 0.13 –

HD 115043 1.05 1.03 -0.13 4.64 28.3 10.0
0.05 0.04 0.06 4.4

HD 167389 1.05 1.01 -0.12 4.64 36.8 10.0
0.05 0.04 0.07 6.5

HD 171746 A 1.15 1.18 -0.10 4.16 – –
0.05 0.08 0.14 –

HD 171746 B 1.10 1.16 -0.10 4.24 – –
0.05 0.08 0.14 –

HD 184960 1.23 1.43 -0.08 3.59 25.6 0.0
0.05 0.05 0.06 3.1
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4.1 How accurate are the resulting stellar parameters?

The situation of the three data points grouping conspicuously at somewhat too large
spectroscopic distance is more complicated. In general, anoverestimated spectroscopic
distance may indicate binarity. The problem stars are discussed in the following section.

Another point is of importance. Although the spectroscopicdistance is hardly sensi-
tive to the explicit dependence on effective temperature in Eq. 4.1, a strong temperature
sensitivity enters through the back door by means of the surface gravity. The derived sur-
face gravities strongly vary with effective temperatures as was pointed out in Sect. 3.3.2.
This sensitivity indirectly underlies the error bars in Fig. 4.1. These reach the amount of
the typical scatter experienced by Fuhrmann (2004).

Nevertheless one has to keep in mind that all the calculated spectroscopic distances
still agree withHipparcoswithin the error bars.

4.1.4 Notes on individual stars

• HD 28495:Until recently, the star has not shown any indications of binarity. How-
ever binarity is indicated by a discrepancy of 18.3 ± 2.3 mas/yr detected between
the proper motion of HD 28495 from theHipparcoscatalogue to that of theTycho
catalogue (Makarov & Kaplan 2005). Additionally HD 28495 showed a proper
motion acceleration of 17.8 ± 2.8 mas/yr2. Makarov & Kaplan (2005) gave pre-
scriptions to estimate the lower mass limit of a possible low-mass companion. As-
suming a binary system with circular orbit, I estimated a lower mass limit of about
0.20M⊙ for a possible companion, corresponding to an absolute V-band magni-
tudeMV = 12 (Baraffe et al. 1998, fig. 3). The brightness difference with respect
to the primary is therefore lower than 6.5 mag. A brightness similar to that of the
primary would increase the spectroscopic distance by up to 41 %. Such a value is
excluded by the small deviation of the spectroscopic distance from theHipparcos
distance. Furthermore the procedure of Makarov & Kaplan (2005) only reveals
low-mass companions.

Therefore the analysis might still be affected by a companion but only slightly.
More severe problems may arise from the Hα filling-in which is relatively strong
for this star (see Table 4.5) and may cause a spurious effective temperature deter-
mination.

• HD 115043: Lowrance et al. (2005) detected a companion of spectral typeM4-
M5 at a separation of 1.”58. The spectral type corresponds to an absolute V band
magnitudeMV ∼ 11.8 (Schmidt-Kaler 1982, table 3). This compares to the much
brighter primary withMV = 4.63. Hence a discrepancy with theHipparcosdis-
tance is probably not due to this companion. The distance deviation may still be
caused by errors in the derivation of surface gravity. Sect.3.3.2 already pointed out
that the surface gravities of the hotter stars can be underestimated by the iron ioni-
sation equilibrium. This effect is possibly present at the temperature of HD 115043
though at a somewhat smaller scale.
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4 Results and implications for the UMa group

• HD 167389:There are no indications of multiplicity at all in the literature. How-
ever, the Mg Ib wings may be raised resulting in an underestimation of the surface
gravity (cf. Sect. 3.3.2). No such effect can be seen for HD 184960 whose surface
gravity was derived from the Mg Ib wings, too.

• HD 171746 A & B: This binary has a separation of 1.”718 and a position an-
gle of 158.◦8 according to Fabricius & Makarov (2000). They gaveHipparcos
HP magnitudes for both components which are converted to visual magnitudes of
VA = 6.924± 0.071 andVB = 7.009± 0.071 based on the conversion of Bessell
(2000). The binary could be resolved only marginally withFOCESso that light
from both components may have entered the fibre. Thus the resulting stellar pa-
rameters should be regarded with care.

4.1.5 Comparison of single star parameters with previous
determinations

The comparison to King & Schuler (2005) is of special interest since they are also in-
terested in the spectroscopic characterisation of the UMa group and have several stars in
common with this thesis. Similar to the present work, the analysis of King & Schuler
(2005) is differential with respect to the Sun and based on LTE model atmospheres. The
most prominent differences arise in the derivation of specific stellar parameters. King &
Schuler (2005) determined effective temperatures from a colour-based calibration (Stein-
hauer 2003) while the values in Table 4.1 are based on the wings of the Balmer lines.
They adopted surface gravities from evolutionary models ofYi et al. (2001) in contrast
to Table 4.1 where this parameter is derived directly from the spectra (iron ionisation
equilibrium and Mg Ib line wings) or fromHipparcosdistance. The microturbulence
parameters are determined iteratively requiring iron abundance to be independent of
equivalent width whereas King & Schuler (2005) adopted the microturbulence param-
eters from the relation given in Allende Prieto et al. (2004). The reader is reminded of
the discussion in Sect. 1.4.2.

Effective temperature

Figure 4.2 compares the effective temperatures from Table 4.1 with other previous deter-
minations. The values of almost all authors scatter around the identity line with residuals
of less than 200 K. In opposite, the temperatures of King & Schuler (2005) are systemat-
ically cooler. The discrepancy is increasing up to almost 400 K towards the coolest stars
of the sample. The origin of this discrepancy is probably dueto the different methods
of temperature determination. In any case, the temperatures of this work and Fuhrmann
(2004) are corroborated by the good agreement with other previous determinations.
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Figure 4.2: Comparison with effective temperatures from previous analyses– The solid line
indicates identity with the effective temperatures presented in Table 4.1. Error bars are omitted
for clarity.
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Figure 4.3: Comparison with the surface gravities from other work – Error bars are omitted
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Figure 4.4: Comparison with the iron abundances from other work – Error bars are omitted
for clarity.
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4.1 How accurate are the resulting stellar parameters?

Surface gravity

See Fig. 4.3 for a comparison of surface gravities from previous work with the values
from Table 4.1. The scatter is large though mostly within thetypical errors of some
0.10− 0.15 dex. Two or more values were found for almost all stars. Theagreement is
good for HD 11131, HD 38393 and HD 39587 while for HD 26923 and HD 41593, the
values are quite different from the previous findings.

The reader is reminded of the inhomogeneous values listed inTable 1.3. The present
work together with the data from Fuhrmann (2004), Fuhrmann (2000), and König et al.
(2006) represents the first homogeneous set of spectroscopic surface gravities of a larger
sample of UMa group members. The quality of these surface gravities is approved by
Fig. 4.1.

Iron abundance

The iron abundances are of special interest as to the characterisation of the UMa group.
See Fig. 4.4 for a comparison with previous spectroscopic determinations. Previous spec-
troscopic determinations2 were not found for six stars, namely HD 24916 A, HD 109647,
HD 110463, HD 112196, HD 171746 A, and HD 171746 B.

Consider the stars in Fig. 4.4 having more than one value in the literature, i.e. all
except of HD 28495, HD 115043, and HD 167389. The values from Table 4.1 are out-
side the literature range for HD 26923, HD 38393, HD 41593, HD184960 while they
are inside for the remaining three stars HD 11131, HD 39587, HD 59747. In principle,
these deviations may be related to the deviations in effective temperature (Fig. 4.2) and
surface gravity (Fig. 4.3). However a meaningful comparison is hampered by the inho-
mogeneity of the literature data. Only the work of King & Schuler (2005) is considered
here in more detail since it contributes eight data points toFig. 4.4. Do the temperature
discrepancies in Fig. 4.2 have any consequences on the derived iron abundances? If yes,
some correlation is expected when plotting the temperatureresiduals versus the abun-
dance residuals. Though the large spread in Fig. 4.5 does notallow any firm conclusions.
The abundances of King & Schuler (2005) are lower at cooler temperatures if one trusts
the rather inconclusive linear fit in Fig. 4.5 and considers Fig. 4.2.

The mean of the iron abundances in Table 4.1 amounts to−0.03 with a standard de-
viation of 0.04 which is slightly higher than the correspoding value of King & Schuler
(2005) for the same stars (−0.06± 0.08). Interestingly the scatter of the former value is
smaller than that of the latter. Yet any conclusions on the intrinsic scatter of the UMa
group abundance would be premature considering the typicalerrors of abundance deter-
minations (0.07 in the present work).

2Only spectroscopic determinations were considered. Values predicted from calibrations or derived from
photometry are much less reliable than the spectroscopic determinations (see Sect. 1.3.4).
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Figure 4.5: Temperature residuals vs. iron abundance residuals of this work with respect
to King & Schuler (2005) – The plot shows the temperature residuals (cf. Fig. 4.2) vs.the
residuals of the iron abundances (cf. Fig. 4.4). Clearly thefit is only tentative due to the small
amount of data points.

Microturbulence

The derived abundances are strongly related to the adopted microturbulences. The
iron abundance is underestimated in the case of overestimated microturbulence (cf.
Sect. 3.3.3).

The microturbulences from Table 4.1 are displayed versus effective temperatures in
Fig. 4.6. The increase of microturbulence with increasing effective temperatures is well-
known (see Fuhrmann 2004; Luck & Heiter 2005). The hot star microturbulences added
by the present work substantially steepen the UMa group trend indicated by Fuhrmann
(2004).

Unlike the comparisons in the preceeding sections, these microturbulences are not
compared to further literature values. Such a comparison isdifficult since the microtur-
bulence parameters are strongly sensitive to the input dataused for the line synthesis.
For the Sun, Fuhrmann (1998) gave a value of 0.90±0.15km/s. This value is appropriate
when using the same models and methods as Fuhrmann (1998). Ofcourse this choice
is not valid for analyses based on other atmospheric models.Then the appropriate value
might be quite different. See Allende Prieto et al. (2004), for example, who adopted a
solar microturbulence parameter of 1.25 km/s.

Fig. 4.6 also displays the ratioζRT

ξt
versus effective temperature and can be compared

to Fuhrmann (2004, fig. 5). As is expected from the microturbulences, these values are
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Figure 4.6: Comparison of the microturbulence parameterξt with Fuhrmann (2004) – top:
The microturbulence parameters from the present work (circles) steepen the trend indicated by
the data points from Fuhrmann (2004) (squares).bottom: Consequently the trend ofζRT/ξt is
changed.
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4 Results and implications for the UMa group

substantially lower for the hotter stars than the values expected from the usual trend for
young stars.

4.2 The properties of the UMa group

The Kiel diagram indicates the evolutionary state of the UMagroup (Sect. 4.2.1). Con-
sidering the abundances, the most interesting question is whether these are distinct from
other groups of stars (Sect. 4.2.2). The projected rotational velocities are related to the
age when underlying a Skumanich law (Sect. 4.2.3). Strongerage constraints are given
by lithium equivalent widths (Sect. 4.2.4). The filling-in of Hα is compared to the ho-
mogenous level encountered by Fuhrmann (2004) (Sect. 4.2.5).

4.2.1 Kiel diagram

Besides the Hertzsprung-Russell diagram and the colour-magnitude diagram, stellar evo-
lution is traced in theTeff–logg diagram, the so-calledKiel diagram(see Fig. 4.7). It is
particularly appropriate for this thesis since both effective temperature and surface grav-
ity are derived consistently from the spectra. See Holweger, Hempel, & Kamp (1999)
for a discussion of the general advantage of the Kiel diagram.

King & Schuler (2005) derived similar age for the UMa group (400 − 800 Myrs),
the Hyades (500− 900 Myrs), and the Coma Berenices cluster (400− 800 Myrs) when
comparingB − V and MV with the isochrones of Yi et al. (2001). The age estimates
depend critically on the turn-off which is however sparsely populated in all of these
systems. The Kiel diagram in the top panel of Fig. 4.7 does notgive any further age
constraints with exception of the hotter stars which give anupper age limit, namely
≈3 Gyrs. Early-type stars close to the turn-off are more conclusive (King et al. 2003).

Strikingly the stars are placed systematically above the zero-age main sequence. These
positions in the diagram ambiguously conincide with the pre-main sequence. Therefore
the diagram is repeated in the bottom panel of Fig. 4.7 but nowwith pre-main sequence
models of Baraffe et al. (1998) matched to fit the Sun. Again the age constraintis rather
poor giving a lower limit of≈ 107 Myrs.

4.2.2 Abundances of iron and magnesium

The iron abundances in Table 4.1 range from [Fe/H]= −0.10 up to [Fe/H]= +0.05 with
an average of〈[Fe/H]〉 − 0.03 and a standard deviation of 0.04 dex. Previous means of
−0.08±0.09 and−0.09±0.02 were given by Soderblom & Mayor (1993) and Boesgaard
& Friel (1990), respectively. The new average is higher by 0.05 dex and 0.06 dex, respec-
tively. The UMa group abundances can be compared to other groups of stars, e.g. the
Pleiades and the Hyades. Boesgaard & Friel (1990) gave [Fe/H]= −0.03± 0.02 for the
Pleiades and [Fe/H]= 0.13± 0.05 for the Hyades. Grupp (2004) presented a somewhat
higher value for the Pleiades of [Fe/H]= 0.04± 0.02 higher by 0.07 dex than the value
from Boesgaard & Friel (1990). This fact is remarkable, since the work of Grupp (2004)
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Figure 4.7: Kiel diagram of the UMa group –Top: Post-main sequence models.Surface grav-
ities logg and effective temperaturesTeff for the sample are taken from the present work (cir-
cles), Fuhrmann (2004) (triangles), Fuhrmann (2000) (stars), and König et al. (2006) (square).
Evolutionary post-main sequence tracks (solid lines, labelled with mass [M⊙]) and isochrones
(dotted lines, labelled with age [Gyrs]) from VandenBerg etal. (2006) (scaled-solar, [Fe/H]=-
0.04, [α/Fe]=0.0) are overplotted.Bottom: Pre-main sequence models.Isochrones (dotted,
labelled with age [Myrs]) of Baraffe et al. (1998) are plotted. The models with mixing length
parameterα = 1.9 are chosen since these were constructed in order to match the Sun. The data
points are the same as in the top panel.

77



4 Results and implications for the UMa group

−0.20 −0.10 0.00 0.10
[Fe/H]

−0.10

−0.05

0.00

0.05

0.10

[M
g/

F
e]

Figure 4.8: Magnesium vs. iron abundance– Own results (circles) compared to Fuhrmann
(2004) (squares). Error bars are omitted for clarity.
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Figure 4.9: Projected rotational velocity of UMa group members – Effective temperature vs.
projected rotational velocity (circles) compared to results of Fuhrmann (2000) (diamonds),
Fuhrmann (2004) (squares) and König et al. (2006) (triangle). Uncertainties for the fast-
rotating HD 134083 and HD 111456 were not given.
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was based on an improved version ofMAFAGS. In the present work on the UMa group,
a similar offset with respect to the values of Boesgaard & Friel (1990) is encountered,
namely 0.06 dex.

All in all, the UMa group iron abundance is quite different from the Hyades while it is
at best marginally different from the Pleiades.

Fig. 4.8 shows magnesium overabundance [Mg/Fe] versus iron abundance [Fe/H]. A
slight trend of decreasing [Mg/Fe] with increasing [Fe/H] is indicated. In general, the
distribution coincides well with the thin disk population of Fuhrmann (2004, fig. 34).

4.2.3 Rotation

The hypothesis ofmagnetic brakingexplains the slow-down of the rotation rate of late-
type main-sequence stars. Stellar magnetic fields transferangular momentum to ionised
stellar winds braking the stellar rotation. See Mestel (1999) for further details. Hotter
stars on the main sequence do not have convective envelopes and keep their initial high
rotation rates of up to several hundred km/s during their main sequence lifetime.

The measurement of the stellar rotation by means of line broadening is hampered
by the unknowninclination of the rotation axis relative to the line of sight. The true
rotation rate is only obtained if the inclinationi equals 90◦, i.e. the rotation axis forms a
right angle with the line of sight. Therefore rotational line broadening only indicates the
projected rotational velocity vsini.

Figure 4.9 displays projected rotational velocityvsini versus effective temperaturesTeff

from Table 4.1. This diagram is an effect of both true rotational velocity and inclination
angle, formed by stars with different inclination angles. The envelope of the distribu-
tion in Fig. 4.9 nicely traces a relation which monotonouslydecreases with decreasing
effective temperature. The distribution further coincides with the onset of magnetic brak-
ing on the main sequence at≈6200 K. The projected rotational velocities of HD 111456,
HD 134083 are substantially higher than these of the rest of the sample.

The rotational velocities allow conclusions on the age since they decrease with time
(Skumanich 1972). Only the projected rotational velocity is measured so that age esti-
mates are valid in a statistical sense only. Gray (2005) gives aSkumanich relationfor
solar-mass stars

vsini [km/s] ≈
5

√

t [Gyrs]
(4.2)

wheret is the age of the star. Adopting an UMa group value ofvsini = 5−10 km/s at the
position of the Sun in Fig. 4.9, Eq. 4.2 gives an age estimate of 250− 1000 Myrs which
perfectly agrees with previous age estimates. Due to the inclination of the rotation axis,
the projected rotational velocity can hardly be used to decide on membership.

Rotation rates are not compared to other groups of stars in the present work. King
et al. (2003) state that rotation cannot be distinguished from the Hyades but is decreased
with respect to the Pleiades and M 34 clusters.
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4.2.4 Equivalent width of the Li I λ6707.8Å absorption line

Table 4.5 tabulates lithium abundances derived from the equivalent widths of the Li I
λ6708 Å feature. The measurements follow two different approaches. First, the lithium
equivalent widths were found by integrating the observed profiles so that the abundances
could be derived by interpolation in the LTE curves of growthin Soderblom et al. (1993b,
table 2). In the second approach, the lithium abundances were determined by fitting the
observed lithium feature with a synthetic profile. Then the equivalent width followed by
integration of the synthetic profile.

In most cases, the neighbouring Fe Iλ6707.441 Å line is resolved (see Fig. E.1) and
excluded from the integration. Uncertainties of the equivalent widths from direct integra-
tion are found by varying the integration limits and the position of the continuum under
guidance of noise and blends with neighbouring lines. Uncertainties of the interpolated
abundances are found by varying the input parameters, i.e. the equivalent widths, effec-
tive temperatures and surface gravities within their errorbars. The resulting total formal
error amounts to typically 0.04− 0.09 dex.

Similarly the synthetic line fits were done repeatedly at thelimits of the stellar param-
eters. The variation of effective temperature and iron abundance dominated the changes
in lithium abundance so that only these two parameters were changed. The resulting
errors amount to 0.06− 0.11 dex.

The equivalent widths emerging from these methods agree remarkably good – except
of HD 115043 – although most values from direct integrationsare somewhat higher.
Considering the problem of line blends, Hünsch et al. (2004) derived Li abundances by
both methods, too: synthetic line fits and curves of growth. Following their fig. 3, the
values from synthetic fits exceeded those from curves of growth (Soderblom et al. 1993b)
by 0.1 − 0.3 dex. This effect can be reproduced from Table 4.5 though being lower in
magnitude, i.e. up to 0.08 dex for HD 115043.

The age-dependent lithium absorption can be used as membership criterion in the case
that it is distinct from the lithium absorption in other groups. The amount of absorption
is correlated with effective temperature as is shown in Fig. 4.10.

In order to compare to the level of absorption in other stellar groups, I follow the
presentation in Montes et al. (2001b, fig. 2). I added the upper and lower boundaries of
lithium absorption in the Pleiades. The upper boundary follows Neuhäuser et al. (1997,
fig. 3) based on results of Soderblom et al. (1993a) and Garcı́a Lopéz, Rebolo, & Martı́n
(1994). The lower boundary is taken from Soderblom et al. (1993a, fig. 2d). Furthermore
the fit to Hyades lithium data from Soderblom et al. (1990, fig.3a) is shown3. Moreover
members of the open cluster M 35 (Barrado y Navascués et al. 2001) are displayed.

The absorption of the hotter stars of the sample overlaps with the distributions of the
Pleiades and the Hyades while the absorption of the cooler stars is quite distinct from

3Soderblom et al. (1993a) and Soderblom et al. (1990) gave thelower Pleiades boundary and the Hyades
fit, respectively, not as function of effective temperature but as function of intrinsic colour (B − V)0.
Similar to Neuhäuser et al. (1997), the colours are converted to effective temperatures using Bessell
(1979, 1991). In detail, table 2 from Bessell (1979) is used for stars hotter than 4000 K and table 2
from Bessell (1991) for stars cooler than 4000 K.
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Table 4.5: Lithium equivalent widths, lithium abundances, and filling-in of the Hα line –
In a first approach, the equivalent width of the Li Iλ6707.8 Å is calculated by integrating the
observed profile (Wint

Li ). Then the Li abundance is estimated by interpolation in thecurves
of growth of Soderblom et al. (1993b) (logNcog

Li ). In a second approach, the abundance is
derived by fitting the observed feature with a synthetic Li doublet (logNfit

Li ). Integration of
the matching synthetic profile gives the equivalent width (Wfit

Li ). The last column tabulates the
minimum intensity at the core of the Hα line. The relative continuum corresponds to 100 %.

object Teff Wint
Li Wfit

Li logNcog
Li logNfit

Li Hα
[K] [mÅ] [mÅ] [%]

HD 11131 57964 29
HD 24916 A 46003 <8.0± 3.0 33
HD 26923 59754 88.0± 5.0 87.0 25
HD 28495 54652 69.0± 4.0 72.4 2.14±0.06 2.22±0.06 42
HD 38393 63102 65.0± 3.0 63.5 2.87±0.04 2.95±0.06 17
HD 39587 59204 28
HD 41593 52784 30
HD 59747 50944 32
HD 71974 A 54806 68.0± 4.0 66.7 32
HD 95650 36345 <45.0± 5.0 73
HD 238087 43508 <20.0± 5.0 39
HD 109647 49802 46.0± 5.0 44.2 1.37±0.09 1.36±0.11 34
HD 110463 49402 22.0± 5.0 22.5 0.97±0.09 1.05±0.11 34
HD 112196 61102 110.0± 5.0 109.5 3.03±0.04 3.09±0.06 28
HD 115043 58502 94.0± 6.0 84.0 2.70±0.09 2.78±0.11 27
HD 238224 43508 <11.0± 4.0 61
HD 152863 A1 49807 < 7.0± 5.0 17
HD 155674 A <48002 < 9.0± 6.0 37
HD 155674 B 39008 <10.0± 2.0 39
HD 167389 58952 60.0± 4.0 58.2 2.47±0.05 2.47±0.07 21
HD 171746 A 61002 85.0± 5.0 83.2 2.84±0.05 2.90±0.07 17
HD 171746 B 60402 50.0± 5.0 45.3 2.51±0.05 2.51±0.11 28
HD 184960 63102 62.1± 6.0 60.4 2.83±0.04 2.88±0.06 17
HD 2054351 50609 <15.0± 5.0 20

1giant2Teff from this work3from König et al. (2006)4from Fuhrmann (2004)5from Alonso, Arribas, &
Martı́nez-Roger (1996)6from Strassmeier et al. (2000)7from de Laverny et al. (2003)8converted from

spectral type with the calibration from Kenyon & Hartmann (1995)9from McWilliam (1990)
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4 Results and implications for the UMa group
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Figure 4.10: Effective temperature vs. lithium equivalent width – Almost all own measure-
ments for the certain kinematic UMa group members are indicated by circles. For some stars,
only upper limits could be determined (triangles pointing downwards). Filled triangles repre-
sent the upper limits for the giants HD 152863 A and HD 205435.The filled triangle pointing
to the right is the location of HD 155674 A. Only upper limits are available for both lithium
equivalent width and effective temperature. The upper (solid) and the lower boundary (dashed)
of lithium absorption in the Pleiades as well as the distribution of the Hyades (grey-shaded)
are overplotted. The crosses represent members of M 35. See the text for references. Error
bars were omitted for clarity.
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4.2 The properties of the UMa group

these distributions. Lithium absorption may be used as membership criterion at least
for UMa group candidates cooler than the Sun and hotter thanTeff ≈ 5000 K. In this
temperature regime, lithium absorption of young stars strongly depends on the age. The
Pleiades have an age of roughly 110 Myrs (Terndrup et al. 2000) while the Hyades are
much older with an age of≈ 625 Myrs (Perryman et al. 1998). M 35 is somewhat older
than the Pleiades (175 Myrs, Barrado y Navascués et al. 2001). Below solar temperature,
the UMa group sample is distinguished well from the other stellar groups down to 5000 K
although this region is sparsely populated. Two stars, HD 152863 A and HD 205435,
have upper limits only possibly related to their giant status. The UMa group values
are distinguished well from the Pleiades, the Hyades, and the bulge of M 35. I do not
follow the reasoning of King & Schuler (2005). Instead the youth of the UMa group is
confirmed with an age of≈ 200− 600 Myrs. The reader is reminded of the discussion in
Sect. 1.3.6.

Two important points have to be kept in mind when consideringFig. 4.10:

• Uncertainties in the effective temperature may shift the Li sequence considerably.
Except of the coolest stars, the effective temperatures of the whole UMa group
sample of this work were derived with the method of Fuhrmann (1998), by fitting
the Balmer lines.

• The quality of the measured equivalent widths strongly depends on the resolution
and the signal-to-noise ratio of the underlying spectra. Inthe present work, a
signal-to-noise ratio of≈ 200 with a resolving power of≈ 60000 could be achieved
for almost all stars. The blend with the Fe I line mostly has been resolved.

4.2.5 Filling-in of the H α line core

This thesis presents a preliminary estimation of the Hα filling-in. Only the relative core
intensities are measured in order to compare to Fuhrmann (2004). More information
can be obtained from the measurement of equivalent width of the central emission not
done in the present work. Such equivalent widths can be measured following thespectral
subtraction techniquedescribed in Montes et al. (2001b), for example. Line profiles from
standard stars of same spectral type have to be obtained first. These are subtracted from
the observed spectrum. The residual is related to chromospheric emission.

In principle, a subtraction of synthetic lines is possible.However, the LTE line syn-
thesis used in the present work fails in predicting the line cores (see Figs. E.2 through
E.4). Figure F.1 shows the residuals when subtracting theoretical LTE profiles from the
observed profiles. Only the outer wings are modelled reliably.

The subtraction of synthetic lines can be done only for the stars with solved stellar
parameters whereas the intensity in the Hα core can be measured for all observed stars of
the sample. Fig. 4.11 displays the Hα core intensity levels versus effective temperatures.
All values are taken from Table 4.5. Additionally the theoretical LTE prediction is shown.
The LTE profiles do not reproduce the core of the Hα lines and thus are shifted by a
constant amount in order to match the solar data point. Considering the values from
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Figure 4.11: Effective temperature vs. Hα core intensity – The core intensity with respect to
the relative continuum is plotted. Circles denote values from this work with the filled circles
being the stars with solved stellar parameters (Table 4.1).Squares indicate values for the cer-
tain UMa group members taken from Fuhrmann (2004). The plus signs display the values of
the two giants HD 152863 A and HD 205435.⊙ denotes the solar value. The solid line repre-
sents the theoretical values from LTE synthesis and the dotted line is the same but shifted to
match the solar value. The homogeneity of the values from Fuhrmann (2004) is not supported.
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4.3 Conclusions on the age

Fuhrmann (2004) alone, we clearly perceive the homogeneousfilling-in encountered by
Fuhrmann (2004). However the new data strongly blur this nice relation. What remains
regardless of the two giants, is a systematically higher Hα core level with respect to the
Sun, yet with a substantial spread of at least 15 % in the relative units.

4.3 Conclusions on the age

In order to summarise, following age constraints are inferred:

property age

rotation ≈ 250− 1000 Myrs
lithium 180-630 Myrs

Kiel diagram ≈ 107 − 109 years
[Fe/H], [Mg /Fe] . 4 Gyrs (thin disk, Fuhrmann 2004)

The new determinations do not change the limits on the age given by the literature.
However some progress may be seen in the dependence of lithium equivalent width on
effective temperature. Having in mind that there are not enoughdata points in the deci-
sive temperature range, the lithium equivalent widths indicate a common age rather than
an age spread. If the age spread of 200− 600 Myrs in the literature was intrinsic to the
UMa group, the homogeneously measured lithium equivalent widths were expected to
scatter strongly between the distributions of the Pleiadesand the Hyades.

4.4 Concluding remarks on membership criteria

Certainly a large age spread would inhibit a common level of activity from the outset and
thus the existence of appropriate activity-based spectroscopic membership criteria.

Some more words have to be said on the meaning of “common” in this context. First
of all, it is important to distinguish carefully the steps inthe construction of member-
ship criteria. The prerequisite is the agreement on a sampleof assured members, the
“canonical” members defining the properties of the stellar group. The distribution of
these properties can be characterised by some limits which may be used to define the
membership criterion, i.e. the limits used to select new members. This reasoning does
not need any further deepening at this point. Instead an example is given by the work of
King et al. (2003). The canonical members are the UMa nucleusor UMa cluster stars,
respectively. The photometric criterion is given by the isochrones of 400 and 600 Myrs
in the colour-magnitude diagram. These isochrones limit the distribution of the UMa nu-
cleus. Similarly in theirUV diagram, the 3σ ellipse encloses the kinematic distribution
of the nucleus stars and represents a selection limit for thekinematic membership crite-
rion. Now let us turn back to the term “common”. It does not mean that the considered
stellar property is described by a sharp distribution. Rather it is of importance whether
this distribution can be distinguished well from the distributions of other stellar groups,
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4 Results and implications for the UMa group

i.e. the degree of distinctness is decisive. That means that“common” is always used in a
relative sense and not in an absolute sense.

In this respect, the distribution of UMa group lithium abundances appears distinct in
the present study while the iron abundance can only be distinguished from the Hyades
and not from the Pleiades. It is important to keep in mind thatthis thesis does not present
systematic comparisons with all nearby group of stars. Instead only some examples were
chosen.

A further improvement can be made by abandoning any list of canonical members.
Such a list always biases the resulting membership criteriaas already has been pointed
out in Sect. 1.3.2. The kinematical clustering discussed inSect. 1.3.3 allows to fix group
properties without any canonical member list. Herewith an underlying unbiased sample
is essential. Fuhrmann (2004) extends this principle to a sort of “spectroscopic clus-
tering” based on an underlying volume-complete and magnitude-limited sample (see
Sect. 1.3.6).
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5 Summary and outlook

The Ursa Major (UMa) group consists of the UMa open cluster and many more stars
moving into the same direction. The stars are close and thus suited for many kinds of
studies. The UMa group would be an ideal sample for evolutional analyses if the age
constraints could be improved. The adopted age depends on the exact member list as do
the overall properties of the group. Yet recent member listsdisagree.

Therefore I selected a sample of stars comprised of the certain kinematic members in
order to readdress the spectroscopic properties of the UMa group. The lack of homo-
geneous analyses of stellar parameters, i.e. effective temperature, surface gravity, and
abundances, of a larger sample of mid- and late-type UMa group members motivated
new analyses based on spectroscopic observations with highresolving power (≈60000)
and signal-to-noise ratio (&200).

Spectra for twenty late-type kinematic members were obtained within a larger project
on the UMa group during eleven observing campaigns in 2002-2004 with FOCESon
Calar Alto and the Coudé-Échelle spectrograph in Tautenburg.

I followed the quantitative spectral analyses of Fuhrmann (2004, and preceeding work)
who already had analysed five of the certain kinematic UMa group members. Stellar pa-
rameters for ten more members with spectral types late-F to early-K were derived extend-
ing Fuhrmann’s work on the UMa group beyond 25 pc. The spectral analysis is strictly
differential with respect to the Sun. Effective temperatures were derived from the wings
of Balmer lines based onMAFAGSmodel atmospheres in local thermal equilibrium. Sur-
face gravities were determined from the iron ionisation equilibrium and the wings of the
Mg Ib triplet. For four stars, neither of these methods couldbe used so that surface grav-
ities had to be calculated fromHipparcosdistance. Otherwise all stellar parameters were
obtained consistently from the spectra only. The lines of ionised iron yielded iron abun-
dance and projected rotational velocity. The magnesium abundance could be estimated
from a few lines of neutral magnesium.

The analyses were exposed to several tests. The overall validity of the analysis was
confirmed by reproducing the solar parameters from moon exposures obtained twice in
each observing run. The application on young stars was approved by reproducing the
values obtained by Fuhrmann (2004) for HD 217813. The spectroscopic distances were
calculated from the derived stellar parameters of the UMa group members and agree
well with theHipparcosdistances. Finally the measurements were compared to values
of individual stars taken from the literature. The effective temperatures are consistent
with previous findings whereas the agreement of surface gravities and iron abundances
is worse. Primarily this finding does not question the accuracy of the parameters derived
in this thesis. Rather the inconsistencies reflect the inhomogeneity of the literature data.
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5 Summary and outlook

The interpretation of the results took advantage of the factthat five stars already had
been analysed by Fuhrmann (2004) and one further star by König et al. (2006) by means
of the same methods. Therefore homogeneous stellar parameters are available for in
total sixteen mid- and late-type kinematic UMa group members including seven beyond
25 pc.

The surface gravities and effective temperatures are consistent with the main sequence
but do not allow further conclusions on the age. The new mean abundance of the UMa
group is [Fe/H]= −0.03± 0.04, higher by 0.06 dex relative to previous estimations. It
is still different from the Hyades’ value but cannot be distinguished from the iron abun-
dance of the Pleiades. The iron and magnesium abundances of the UMa group members
agree with the abundances of the thin disk population. Homogeneous projected rotational
velocities are available for in total eighteen stars of the sample, including ten stars from
the present work and two stars from Fuhrmann (2000). They show the onset of main
sequence magnetic braking at effective temperatures of≈6200 K. The rotation rates are
consistent with an age of 250− 1000 Myrs. More information can be obtained when
considering photometric periods (cf. Fuhrmann 2004).

The equivalent width of the Li Iλ6707.8 Å resonance doublet of all twenty observed
kinematic mid- and late-type members was measured in this work. The amount of lithium
absorption is different from the Pleiades, M 35, and the Hyades at effective temperatures
between≈5000 K and that of the Sun, indicating an age between 180 Myrs and 630 Myrs.
However this conlusion is based on a rather small number of data points. It’s noteworthy
at this point that a substantial part of the kinematic UMa group sample is located on the
southern sky and spectra for this work could not have been obtained yet. New insights
may be given by comparing the abundances instead of the equivalent widths to other
groups of stars. A homogeneous comparison to Sestito & Randich (2005) will be possible
by applying non-LTE corrections (following Carlsson et al.1994) to the LTE abundances
based on Soderblom et al. (1993b).

The chromospheric filling-in of the Hα line was estimated for the same twenty stars
the same way as in Fuhrmann (2004) so that measurements of additional four kinematic
UMa group members could be included from the latter work. While Fuhrmann (2004)
realised a quite homogeneous filling-in considering his UMagroup sample, the scatter
in the present kinematic sample is substantial. Nevertheless the data confirm that theHα
core intensity is systematically higher than that of the Sun. This corroborates previous
findings that the UMa group members are more active and younger than the Sun.

In spite of the presented age estimates, the overall limits on the age of the UMa group
did not improve. The strongest constraint is the lithium ageof 180− 630 Myrs found
by comparing the lithium absorption with nearby stellar groups. Certainly this constraint
will be sharpened by a systematic comparison to more clusters. More important than
the overall age limit is the fact that the correlation of Li equivalent width with effective
temperature shows little scatter similar to the Hyades arguing against the rather larger
age spread of 200− 600 Myrs found in the literature.

The interesting question now is whether all these properties can be used to affirm
the membership of further UMa group candidates. Strong membership criteria have to
be based on properties which can be distinguished from othergroups of stars. In this
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respect, the iron abundance and the lithium absorption appear to be suited to decide on
membership of late-type UMa group candidates while the surface gravities, the projected
rotational velocity, and the filling-in of the Hα line are rather inconclusive. In praxis,
lithium equivalent widths and iron abundance have to be compared systematically with
other stellar groups first. Of course, their use as membership criteria will gain strength
when combined with kinematics.

An important work not done here is the systematic comparisonof two completely
different approaches. I discussed that this work is based on a selection of kinematic
members, a list of “canonical” members. In contrast, Fuhrmann (2004) isolated the UMa
group by clustering in the “spectroscopic space”, i.e. filling-in of the Hα line core and
lithium absorption. Similar to Soderblom & Mayor (1993), herealised that the kinemat-
ics of the spectroscopically constrained UMa group are close to the previously known
space velocity of the UMa cluster. The approach of Fuhrmann (2004) is only possible
because of the underlying volume-complete and magnitude-limited sample. Interesting
questions arise: What would the kinematics of the UMa group look like when based
on an extended sample which is selected by Fuhrmann’s spectroscopic criteria? Are the
spectroscopic criteria more distinct than the kinematic criteria?
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Montes, D., López-Santiago, J., Gálvez, M. C., et al. 2001a, MNRAS, 328, 45
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Stürenburg, S. & Holweger, H. 1990, A&A, 237, 125

Terndrup, D. M., Stauffer, J. R., Pinsonneault, M. H., et al. 2000, AJ, 119, 1303

Thorburn, J., Hobbs, L., Deliyannis, C., & Pinsonneault, M.1993, ApJ, 415, 150
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A The kinematic membership criteria
of Eggen (1958, 1995)

A.1 Preliminaries

The kinematic properties of a cluster are fully described bythe galactic space velocity
components. However the observed quantity is not the space velocity but proper mo-
tion given in the ecliptical coordinate system centred at the observer. Consequently the
projection of the space velocity onto the celestial sphere depends on the position of the
star considered. Therefore for the full description of the problem, the following stellar
kinematic parameters are needed:

α right ascension
δ declination
µ total proper motion
π [mas] parallax
ρ
[

km
s

]

radial velocity

ν
[

mas
yr

]

proper motion component in direction of the convergent point

τ
[

mas
yr

]

proper motion component perpendicular to the direction of the
convergent point

λ angular separation between the star and the cluster’s conver-
gent point

U, V, W galactic velocity components in the direction of the galactic
centre, of the galactic rotation, and perpendicular to the galac-
tic plance, respectively

Vtot,c = U2
c + V2

c +W2
c the cluster’s total space velocity

Vtan,c = Vtot,c · sinλ tangent velocity of a cluster member at an angular separation λ
from the convergent point

ρc = Vtot,c · cosλ expected radial velocity of a cluster member at an angular sep-
arationλ from the convergent point

A.2 Moving cluster method

The tangent velocity of a star is given by Eq. 1.1:

Vtan = r [km] · µ
[rad

s

]

= 4.738
µ[′′/yr]
π[′′]

(A.1)
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A The kinematic membership criteria of Eggen (1958, 1995)

where the first equation follows from elementary geometry and the second equation re-
sults from conversion of units (Unsöld & Baschek 1999, p. 174).

In case that the star belongs to a moving cluster, we haveVtot = Vtot,c, ρ = ρc and
Vtan = Vtan,c. With Eq. A.1 follows:

π =
4.74·µ
Vtan

=
4.74·µ

Vtot · sinλ
=

4.74·µ
ρ · tanλ

(A.2)

The resulting parallaxes are very accurate once the cluster’s convergent point is well-
known and the star’s membership established.

A.3 Peculiar velocity criterion

The first membership criterion is to compare the proper motion of the candidate to the
proper motion expected if the star was a member of the cluster. The amount of deviation
is given by thepeculiar velocityof the candidate:

PV ≡ 4.74
π
τ (A.3)

A candidate then is accepted as a member of the cluster if the peculiar velocity is suffi-
ciently small. “Sufficiently small” means that the peculiar velocity is much smaller than
the cluster’s total space velocity.

Until the end of the last century, the parallax has been the most uncertain parameter
so that it has been expressed by Eq. A.2 but using the proper motion componentν in di-
rection of the convergent point instead of the total proper motionµ (Eggen 1958, 1995)1.
Eggen (1995) considered a candidate to be a member if its peculiar velocity was less than
10 % of the cluster’s total space velocity:

|PV| ≤0.1·Vtot,c⇐⇒
|τ|
ν
≤ 0.1

sinλ
(A.4)

A.4 Radial velocity criterion

Likewise the parallaxes did not enter the second criterion,too, which compared the ex-
pected radial velocityρc with the actual radial velocityρ of the candidate. Eggen (1958)
accepted a deviation of≤ 3− 5 km/s for members.

A.5 Adaption by Montes et al. (2001a)

The criteria are slightly modified by Montes et al. (2001a) inasmuch precise parallaxes
entered from theHipparcosandTychocatalogues (ESA 1997; Høg et al. 2000). This

1Of course, with the advent of preciseHipparcosparallaxes for most of the bright nearby stars, space
velocities can be calculated accurately and compared directly to the cluster’s space velocity.
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A.5 Adaption by Montes et al. (2001a)

allowed to reinterpret A.2 in order to derive an expected total space velocityVtot of the
candidate from its total proper motionµ, and the actually co-moving componentVT from
its proper motion componentν:

Vtot =
4.74
π sinλ

· µ

VT =
4.74
π sinλ

· ν

Then the peculiar velocity is related toVT instead the cluster’s total velocityVtot,c leav-
ing the right hand side expression of Eq. A.4 unchanged. However the radial velocity
criterion is modified as the expected radial velocity is now expressed by:

ρT = VT cosλ

Referring to early works of Eggen, Montes et al. (2001a) adopted a tolerance of 4− 8 km
s

for members.
The application of both criteria to the individual stars accounts for the errors inVT, in

the peculiar velocityPV, and in the radial velocityρ.
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B Details on the used spectra

Table B.1: List of the spectra which were included in this work – Spectra with sufficient
signal-to-noise ratio (S/N < 200) could not be obtained for several stars. Improvements
were achieved by adding two spectra if available, i.e. in thecases of HD 95650, HD 115043,
HD 155674 A, HD 238087, and HD 238224. The signal-to-noise ratio was measured in the
order with the Hα line.

exposure object run identifierS/N

umaOct030179.FITS HD 24916A Oct03 240
umaFeb040176.FITS HD 26923 Feb04 293
umaOct030106.FITS HD 28495 Oct03 242
umaOct030107.FITS HD 28495 Oct03 249
umaOct030112.FITS HD 38393 Oct03 382
umaOct030113.FITS HD 38393 Oct03 332
planetXVI 0196.FITS HD 71974A Mar03 194
HD95650coad.FITS HD 95650 Feb04 212
umaMay04 0377.FITS HD 109647 May04 173
umaFeb040317.FITS HD 110463 Feb04 148
umaFeb040318.FITS HD 110463 Feb04 224
umaMay04 0155.FITS HD 112196 May04 302
umaMay04 0156.FITS HD 112196 May04 286
HD115043COAD.FITS HD 115043 Mar03 216
planetX0641.FITS HD 152863A Jul02 194
HD155674Acoad.FITS HD 155674A May04 200
umaMay04 380.FITS HD 155674B May04 107
planetXVIII 0149.FITS HD 167389 Jul03 201
planetXVIII 0150.FITS HD 167389 Jul03 204
umaMay04 0381.FITS HD 171746A May04 240
umaMay04 0323.FITS HD 171746A May04 209
umaMay04 0322.FITS HD 171746B May04 142
planetXVIII 0193.FITS HD 184960 Jul03 250
umaOct030088.FITS HD 184960 Oct03 342
umaOct030093.FITS HD 205435 Oct03 423
planetXVIII 0296.FITS HD 217813 Jul03 267
HD238087coad.FITS HD 238087 Feb04 165
HD238224coad.FITS HD 238224 Feb04 178
planetXVI 0248.FITS MOON KSO Mar03 620
planetXVI 0249.FITS MOON KSO Mar03 424
planetXVIII 0205.FITS MOON KSO Jul03 498
planetXVIII 0206.FITS MOON KSO Jul03 471
umaOct030094.FITS MOON CA Oct03 432
umaOct030095.FITS MOON CA Oct03 469
umaFeb040112.FITS MOON CA Feb04 323
umaFeb040113.FITS MOON CA Feb04 345
umaMay04 0082.FITS MOON CA May04 411
umaMay04 0083.FITS MOON CA May04 357

vi



C Line data

Table C.1: Line data – Following values are listed:(1) central wavelength,(2) element number,
(3) ionisation stage,(4) lower excitation potential,(5) oscillator strength,(6) van der
Waals damping constant,(7) radiative damping constant,(8) quadratic Stark effect
damping constant. See Sect. 3.2.6 for the exact definitions.The effect of quadratic
Stark broadening (logC4) on weak iron lines is negligible so that in this work, it is
usually not taken into account for these lines. The radiation damping constant (γrad)
is calculated with the classical formula withinLINFOR in case it is missing in the
table.

λ Z ion. stage χlow logg f logC6 γrad logC4

[Å] [eV] 108 [1/s]

4481.330 12 2 8.83 0.70 -30.20 6.9600 -15.00
4571.100 12 1 0.00 -5.59 -31.50 – -15.00
4607.330 38 1 0.00 0.04 -31.61 – -15.00
4613.910 40 2 0.97 -0.62 -32.27 – -15.00
4703.000 12 1 4.33 -0.52 -29.55 4.9520 -15.00
4730.030 12 1 4.33 -2.34 -28.80 4.7680 -15.00
4883.690 39 2 1.08 0.15 -32.18 – -15.00
4923.930 26 2 2.89 -1.48 -31.90 3.0800 -15.00
4993.350 26 2 2.80 -3.73 -31.60 3.0500 -15.00
4994.140 26 1 0.91 -3.01 -31.97 15.000 -15.00
5018.450 26 2 2.89 -1.33 -31.90 3.0600 -15.00
5087.420 39 2 1.08 -0.19 -32.21 – -15.00
5127.370 26 1 0.91 -3.20 -31.97 16.600 -15.00
5167.340 12 1 2.70 -0.87 -30.88 1.0020 -14.50
5172.700 12 1 2.70 -0.39 -30.88 1.0020 -14.50
5183.620 12 1 2.70 -0.17 -30.88 1.0020 -14.50
5197.580 26 2 3.23 -2.31 -31.80 3.0300 -15.00
5198.720 26 1 2.22 -2.12 -31.50 1.6100 -15.00
5217.400 26 1 3.21 -1.08 -30.60 76.000 -15.00
5223.190 26 1 3.64 -2.25 -31.91 78.600 -15.00
5232.950 26 1 2.94 -0.11 -30.90 10.203 -15.00
5234.630 26 2 3.22 -2.23 -31.80 3.0700 -15.00
5242.500 26 1 3.63 -0.87 -31.70 57.500 -15.00
5264.810 26 2 3.23 -3.11 -32.19 4.1100 -15.00

Table C.1 continued next page
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C Line data

Table C.1 continued

λ Z ion. stage χlow logg f logC6 γrad logC4

[Å] [eV] 108 [1/s]

5281.800 26 1 3.04 -0.91 -30.90 1.0200 -15.00
5284.110 26 2 2.89 -3.12 -32.11 3.4300 -15.00
5295.320 26 1 4.42 -1.52 -31.15 1.8380 -15.00
5302.310 26 1 3.28 -0.75 -30.60 74.900 -15.00
5324.190 26 1 3.21 -0.13 -30.60 75.600 -15.00
5325.560 26 2 3.22 -3.22 -31.80 3.1000 -15.00
5339.940 26 1 3.27 -0.65 -30.60 74.900 -15.00
5364.880 26 1 4.45 0.39 -31.15 1.8550 -15.00
5367.480 26 1 4.42 0.49 -31.15 1.8500 -15.00
5379.580 26 1 3.69 -1.44 -31.70 57.500 -15.00
5383.380 26 1 4.31 0.68 -31.15 1.7580 -15.00
5393.170 26 1 3.24 -0.74 -30.60 74.800 -15.00
5414.070 26 2 3.22 -3.61 -32.19 4.1200 -15.00
5425.250 26 2 3.20 -3.28 -31.80 2.9900 -15.00
5434.530 26 1 1.01 -2.13 -31.99 14.000 -15.00
5497.520 26 1 1.01 -2.82 -31.99 14.200 -15.00
5522.450 26 1 4.21 -1.40 -30.80 89.800 -15.00
5528.420 12 1 4.33 -0.50 -30.43 4.9080 -13.10
5534.850 26 2 3.24 -2.83 -32.18 2.9900 -15.00
5546.510 26 1 4.37 -1.05 -31.20 1.7860 -15.00
5560.220 26 1 4.43 -0.96 -31.50 1.6410 -15.00
5576.100 26 1 3.43 -0.79 -30.85 75.300 -15.00
5611.360 26 1 3.64 -2.93 -31.91 1.2500 -15.00
5618.640 26 1 4.21 -1.22 -31.46 1.0450 -15.00
5636.700 26 1 3.64 -2.52 -31.94 39.000 -15.00
5638.270 26 1 4.22 -0.65 -31.00 1.9430 -15.00
5651.470 26 1 4.47 -1.77 -31.30 1.6310 -15.00
5679.030 26 1 4.65 -0.64 -30.80 1.3990 -15.00
5711.090 12 1 4.33 -1.70 -30.00 4.8170 -15.00
5741.850 26 1 4.26 -1.63 -31.10 2.1080 -15.00
5785.280 12 1 5.11 -1.76 -30.20 – -15.00
5853.680 56 2 0.60 -0.81 -32.04 – -15.00
5855.080 26 1 4.61 -1.54 -31.75 1.9110 -15.00
5856.090 26 1 4.29 -1.55 -31.91 86.200 -15.00
5862.360 26 1 4.55 -0.16 -31.30 1.8970 -15.00
5991.380 26 2 3.15 -3.59 -31.60 3.4600 -15.00
6027.060 26 1 4.08 -1.02 -31.91 88.503 -15.00
6056.010 26 1 4.73 -0.31 -30.80 1.8480 -15.00
6065.490 26 1 2.61 -1.38 -31.92 1.0200 -15.00

Table C.1 continued next page
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Table C.1 continued

λ Z ion. stage χlow logg f logC6 γrad logC4

[Å] [eV] 108 [1/s]

6084.110 26 2 3.20 -3.84 -31.60 3.4300 -15.00
6093.650 26 1 4.61 -1.32 -31.75 1.9350 -15.00
6096.670 26 1 3.98 -1.79 -31.10 45.250 -15.00
6113.320 26 2 3.22 -4.16 -31.60 3.4100 -15.00
6125.020 14 1 5.59 -1.52 -30.00 – -15.00
6142.490 14 1 5.59 -1.45 -30.01 – -15.00
6149.250 26 2 3.89 -2.75 -31.90 3.3900 -15.00
6151.620 26 1 2.18 -3.29 -31.86 1.5500 -15.00
6157.730 26 1 4.08 -1.10 -31.70 50.203 -15.00
6173.340 26 1 2.22 -2.84 -31.86 1.6700 -15.00
6200.320 26 1 2.61 -2.31 -31.92 1.0300 -15.00
6213.440 26 1 2.22 -2.51 -31.86 1.6500 -15.00
6226.740 26 1 3.88 -2.11 -31.10 54.140 -15.00
6232.650 26 1 3.65 -1.20 -30.70 80.600 -15.00
6239.940 26 2 3.89 -3.50 -31.90 3.3800 -15.00
6240.650 26 1 2.22 -3.27 -31.95 15.700 -15.00
6246.330 26 1 3.60 -0.73 -30.70 79.600 -15.00
6247.560 26 2 3.89 -2.34 -31.90 3.3800 -15.00
6252.570 26 1 2.40 -1.56 -31.92 87.000 -15.00
6330.850 26 1 4.73 -1.15 -31.69 2.3840 -15.00
6335.340 26 1 2.20 -2.22 -31.86 1.6600 -15.00
6336.830 26 1 3.69 -0.80 -30.70 81.100 -15.00
6369.460 26 2 2.89 -4.19 -31.50 2.9000 -15.00
6380.750 26 1 4.19 -1.24 -31.70 73.503 -15.00
6393.610 26 1 2.43 -1.39 -31.92 93.200 -15.00
6411.660 26 1 3.65 -0.56 -30.70 80.300 -15.00
6416.930 26 2 3.89 -2.67 -31.90 3.3700 -15.00
6430.850 26 1 2.18 -2.02 -31.86 1.6500 -15.00
6432.680 26 2 2.89 -3.63 -31.50 2.9000 -15.00
6436.410 26 1 4.19 -2.39 -31.96 30.403 -15.00
6446.400 26 2 6.22 -1.97 -32.18 5.2200 -15.00
6456.390 26 2 3.90 -2.09 -31.90 3.3700 -15.00
6496.910 56 2 0.60 -0.05 -32.10 – -15.00
6516.090 26 2 2.89 -3.34 -31.50 2.9100 -15.00
6608.030 26 1 2.28 -3.99 -31.91 1.6600 -15.00
6627.550 26 1 4.55 -1.48 -31.44 1.7530 -15.00
6704.480 26 1 4.22 -2.62 -31.16 – -15.00
6707.760 3 1 0.00 0.00 -31.86 – -15.00
6707.910 3 1 0.00 -0.31 -31.86 – -15.00

Table C.1 continued next page
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C Line data

Table C.1 continued

λ Z ion. stage χlow logg f logC6 γrad logC4

[Å] [eV] 108 [1/s]

6713.750 26 1 4.80 -1.42 -31.30 2.3550 -15.00
6725.360 26 1 4.10 -2.21 -31.37 2.0910 -15.00
6733.150 26 1 4.64 -1.43 -31.37 2.2680 -15.00
6750.160 26 1 2.42 -2.53 -31.95 770.00 -15.00
6786.870 26 1 4.19 -1.90 -31.36 1.9860 -15.00
6806.850 26 1 2.73 -3.11 -31.83 1.0200 -15.00
6810.270 26 1 4.61 -0.94 -30.90 2.3010 -15.00
6820.370 26 1 4.64 -1.11 -30.90 2.2200 -15.00
6837.010 26 1 4.59 -1.74 -31.81 52.405 -15.00
6843.660 26 1 4.55 -0.73 -31.10 1.9230 -15.00
7222.400 26 2 3.89 -3.26 -31.60 4.1400 -15.00
7224.480 26 2 3.89 -3.24 -31.60 4.1400 -15.00
7301.570 26 2 3.89 -3.69 -32.18 3.0700 -15.00
7479.700 26 2 3.89 -3.70 -32.18 3.1000 -15.00
7495.080 26 1 4.22 0.04 -30.80 1.6810 -15.00
7511.030 26 1 4.18 0.18 -30.80 1.6750 -15.00
7515.840 26 2 3.90 -3.45 -31.60 4.0900 -15.00
7711.730 26 2 3.90 -2.56 -31.60 4.1200 -15.00
8923.560 13 1 4.07 -2.12 -30.00 – -15.00
8923.570 12 1 5.39 -1.57 -29.70 41.250 -15.00

End of Table C.1
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D Solution of the model atmosphere
problem with MAFAGS

D.1 Flux conservation

The energy is produced in the stellar core and lost at the stellar surface. Therefore, the
divergence of the energy flux vanishes in the stellar photosphere so that the total energy
flux is the same at every depth. The energy flux is composed of the radiative energy flux
Fλ and the convective energy fluxφ(z) =< ρvzh > with the projected velocityvz and the
specific enthalpyh.
In plane-parallel geometry, we have:

F0 = φ(z) +
∫ ∞

0
Fλdλ = φ(z) + 4π

∫ ∞

0
Hλdλ (D.1)

or in differential form:

0 = 4π
∫ ∞

0
Hλdλ + ∂zφ(z) (D.2)

where the so-calledEddington fluxis defined by:

Hλ =
1
2

∫ 1

−1
µIλ(µ)dµ =

Fλ
4π

(D.3)

with µ = cosθ (Reile 1987).

D.2 Solution of the model atmosphere

The Feautrier-Rybicki method for temperature correction is used (cf. Gustafsson 1971).
The model is iterated until flux constancy is maintained throughout the atmosphere.

Theradiation pressureis expressed in terms of theK integralKλ(τλ):

Kλ =
∮

Iλcos2θdω (D.4)

For the mean intensity and the radiation pressure, spherical coordinates and indepen-
dence on the azimuthal angle give withµ = cosθ:
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D Solution of the model atmosphere problem withMAFAGS

Jλ =
1
2

∫ π

0
Iλsinθdθ =

1
2

∫ 1

−1
Iλdµ (D.5)

Kλ =2π
∫ π

0
Iλcos2θsinθdθ = 2π

∫ 1

−1
µ2Iλdµ (D.6)

In Sect. 3.2.5 we saw that the equation of radiative transfercannot be solved easily. In
MAFAGS, Jλ is determined withHλ andKλ using the approximate boundary condition
(Reile 1987):

f K
λ Jλ≡Kλ (D.7)

TheEddington factor fKλ is determined iteratively. The solution of the problem is cou-
pled to the determination of the temperature stratificationand the calculation of other
thermodynamic quantities, all accounting for flux conservation and hydrostatic equilib-
rium. MAFAGSadopts the following procedure (Reile 1987, p. 56 et seq.) for each
iteration step:

• Grey atmosphere1 as initial approximation for temperature and pressure stratifica-
tion.

• Determination of occupation numbers from these stratifications using the ionisa-
tion equilibria amongst others.

• Calculation of opacities.

• Solution of radiative transfer, Eddington factors and energy flux (including con-
vection).

• New temperature stratification using the method of temperature corrections fol-
lowing Feautrier (1964) and Gustafsson (1971).

• New gas pressure stratification using the hydrostatic equation.

Convergence is achieved usingNewton-Raphson iterationwarranting fast convergence.
However convergence is only achieved as long as the initial grey atmosphere is not too
far from the true solution. This is no longer the case in cool (Teff . 5000 K) metal-rich
([Fe/H] & 0.20) atmospheres. This limit is encountered in the analysis of the two cool
stars HD 109647 and HD 110463 (cf. Sect. 3.3.2).

1The opacity then is independent of wavelength and equals theRosseland mean of opacity

1
κR
≡

∫ ∞
0

1
κλ
∂T Bλdλ

∫ ∞
0
∂T Bλdλ

(for details, see e.g. Mihalas 1978, p. 57 et seq.)
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E Individual spectra near Hα and Li I 6707.8 Å
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HD 171746 A uma_May04_0381.FITSTeff = 6100 K

HD 112196 uma_May04_0155.FITSTeff = 6110 K

HD 38393 uma_Oct03_0113.FITSTeff = 6310 K

HD 184960 planetXVIII_0193.FITSTeff = 6310 K

Figure E.1: The Li I resonance doublet at 6707.8 Å of UMa groupcandidates– The spectra
are shifted along the ordinate by arbitrary values for clarity. The dotted lines indicate the
position of following lines: Fe Iλ6707.44 Å (Sestito & Randich 2005),7Li I λ6707.76 Å and
7Li I λ6707.91 Å (Pavlenko 1995). The given effective temperatures are the values derived
from the individual exposures indicated at the right (see Table B.1).
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Figure E.2: The Hα line of UMa group candidates – For each object including the Moon,
one exposure was chosen (solid). Theoretical spectra were calculated with the stellar param-
eters derived from these exposures (dashed, name of frame given at the right, see Table B.1).
Core intensities are indicated by relative percentage. Furthermore the dotted lines represent
the relative continuum and the relative level of 0.7, the lower boundary for the temperature
determination.
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E Individual spectra near Hα and Li I 6707.8 Å
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Figure E.3: The Hα line of UMa group candidates– Same as Fig. E.2 for the remaining spectra.

xvi



6550 6555 6560 6565 6570 6575
 wavelength [Å]

0.0
0.2
0.4
0.6
0.8
1.0
1.2

re
la

tiv
e 

flu
x 

+
 o

ffs
et

HD 112196 Teff = 6100 K uma_May04_0155.FITS

28% 30%

6550 6555 6560 6565 6570 6575
 wavelength [Å]

0.0
0.2
0.4
0.6
0.8
1.0
1.2

re
la

tiv
e 

flu
x 

+
 o

ffs
et

HD 171746 A Teff = 6120 K uma_May04_0381.FITS

27% 30%

6550 6555 6560 6565 6570 6575
 wavelength [Å]

0.0
0.2
0.4
0.6
0.8
1.0
1.2

re
la

tiv
e 

flu
x 

+
 o

ffs
et

HD 38393 Teff = 6320 K uma_Oct03_0113.FITS

17%
29%

6550 6555 6560 6565 6570 6575
 wavelength [Å]

0.0
0.2
0.4
0.6
0.8
1.0
1.2

re
la

tiv
e 

flu
x 

+
 o

ffs
et

HD 184960 Teff = 6320 K planetXVIII_0193.FITS

17%
28%

Figure E.4: The Hα line of UMa group candidates– Same as Fig. E.2 for the remaining spectra.
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E Individual spectra near Hα and Li I 6707.8 Å
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Figure E.5: The Hβ line of UMa group candidates– Same as Fig. E.2 but for Hβ. The synthetic
lines were calculated with the effective temperatures derived from the Hα line and allow to
judge the overall consistency with the Hβ profile. The intensity at the core of only the observed
line is indicated.
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Figure E.6: The Hβ line of UMa group candidates– Same as Fig. E.5 for the remaining spectra.
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Figure E.7: The Hβ line of UMa group candidates– Same as Fig. E.5 for the remaining spectra.
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F Residuals of LTE fits to the
observed H α profile.
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F Residuals of LTE fits to the observed Hα profile.
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Figure F.1: LTE H α residual fluxes– For each object including the Moon, one exposure was
chosen. Synthetic LTE spectra were calculated with the stellar parameters derived from these
individual exposures (see Table B.1). The residual Hα fluxes are shown with an arbitrary
ordinate offset.
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Reduktionsprogramme an den Coudé-Échelle- Spektrographen in Tautenburg. Obwohl
er nach 2003 nicht mehr der Gruppe angehörte, war von Jena immer noch ein Draht zu
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Ehrenw örtliche Erkl ärung
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