Hot Stars in Globular Clusters

Der Naturwissenschaftlichen Fakultiat I (Mathematik/Physik)
der Friedrich-Alexander Universitat Erlangen-Nurnberg
als Habilitationsschrift

vorgelegt von
Dr. Sabine Moehler
aus
Bamberg



Contents

Abstract i
Glossary i
1 Historical Background 3
2 Analysis Methods 7
2.1 Effective Temperature . . . . . . . . . e e 7
2.2 Surface Gravity . . . . . . oL e 8
2.3 Simultaneous Determination of Teg and logg . . . . . . . . .. ... ... ... 8
2.4 Model atmospheres . . . . . . . . e e e 9

3 Horizontal Branch Stars in Metal-Poor Globular Clusters — First Results and Prob-

lems 11
3.1 Gapsand Blue Tails . . . . . . . . 11
3.2 M A5 o e 15
3.2.1 Observations and Data reduction . . . . . .. ... ... ... ... ....... 15
3.2.2 Atmospheric Parameters . . . . . . .. Lo 21
3.2.3 Interstellar reddening . . . . . . ... 24
3.2.4 Evolutionary Status . . . . . . ... 24
3.2.5 Determination of the stellar masses . . . . . . . .. ... .. ... ... .... 26
3.2.6 Possible Exrors . . . . . . ... e 27

3.3 NGCOBTH2 . . o o o e e 28
3.3.1 Observations and Data Reduction . . . ... ... ... ... .. ........ 28
3.3.2 Model atmospheres . . . . . . . .. 33
3.3.3 Atmospheric parameters . . . . .. ..o 35
3.3.4 Helium abundances. . . . . . . . . . .. e 38
3.3.5 0 Masses . . v ot . e e e e e e e e e 40
3.3.6 Evolutionary status . . . . . . . ... 41
3.3.7 Discussion . . . . .. e e e e e e e e e e 42

3.4 Results from other analyses by end of 1998 . . . . . . . ... ... .. ... 43
4 Horizontal Branch Stars in Metal-Poor Globular Clusters — A Solution? 48
4.1 Helium mixing in red giants . . . . . . . . ... L 49
4.2 Diffusion and abundance anomalies in blue HBstars . . . . .. .. ... ... ..... 55
4.3 Distances to Globular Clusters . . . . . . . . . . . . . . . . . .. 57
4.4 Hot HB starsin NGCG6752 . . . . . . . . . o e e e e e e 62
4.4.1 New Observations and their reduction . . . . ... ... ... .. .. ...... 62
4.4.2 New Atmospheric Parameters . . . . . . . . .. ... L L o Lo 63
4.4.3 lron abundances . . . . . . . . .. .. e 68



4.4.4 DISCUSSION . . . . v v v v e e e e e e e e e e e e e e

5 Horizontal Branch Stars in Metal-Rich Globular Clusters

5.1 NGC 6388 and NGC 6441 . . . . . . . . . e
5.1.1 Atmospheric Parameters . . . . . . . .. ... Lo
5.1.2 Possible errors and discrepancies . . . . ... ..o
5.1.3 Discussion . . . . . . ... e e e e e e e

5.2 47 Tucand NGC 362 . . . . . . . . . e
5.2.1 Atmospheric Parameters . . . . . . . .. oL 0oL
5.2.2 DisScussion . . . . . . ... e e e e e e e

5.3 Conclusions . . . . . . . . e

6 UV Bright Stars in Globular Clusters

6.1 Observations and data reduction . . . . . . . . . .. ... ...
6.2 Atmospheric Parameters and Masses . . . . . . . .. ... .. 0.
6.2.1 Very hot UV bright stars . . . . . ... ... ... ... ... ... ... ...
6.2.2 Cooler UV bright stars. . . . . . . . . . ..
6.2.3 Luminosities and masses . . . . . . . . . ... e e
6.3 Discussion . . . . . .. L e e e e e e e e e
6.4 Conclusions . . . . . . . . e e e e

7 Abundance Patterns of UV Bright Stars in Globular Clusters

7.1 Observations and data reduction . . . . . ... ... . L Lo oL
7.1.1 UV spectroscopy . . . . . o v o v i e e e e e e
7.1.2  Optical high resolution spectra . . . . . . .. ... ... .. ... ..
7.1.3 Equivalent widths . . . . .. . .. ..

7.2 Atmospheric Parameters . . . . . . .. L Lo

7.3 Abundance analysis . . . . ... L L

T4 DISCUSSION . . . . v v v o e e e e e e e e e e

8 White dwarfs in globular clusters

8.1 Observations and Data Reduction . . . . . . . . .. .. . . ... ... .. ... ...,
8.2 Atmospheric parameters . . . . . .. L
8.3 The distance to NGCG6397 . . . . . . . . . . e
8.4 Conclusions . . . . . . . . e e e

9 Summary
References
A Evolution of low-mass stars
B Photometric systems and definitions

C Model atmospheres

72

76
79
80
82
85
86
87
89
91

92
94
95
95
96
96
98
100

102
104
104
105
106
106
106
111

115
116
118
119
120

121

125

133

136

138



Abstract

Globular clusters are densely packed, gravitationally bound conglomerates of several thousand to more
than one million stars. The fact that they are old and had only a short period of star formation in
the beginning makes them an ideal laboratory to study the evolution of low-mass stars. In this work
we concentrate on three types of hot stars observed in globular clusters: horizontal branch stars, UV
bright stars, and white dwarfs. We start with an overview on the history of hot star research in glob-
ular clusters and briefly describe the analysis methods used in this thesis.

It has been found early on that the distribution of stars along the horizontal branch (HB) in
globular clusters moves towards hotter temperatures as metallicity decreases. Colour-magnitude dia-
grams of many metal-poor globular clusters, however, show variations in their HB morphologies like
blue tails (i.e. extensions towards hotter temperatures) and gaps, that are not expected from standard
stellar evolution. We observed and analysed stars along the blue tails in the globular clusters M 15 and
NGC 6752 to verify the various models that have been suggested to explain this unexpected behaviour:

The stars below the gap in M 15 are cooler than a20,000 K and best described by hot horizontal
branch evolutionary tracks, although their surface gravities and masses are systematically lower than
predicted by canonical HB models.

The situation is somewhat different for NGC 6752: The stars below the gap are hotter than
/20,000 K and their atmospheric parameters and masses are well described by evolutionary tracks for
extreme HB (EHB) stars. The cooler stars above the gap are hot HB stars similar to the stars below
the gap in M 15. Like those they have lower surface gravities and masses than theoretically expected.
All stars analysed in NGC 6752 are found to be helium deficient, indicative of gravitational settling
of helium in their atmospheres.

A comparison with results for HB stars in other globular clusters shows that these puzzling re-
sults represent a common phenomenon: Stars with 11,500 K< T <20,000 K show low gravities and
masses, while hotter stars agree well with theoretical predictions in both regards. Stars cooler than
11,500 K have gravities and temperatures consistent with canonical HB evolution, but low masses. The
comparison also reveals that most of the gaps seen along the horizontal branches are not visible in the
distribution of physical parameters. The only two exceptions are a gap at about 20,000 K separating
extreme HB stars from hot HB stars and a narrow gap at Teg ~10,000 K — 12,500 K. Thus the gaps
seen along the HB’s are in most cases due to statistical fluctuations.

Three possible scenarios to explain the distribution of atmospheric parameters (T, logg) and
masses are discussed: Helium mizing on the red giant branch would produce low surface gravities for
hot HB stars, but not for EHB stars. An increase in the distances to globular clusters would increase
the masses of all stars within one cluster without changing their atmospheric parameters. Radiative
levitation of heavy elements in the atmospheres of the HB stars would change the metallicities in
these atmospheres and the low gravities would be artifacts from the metallicity mismatch between
theoretical and observed stellar atmospheres.

NGC 6752 is a perfect test case for these scenarios: Its distance is undebated and the stars analysed
in this cluster cover a large temperature range. While the atmospheric parameters of hot HB stars and
EHB stars in all clusters studied so far are well described by helium-mixed tracks, the low masses ob-
tained for the hot HB stars in NGC 6752 (in combination with the canonical EHB star masses and the
undebated distance) argue against helium mixing as the only explanation. A closer look at the spectra
of the hot HB stars in NGC 6752 reveals the presence of Mgi1 and Fe1l lines, which indicate an iron
enrichment by a factor 50 on average with respect to the cluster abundance whereas the magnesium
abundances are consistent with the cluster metallicity. These abundances suggest that radiative levi-
tation of heavy elements (like iron) plays a significant role in the atmospheres of hot HB stars. Using
metal-rich model atmospheres for the analyses of these stars yields physical parameters that agree
well with canonical evolution theory for 11,500 K< Teg <15,500 K. Some discrepancy remains for the
temperature range 15,500 K to 19,000 K, which may indicate changes in the abundance patterns in
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this temperature range, that are not well described by our simple model atmospheres. The masses
determined for HB stars cooler than about 11,500 K (which should be unaffected by diffusion) in the
globular clusters M 92, NGC 6397, and NGC 288 strongly support the long distance scale for globular
clusters. We thus verified for the first time that taking into account the effects of radiative levitation
and using the long distance scale strongly reduces the discrepancy between canonical evolutionary
theory and the atmospheric parameters and masses derived for hot HB stars.

Since the distribution of stars along the horizontal branch moves towards cooler temperatures as
metallicity increases, hot horizontal branch stars are generally rare in metal-rich globular clusters. The
observed UV excess of (metal-rich) elliptical galaxies, however, suggests that hot HB and /or EHB stars
can also be produced at high metallicities. The discovery of such stars in several metal-rich globular
clusters prompted us to study them spectroscopically:

The horizontal branches observed in the bulge globular clusters NGC 6388 and NGC 6441 show
long blue tails and a puzzling slope towards brighter magnitudes for hotter stars. Several non-canonical
evolutionary scenarios have been suggested to explain such behaviour. The results of our spectroscopic
analyses are marginally inconsistent with the predictions of canonical evolutionary theory (which can
explain neither the presence of so many hot stars in these clusters nor the sloped HB’s), but disagree
strongly with all non-canonical scenarios (that reproduce the sloped horizontal branches and yield
many hot stars). This contradiction between photometric and spectroscopic properties of these hot
HB stars cannot be solved with the currently available data.

Far-UV observations with the Ultraviolet Imaging Telescope (UIT) suggested the presence of hot
stars in the globular clusters 47 Tuc and NGC 362, which so far have been known to contain primarily
red HB stars. Spectroscopic analyses of these stars reveal, however, that most of the hot stars seen in
NGC 362 are probably background stars belonging to the Small Magellanic Cloud. The parameters
of those stars that are members of 47 Tuc and NGC 362 (3 stars in each cluster) agree well with
canonical HB evolution. These stars are thus probably produced from red giants with unusually high
mass loss, which is consistent with the small number of hot stars.

Turning towards the evolutionary stages after the horizontal branch we observed UV-bright stars
discovered by UI'T in globular clusters. Comparing their effective temperatures, surface gravities, and
helium abundances to evolutionary tracks shows that none of the stars is a “true” post-AGB star.
All stars lie along either post-EHB or post-early AGB evolutionary tracks. The post-early AGB stars
have solar helium abundances, while the post-EHB stars are helium deficient, similar to their EHB
progenitors. The lack of “true” post-AGB stars suggests that mass loss on the AGB may be higher
than assumed in standard evolution (resulting in an early termination of the AGB phase). The slower
evolution of post-early AGB stars could also explain the lack of planetary nebulae in globular clusters.

To get more information on the post-AGB phase of stellar evolution we determined abundances
for two hot post-AGB stars, ROA 5701 (w Cen) and Barnard 29 (M 13). Iron abundances derived
from UV data together with abundances for He, C, N, O, and Si are compared to the abundances of
other stars in these globular clusters. While the abundances of the light elements agree with those of
the red giants in these clusters, the iron abundances are very low in both stars. This iron depletion
could be explained by the condensation of iron onto dust grains in the AGB star’s atmospheres, which
were then removed from the atmosphere by a radiatively driven wind (gas-dust separation). No 3™
dredge-up is necessary to explain the observed abundance patterns.

Finally we observed the very first spectra of stars along the white dwarf sequences in globular
clusters, which turn out to be hydrogen-rich DA white dwarfs. Estimates of atmospheric parameters
suggest that the brightest star analysed may be a luminous, low-mass helium-core white dwarf. T'he
masses and absolute magnitudes of the stars are estimated by comparing their physical parameters to
evolutionary calculations. We use the absolute magnitudes to derive distances to the globular cluster
NGC 6397 and find that the assumption of a constant mass for all white dwarfs in NGC 6397 will
yield incorrect distance values.
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Acronyms

AGB Asymptotic Giant Branch

ANS Astronomical Netherlands Satellite
BHB Blue Horizontal Branch

BT Blue Tail

CASPEC CAssegrain echelle SPECtrograph
CCD Charge Coupled Device

CMD Colour-Magnitude Diagram

CSPN Central Star of Planetary Nebula
EAGB Early Asymptotic Giant Branch
EFOSC Eso Faint Object Spectrograph and Camera

EHB Extreme Horizontal Branch
EMMI Eso Multi Mode Instrument
ESO European Southern Observatory

FORS FOcal Reducer/low resolution Spectrograph
FWHM Full Width at Half Maximum
GHRS Goddard High Resolution Spectrograph

HB Horizontal Branch

HBA Horizontal Branch A type (star)
HBB Horizontal Branch B type (star)
HST Hubble Space Telescope

HUT Hopkins Ultraviolet Telescope

IRAS InfraRed Astronomical Satellite

IUE International Ultraviolet Explorer
LINFOR  LINe FORmation (program package)
LMC Large Magellanic Cloud

LTE Local Thermal Equilibrium

LWP Long Wavelength Prime

LWR Long Wavelength Reserve

MIDAS Munich Image Data Analysis System
MS Main Sequence

NLTE Non-Local Thermal Equilibrium
NTT New Technology Telescope

OAO Orbiting Astronomical Observatory
PN Planetary Nebula

STIS Space Telescope Imaging Spectrograph
RGB Red Giant Branch

sdB subdwarf B (star)

sdOB subdwarf OB (star)

sdO subdwarf O (star)

SMC Small Magellanic Cloud

SWPp Short Wavelength Prime

TAHB Terminal-Age Horizontal Branch
urr Ultraviolet Imaging Telescope

UVBS UV Bright Star

VLT Very Large Telescope

WEPC2  Wide Field and Planetary Camera 2
ZAHB Zero-Age Horizontal Branch
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Chapter 1

Historical Background

Readers unfamiliar with stellar evolution (Appendix A) or with the use of photometric observations
in astronomy (Appendix B) may profit from reading the respective appendices before this chapter.

Globular clusters are the closest approximation to a physicist’s laboratory in astronomy. They are
densely packed, gravitationally bound systems of several thousands to about one million of stars. The
dimensions of the globular clusters are small compared to their distance from us: half of the light
is generally emitted within a radius of less than 10 pc, whereas the closest globular cluster has a
distance of 2000 pc and 90% lie more than 5000 pc away. We can thus safely assume that all stars
within a globular cluster lie at the same distance from us. With an age of more than 10'C years
globular clusters are among the oldest objects in our Galaxy. Contrary to the field of the Galaxy stars
in globular clusters formed only once in the beginning. Because the duration of that star formation
episode is short compared to the current age of the globular clusters the stars within one globular
cluster are essentially coeval. In addition all stars within one globular cluster show the same primordial
abundance patterns (which may differ from one cluster to another).

As we know today that galactic globular clusters are old stellar systems people are often surprised
by the presence of hot stars in these clusters. The following paragraphs will show that hot stars have
been known to exist in globular clusters for quite some time:

About a century ago Barnard (1900) reported the detection of stars in globular clusters that were
much brighter on (blue-sensitive) photographic plates than they appeared visually: “Of course the
stmple explanation of this peculiarity is that these stars, so bright photographically and so faint visually,
are shining with a much bluer light than the stars which make up the main body of the clusters.” .

In 1915 Shapley started a project to obtain colours and magnitudes of individual stars in globular
and open clusters (Shapley 1915a) hoping that “considerable advance can be made in our understand-
ing of the internal arrangement and physical characteristics” of these clusters. In the first globular
cluster studied this way (M 3, Shapley 1915b) he found a double peaked distribution of colours, with
a red maximum and a blue secondary peak. He noticed that — in contrast to what was known for field
dwarf (i.e. main sequence) stars — the stars in M 3 became bluer as they became fainter. Ten Bruggen-
cate (1927, p.130) used Shapley’s data on M 3 and other clusters to plot magnitude versus colour
(replacing luminosity and spectral type in the Hertzsprung-Russell diagram) and thus produced the
first colour-magnitude diagrams! (“FARBENHELLIGKEITSDIAGRAMME”). In these colour-magnitude di-
agrams (CMD’s) ten Bruggencate noted the presence of a red giant branch that became bluer towards
fainter magnitudes, in agreement with Shapley (1915b). In addition, however, he saw a horizontal
branch (“HORIZONTALER AsT”) that parted from the red giant branch and extended far to the blue
at constant brightness.

! Shapley (1930, p.26, footnote) disliked the idea of plotting individual data points — he thought that the
small number of measurements might lead to spurious results.
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Greenstein (1939) produced a colour-magnitude diagram for M 4 (also noting the presence of a
sequence of blue stars at constant brightness) and mentioned that “the general appearance of the
colour-magnitude diagram of M4 is almost completely different from that of any galactic (i.e. open)
cluster.” He also noticed that — while hot main-sequence stars were completely missing — there existed
a group of bright stars above the horizontal branch and on the blue side of the giant branch. Similar
stars appeared also in the CMD’s presented by Arp (1955).

As more CMD’s of globular clusters were obtained it became obvious that the horizontal branch
morphology varies quite considerably between individual clusters. The clusters observed by Arp (1955)
exhibited extensions of the blue horizontal branch towards bluer colours and fainter visual magnitudes,
i.e. towards hotter stars? (see Fig. 1). In some of Arp’s CMD’s (e.g. M 15, M 2) these blue tails are
separated from the horizontal part by gaps at varying brightness (see also Fig. 5). A more detailed
discussion of these features can be found in Chapter 3.

About 25 years after their discovery first ideas about the nature of the horizontal branch stars
began to emerge: Hoyle & Schwarzschild (1955) were the first to identify the horizontal branch stars
with post-red giant branch stars that burn helium in the central regions of their cores.

Sandage & Wallerstein (1960) noted a correlation between the metal abundance and the horizontal
branch (HB) morphology seen in globular cluster CMD’s: the horizontal branch became bluer with
decreasing metallicity. Faulkner (1966) managed for the first time to compute zero age horizontal
branch (ZAHB) models that qualitatively reproduced this trend of HB morphology with metallicity
(i.e. for a constant total mass stars become bluer with decreasing metallicity) without taking into
account any mass loss but assuming a rather high helium abundance of Y = 0.35. lben & Rood
(1970), however, found that “In fact for the values of Y and Z most favored (Y > 0.25 — 0.28, 7
=107% = 107*), individual tracks are the stubbiest. We can account for the observed spread in color
along the horizontal branch by accepting that there is also a spread in stellar mass along this branch,
bluer stars being less massive (on the average) and less luminous than redder stars. It is somewhat
sobering to realize that this conclusion comes near the end of an investigation that has for several
years relied heavily on aesthetic arguments against mass loss and has been guided by the expectation
of obtaining, as a final result, individual tracks whose color amplitudes equal the entire spread in color
along the observed horizontal branches.” In the same paper they found for post-HB stars that “During
most of the double-shell-source phase, models evolve upwards and to the red along a secondary giant
branch® that, for the models shown, approaches the giant branch defined by models burning hydrogen
in a shell.”

Comparing HB models to observed globular cluster CMD’s Rood (1973) found that an HB that
“ ..1s made up of stars with the same core mass and slightly varying total mass, produces theoretical
c-m diagrams very similar to those observed. (...) A mass loss of perhaps 0.2 Mg with a random
dispersion of several hundredths of a solar mass is required somewhere along the giant branch.” The
assumption of mass loss also diminished the need for very high helium abundances.

Sweigart & Gross (1974, 1976) computed HB tracks including semi-convection and found that
this inclusion considerably extends the temperature range covered by the tracks. However, Sweigart
(1987) noted that “For more typical globular cluster compositions, however, the track lengths are
clearly too short to explain the observed effective temperature distributions along many HB’s, and thus
semiconvection does not alleviate the need for a spread in mass (or some other parameter), a point

first emphasized by Rood (1973)”

2 The change in slope of the horizontal branch for hotter stars is caused by the decreasing sensitivity of B —V
to temperature on one hand and by the increasing bolometric correction for hotter stars on the other hand,
which results in fainter visual magnitudes for hotter stars.

3 This secondary giant branch is called asymptotic giant branch (AGB) later in the text and consists of stars
with a hydrogen and a helium burning shell.
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Fig. 1. Colour-magnitude diagram of M 3 (Buonanno et al. 1994) with the names of the principal sequences

Caloi (1972) investigated zero age HB locations of stars with very low envelope masses (< 0.02 Mg;
extended or extreme HB = EHB) and found that they can be identified with the subdwarf B stars
known in the field (Greenstein 1971). Sweigart et al. (1974) and Gingold (1976) studied the post-HB
evolution and found that —in contrast to the more massive blue HB stars — EHB models do not ascend
the second (asymptotic) giant branch (AGB).

Thus our current understanding sees hot horizontal branch stars as stars that burn helium in
the center of a core of about 0.5 Mg and hydrogen in a shell. Their hydrogen envelopes vary between
0.02 Mg (less massive envelopes belong to EHB stars which do not have any hydrogen shell burning)
and up to 0.2 Mg for metal-poor HB stars. Depending on the mass of their hydrogen envelopes they
evolve to the asymptotic giant branch (hot HB stars) or directly to the white dwarf domain (EHB
stars, also called AGB manqué stars [Greggio & Renzini 1990]). For a review on HB evolution see
Sweigart (1994).

But hot horizontal branch stars are neither the brightest nor the bluest stars in globular clusters:
Already Shapley (1930, p.30) remarked that “Occasionally, there are abnormally bright blue stars, as
in Messier 13, but even these are faint absolutely, compared with some of the galactic B stars”.
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This statement refers to stars like those mentioned by Barnard (1900) which in colour-magnitude
diagrams lie above the horizontal branch and blueward of the red giant branch (see Fig. 1). This is
also the region where one would expect to find central stars of planetary nebulae, which are, however,
rare in globular clusters: Until recently Psl (Pease 1928), the planetary nebula in M 15 with its central
star K 648, remained the only such object known in globular clusters (see also Jacoby et al. 1997,
Chapter 6).

Apart from analyses of individual stars like vZ 1128 in M 3 (Strom & Strom 1970, and references
therein) and Barnard 29 in M 13 (Traving 1962, Stoeckley & Greenstein 1968) the first systematic
work on these bright blue stars was done by Strom et al. (1970). All stars analysed there show close
to solar helium content, contrary to the hot horizontal branch stars, which in general are depleted in
helium (Heber 1987, see also Chapter 3). Strom et al. identified the brightest and bluest UV bright
stars with models of post-AGB stars (confirming the ideas of Schwarzschild & Harm 1970) and the
remaining ones with stars evolving from the horizontal branch towards the AGB. This means that
all of the stars in their study are in the double-shell burning stage. Zinn et al. (1972) performed a
systematic search for such stars using the fact that they are brighter in the U band than all other
cluster stars. This also resulted in the name UV Bright Stars for stars brighter than the horizontal
branch and bluer than the red giant branch?®. Zinn (1974) found from spectroscopic analyses of UV
bright stars in 8 globular clusters “a strong correlation between the presence of supra-HB stars in a
globular cluster and the presence of HB stars hotter than log T.sy = 4.17

Harris et al. (1983) extended the compilation of UV bright stars in globular clusters and de Boer
(1987) gave yet another list of such stars in globular clusters, together with estimates of effective
temperatures and luminosities. De Boer (1985) found from analyses of vacuum UV spectra (observed
with the TUE satellite) of UV bright stars in 7 globular clusters that their contribution to the total
cluster intensity ranges “from, on average, over 50% at 1200 A to a few percent at 3000 A.”

Most of the UV bright stars found in ground based searches are cooler than 30,000 K, although
theory predicts stars with temperatures up to 100,000 K (e.g. Schénberner 1983, Renzini 1985). The
ground based searches, however, are biased towards cooler stars due to the large bolometric corrections
for hotter stars. It is therefore not very surprising that space based searches in the vacuum UV
(Ultraviolet Imaging Telescope, Stecher et al. 1997) discovered a considerable number of additional
hot UV bright stars in a number of globular clusters (see also Chapter 6).

Space based observatories also contributed a lot of other information about hot stars in globular
clusters: UIT observations showed the unexpected presence of blue HB stars in metal-rich globular
clusters like NGC 362 (Dorman et al. 1997) and 47 Tuc (O’Connell et al. 1997). At about the same
time Hubble Space Telescope (HST) observations of the core regions of globular clusters showed long
blue tails in metal-rich bulge globular clusters (Rich et al. 1997). These metal-rich globular clusters
are discussed in more detail in Chapter 5. The interest in old hot stars like blue horizontal branch and
UV bright stars has been revived and extended by the discovery of the UV excess in elliptical galaxies
(Code & Welch 1979; de Boer 1982) for which they are the most likely sources (Greggio & Renzini
1990, Dorman et al. 1995, Dorman 1997, Brown et al. 1997, see also Chapters 5 and 6).

The most recent addition to the family of hot stars in globular clusters are the white dwarfs seen
in HST observations of M 4 (Richer et al. 1995, 1997), NGC 6752 (Renzini et al. 1996) and NGC 6397
(Paresce et al. 1995, Cool et al. 1996), for which we obtained the first spectroscopic observations with
the ESO Very Large Telescope in 1999 (see Chapter 8).

4 To be precise this is true only for cool and/or luminous UV bright stars, while hot UV bright stars do not
fulfil this criterion. As the flux maximum moves to ever shorter wavelengths for increasing temperatures, hot
UV bright stars may be rather faint not only in V, but also in the U band (see also Chapter 6).



Chapter 2

Analysis Methods

Most analyses of stars use one (or both) of the following observations: Photometry®, i.e. the observation
of stars through a defined set of filters, and spectroscopy. Photometric observations allow to study
many stars at once using large two-dimensional detectors. In addition, as light is integrated over a
large wavelength range (20-100 nm for the two traditional and widely used Stromgren and Johnson
filter systems) faint stars can be observed with this method. However, this same integration is also a
disadvantage as it can mask existing differences between stars. It is thus preferable to use a combination
of photometric and spectroscopic data to determine the physical status of a star. Spectrophotometry,
i.e. spectroscopic observations with special emphasis on a correct measurement of absolute fluxes,
provide more details on the flux distribution of a star than purely photometric observations.

To derive effective temperatures and surface gravities we compare various spectroscopic and photo-
metric observations to their theoretical counterparts. For this purpose we need theoretical calculations
that establish a connection between the physical status of a star and the light it emits, i.e. a model
atmosphere (see Sect. 2.4). Depending on the available observational and theoretical data and the
amount of software sophistication a wide variety of analysis methods is currently available. The fol-
lowing sections give an overview — more detailed descriptions can be found in the respective chapters.

2.1 Effective Temperature

The ideal temperature indicator is insensitive to variations of surface gravity because it then allows
to derive the effective temperature independently from the surface gravity. For the stars we discuss
in this work the vacuum UV flux distribution (shortward of 3000 A) and the Balmer jump fulfill
this requirement for effective temperatures between about 11,000 K and 30,000 K, although both
become less sensitive to temperature in the hotter stars® (see Fig. 2). As interstellar extinction changes
(reddens) the flux distribution of a star the observational data must be corrected for this effect.

Temperature determinations that include vacuum UV data (e.g. spectrophotometric observations
with the International Ultraviolet Explorer IUE) are in general more reliable than those relying solely
on optical observations, as the vacuum UV flux distribution (shortward of 3000 A) is more sensitive
to temperature variations of hot stars than the optical continuum.

If only optical spectrophotometry is available the overall continuum slope and the Balmer jump
should be fitted simultaneously, including — if possible — optical photometric data as well.

> A more detailed description of photometry can be found in Appendix B.

6 Johnson U BV photometry becomes rather gravity independent for the stars discussed here at temperatures
above about 20,000 K — at the same time, however, it also loses temperature sensitivity. Stromgren uwvby
photometry stays temperature sensitive up to higher effective temperatures but is not available for most globular
clusters.
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Fig. 2. Theoretical flux distributions for solar metallicity and helium content. Models for 15,000 K, 20,000 K,
and 25,000 K (all for log g = 4.0) are shown. The models are normalized to a common V magnitude.

2.2 Surface Gravity

Provided the effective temperature has been determined independently the surface gravity can be
derived by fitting the shape of the Balmer line profiles at a fixed temperature (see Fig. 3). For this
purpose the spectra are normalized and corrected for Doppler shifts introduced by the radial velocities
of the stars. The model spectra have to be convolved with a profile representing the instrumental

resolution, which was generally determined from the FWHM of the calibration lines (for more details
see Sect. 3.2.2).

2.3 Simultaneous Determination of T.¢ and log g

For the cooler stars (below about 20,000 K) one can use a combination of optical photometry
and Balmer line profile fits to determine effective temperature and surface gravity simultaneously:
Reddening free indices (Q for Johnson U BV photometry; [¢1], [u — b] for Strémgren uvby photometry)
in comparison with theoretical values from model atmospheres allow to determine a relation between
effective temperature and surface gravity. Fits to the lower Balmer line profiles (Hg to Hs) yield
another relation between Tyt and log g and from its intersection with the photometric relation effective
temperature and surface gravity can be derived (for examples see Fig. 4, de Boer et al. 1995, and
Moehler & Heber 1998).

For stars below about 8,500 K (Sect. 3.2.2, M 15) the Balmer line profiles depend more on Teq
than on log g. In these cases the Balmer lines are used to estimate the temperature and log g is derived
from photometric data.
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normalized flux
XNJ] pazijeuliou

-40 —-20

Fig. 3. Theoretical Balmer and Her (3872 A, 4120 A) line profiles for solar metallicity and helium content.
Models for 15,000 K, logg = 3.0,4.0,5.0 (left panel) and 20,000 K, log g = 3.5,4.5,5.5 (right panel) are shown

Including also the higher Balmer lines (H, to at least Hyg) allows to derive the effective temperature
together with the surface gravity by fitting all Balmer lines (Hg to Hyg) simultaneously (Bergeron
et al. 1992; Saffer et al. 1994).

2.4 Model atmospheres

Most of the stars discussed here are in a temperature—gravity range where LTE (local thermal equi-
librium) is a valid approximation for the calculation of model atmospheres (Napiwotzki 1997). For a
short and simplified description of the calculation of 'TE model atmospheres see Appendix C. For the
data described in Sects. 3.2, 3.3 published ATLAS9 model spectra were used (Kurucz 1992). The stars
discussed in Sect. 3.3 required an extension of the ATLLAS9 model atmosphere grid to higher surface
gravities, for which we used an updated version of the code of Heber (1983).

The new fit procedures (Bergeron et al. 1992, Saffer et al. 1994) which we employed for the more
recent data (Chapters 4, 5, 6) required line profiles for the higher Balmer lines (shortward of Hs) that
are not available from Kurucz. We therefore calculated model atmospheres using ATLAS9 (Kurucz
1991, priv. comm.) and used Lemke’s version” of the LINFOR program (developed originally by
Holweger, Steffen, and Steenbock at Kiel university) to compute grids of theoretical spectra (for
various metallicities) that contain the Balmer lines H, to Hyy and Her lines.

For those stars which show HeT1r lines in their spectra (and are thus considerably hotter than the
bulk of our programme stars) it is necessary to take non-LTE effects into account (Napiwotzki 1997,

" For a description see http://a400.sternwarte.uni-erlangen.de/~ai26 /linfit/linfor.html
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- PG 1323-086

log g

\ \ \ \ \
18000 16000 14000 K 18000 16000 14000

eff

Fig. 4. Effective temperature and surface gravity derived from Stromgren photometry and from fits to the lower
Balmer lines (from Moehler & Heber 1998)

Chapter 6). For the white dwarf spectra discussed in Chapter 8 we used Koester’s LTE models as
described in Finley et al. (1997) and the NLTE grid described in Napiwotzki et al. (1999).

As the abundance distribution within a stellar atmosphere influences the temperature and pressure
distribution and thus the emergent flux distribution, we usually took to use model atmospheres of a
similar metallicity as the studied globular cluster.



Chapter 3

Horizontal Branch Stars in Metal-Poor
(Globular Clusters — First Results and
Problems

3.1 Gaps and Blue Tails

As mentioned in Chapter 1 the blue tails seen in the colour-magnitude diagrams (CMD’s) of many
globular clusters are often separated from the more horizontal part of the HB by gaps at varying
brightness (see Fig. 5). For a list of globular clusters with blue tails see Fusi Pecci et al. (1993).
Catelan et al. (1998) and Ferraro et al. (1998) give comprehensive lists of clusters that show gaps
and/or bimodal horizontal branches. Such gaps can be found already in Arp’s (1955) CMD’s and are
also known for distributions of field HB stars (Newell 1973, Heber et al. 1984). When discussing the
blue tails and the gaps along the blue horizontal branch one should ensure not to introduce biases by
naming conventions. Several authors call the stars seen along the blue tail subdwarfs or sdB stars,
which implicates that they are twins to the hot sdB stars known from the field (for analyses and
discussions of field sdB stars see Heber 1986, Moehler et al. 1990b, Saffer et al. 1994, 1997). However,
as will be shown below, stars along the blue tails are not necessarily as hot as field subdwarf B stars
and should therefore not be identified by this misleading name. In order not to introduce further
confusion into an already complicated subject the acronyms used here will be defined below:

Definitions from colour-magnitude diagrams (see Fig. 1)

+ BHB identifies the Blue Horizontal Branch, meaning stars along the mostly horizontal part of
this sequence bluewards of the RR Lyrae region

% BT stands for Blue Tail, meaning the stars along the almost vertical extension of the BHB towards
higher effective temperatures. This part is vertical in V, B — V colour-magnitude diagrams due to
the decreasing sensitivity of B — V to effective temperature for stars hotter than 10,000 K and to
the increasing bolometric correction (i.e. the maximum of stellar flux is radiated at ever shorter
wavelengths for increasing temperatures, making stars fainter at V). The effective temperature of
stars along the blue tail thus increases towards fainter V' magnitudes.

Spectroscopic definitions ® (see also Moehler et al. 1990a)

* HBB/HBA means Horizontal Branch stars corresponding to the MK spectral types B resp. A.
Such stars show mainly Balmer lines (deeper and more narrow for cooler type A stars than for

8 Mor 0o o ro o 0O 0 o r 0 r 1
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type B stars) and the hotter B-type stars may also show lines of He . HBA stars have effective
temperatures between 7500 K and 10,000 K whereas the hotter HBB stars have temperatures
between 10,000 K and 0,000 K.

B means ub warf B stars, which are hotter than 0,000 K and show less deep Balmer lines
than HBB stars accompanied by lines of He . Their Balmer lines merge earlier (at H H )
indicating higher gravities than for the HBB stars, which show discernible Balmer lines up to H
and more (see Fig. 14, p. 3 : B 1509 is an HBB star, B 3915 is an sdB star). B and stars
extend the hot subdwarf sequence to higher temperatures, showing (besides Balmer lines) lines of
both He and He (sd B) resp. only He (sd ).
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heoretical definitions (see also  ppendi )

HB stars are HB stars hotter than the variable RR Lyrae stars, with a helium-burning core
of 0.5M , a hydrogen-burning shell, and a hydrogen-rich envelope of varying mass. The more
massive this hydrogen envelope is the cooler is the resulting star and at constant hydrogen envelope
mass stars become hotter ( bluer) with decreasing metallicity. The minimum envelope mass for
a hot HB star is about 0.0 M while the maximum mass depends strongly on metallicity and can
reach 0. M for very metal-poor stars. The effective temperatures of hot HB stars are between
7500 K and 0,000 K. Hot HB stars evolve from the horizontal branch to the asymptotic giant
branch and from there on to white dwarfs.

HB stars are xtreme HB stars with a hydrogen-rich envelope of less than 0.0 M , which is too
small to sustain hydrogen-shell burning. These stars do not evolve to the asymptotic giant branch
(therefore they are sometimes also called A B-manque stars, reggio  Renzini 1990) but instead
evolve directly to the white dwarf domain. They are supposed to be the main source of the
upturn seen in elliptical galaxies (see also Chapter 5).

While analyses of field sdB and HBB/HBA stars have shown that they can be identified with

EHB resp. hot HB stars, the situation is not so clear for the blue stars in globular clusters. An
identification of the BHB stars with hot HB models is consistent with photometric observations (colour-

magnitude diagrams), but the evolutionary status of the stars along the blue tails remained unclear
for quite some time. The main problem of the gaps (which appear at varying absolute magnitudes

and thus temperatures) is that they are not expected from canonical evolutionary scenarios. arious

explanations have been suggested during the past 5 years and some of them are given below (more
detailed descriptions of possible explanations for the gaps can be found in Crocker et al. 1988, Catelan
et al. 1998, and Ferraro et al. 1998):

*

As mentioned above stars evolve away from the zero-age HB ( AHB) in different directions (to
the asymptotic giant branch or directly to the white dwarf region) depending on the mass of their
hydrogen envelope. Such evolution could in principle transform a uniformly populated AHB into
a bimodal one as stars evolve. Newell (1973) was the first to suggest this idea as an explanation for
the gap seen in BV photometry of field horizontal branch stars at temperatures corresponding
to 1,900 K. Heber et al. (1984) suggested that the small gap at 0,000 K between field HBB
and sdB stars could be explained by diverging evolution.
Support for the explanation of the HB gaps by diverging evolutionary paths came from Lee et al.
(1994), but other calculations show that the effect is not large enough to explain the gaps along the
horizontal branches as HB stars spend most of their lifetime close to the AHB (see e.g. Dorman et
al. 1991, Catelan et al. 1998). D’Cruz et al. (1996) found that bimodal horizontal branches become
more probable for increasing metallicity as the range in mass loss required to produce an extreme
HB star stays constant, whereas only a very narrow range of mass loss can produce hot HB stars
at high metallicities. While this scenario offers a good explanation for the sdB stars and the large
gap seen in the metal-rich open cluster N C 6791 (Liebert et al. 1994) it cannot explain the gaps
seen in the mostly rather metal-poor globular clusters.
/
Rood  Crocker (1989) suggest differences in CN  or He abundances or rotation rates between
stars above and below the gaps as possible causes for the gaps. For hot HB stars a decrease in
a undances results in bluer colours (a similar effect as seen for a decrease in overall metallicity).
Increasing the e a undance y g v HB
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