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ABSTRACT

Q1,Q2 We present measurements of the fluorine abundance in a Galactic bulge asymptotic giant branch (AGB) star. The
measurements were performed using high-resolutionK-band spectra obtained with the CRIRES spectrograph, which
has been recently installed at ESO’sVLT, together with state-of-the-art model atmospheres and synthetic spectra. This
represents the first fluorine abundance measurement in a Galactic bulge star, and one of few measurements of this
kind in a third dredge-up oxygen-rich AGB star. The F abundance is found to be close to the solar value scaled down
to the metallicity of the star, and in agreement with disk giants that are comparable to the bulge giant studied here.
The measurement is of astrophysical interest also because the star’s mass can be estimated rather accurately
(1:4PM /M�P 2:0). AGB nucleosynthesis models predict only a very mild enrichment of F in such low mass AGB
stars. Thus, we suggest that the fluorine abundance found in the studied star is representative for the star’s natal cloud,
and that fluorine must have been produced at a similar level in the bulge and in the disk.

Subject headinggs: instrumentation: spectrographs — stars: abundances — stars: AGB and post-AGB

1. INTRODUCTION

Fluorine (F) is probably the element whose nucleosynthetic
origin is least known. The reason for the scarcity of knowledge is
the fragility of its only stable isotope (19F) and the lack of mea-
surable atomic lines in the optical spectral range of normal stars.
Apart from UV measurements of highly ionized F in very hot
stars (Werner et al. 2005) and optical measurements of neutral F
in extreme helium stars (Pandey 2006), the only source of infor-
mation on stellar F abundances are vibration-rotation lines of the
hydrofluoric acid (HF). The HFmolecule is efficiently formed in
cool stellar atmospheres (types�K0 and later), and a number of
strong lines appear in the near-IR K band. The first identification
of stellar HF lines has been reported by Spinrad et al. (1971);
lines of this molecule have been used by Jorissen et al. (1992) to
measure F abundances outside the solar system for the first time.

Several astrophysical sites for the synthesis of F have been
proposed. It has been confirmed by Jorissen et al. (1992) through
the correlation with the abundance of carbon that AGB stars are
indeed producers of F. Whether or not AGB stars are the main
producers of F is still a matter of debate. Mowlavi & Meynet
(2002) estimate that AGB stars contribute to as much as 25% of
the solar system fluorine, but they emphasize the roughness of
their estimate. Cunha et al. (2003) in this respect rather suggest,
based on observations of two red giants in the globular cluster !
Cen, that 19F is created by neutrino nucleosynthesis (�-process)
during core collapse in supernovae of Type II (SNe IIWoosley&
Weaver1995). However, Federman et al. (2005) did not find a clear
indication for enhanced F abundance resulting from the �-process

in a region shaped by past supernovae. Finally, the Wolf-Rayet
phase of massive stars was investigated as a third site of F pro-
duction by Meynet & Arnould (2000).

The AGB phase is the final phase of nuclear processing for a
broad initial mass range between 0.8 and 8M�. In this phase, the
interior of the star is structured in the following way: The inert
carbon-oxygen core is surrounded by a He-burning shell, on top
of which is a He-rich shell, in turn surrounded by a H-burning
shell. The outer H-rich envelope is fully convective and fills most
of the star’s volume. The He-burning shell ignites only tempo-
rarily during so-called He-shell flashes or thermal pulses (TPs)
to release large amounts of energy. During a TP the He-rich shell
gets thoroughly mixed and is the site of rich nucleosynthesis
(e.g., the s-process). For a comprehensive review of AGB evolu-
tion, see, e.g., Habing & Olofsson (2004). Among many others,
19F is produced via complex reaction chains under these con-
ditions, or destroyed via �-captures forming 22Ne. At very high
neutron densities, also n-captures lead to a destruction of F. For a
discussion of the relevant reactions see Forestini et al. (1992).
The processed matter is brought to the stellar surface via third
dredge-up (TDU) mixing events, which may operate after each
TP.

Only few stellar systems have been investigated with respect
to the abundance of F: BesidesGalactic field red giants (Jorissen
et al.1992), similar stars have been observed in the globular clus-
ter M4 (Smith et al. 2005), as well as in ! Cen and the LMC
(Cunha et al. 2003). Smith et al. (2005) add F to the list of ele-
ments known to vary in globular cluster stars and draw conclusions
on the early-cluster chemical pollution.Most recently, Schuler et al.
(2007) presented the measurement of F in a very metal-poor star
and found a considerable overabundance of this rare element.

In this paper we report the measurement of the F abundance in
aMs spectral type bulge AGB variable, i.e., an AGB star with an

1 Data taken during CRIRES/ESO-VLT commissioning in 2006 June.
2 Current address: Instituut voor Sterrenkunde,K. U. Leuven, Celestijnenlaan
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O-rich chemistry enriched in s-process elements. It is the first
measurement of this kind in a star of the Galactic bulge, and one
of few F abundance determinations from a TDU-AGB star. The
observations have been carried out with the CRIRES infrared
spectrograph.

2. CRIRES OBSERVATIONS

CRIRES is the Cryogenic Infra-Red Echelle Spectrograph
mounted to the Nasmyth focus A at the 8.2 mUnit Telescope No. 1
(Antu) of ESO’s VLTon Cerro Paranal, Chile. It has been installed
at the telescope in 2006 followed by several commissioning and
science verification runs. CRIRES is designed for high spectral
resolution (k/�k up to 105) and operates in the spectral range 0.95Y
5.3 �m. A curvature sensing adaptive optics system feed is used
to minimize slit losses and to provide diffraction limited spatial
resolution along the slit. More details about the CRIRES in-
strument can be found in Käufl et al. (2004).3

One star observed during the first CRIRES commissioning
run in 2006 Junewas the bulgeMira variable M1347 (Wesselink
1987), also known as Plaut 3-1347 or V2017 Sgr (J2000 coordi-
nates: 18h38m45.7s, �34�3302800). With a Galactic latitude of
about �12.6� it belongs to the outer bulge. The observations of
M1347 were carried out on 2006 June 7. A large part of the near-
IR K band was observed, although the analysis presented here is
limited to two wavelength settings covering the range 2.253Y
2.310 �m. The slit width was set to 0B2; thus, the maximum
resolution of 100,000 (3 km s�1 equivalent) was achieved. The
integration time was 60 s for each of the four nodding positions
per setting. A hot standard star at similar air mass was observed
immediately afterward. The raw frames were reduced with the
CRIRES pipeline (ver. 0.2.3), and the one-dimensional science
and standard star spectra were wavelength-calibrated separately
using the numerous telluric absorption lines present on all of the
four detector arrays. The wavelength-calibration was done sep-
arately for the science and telluric standard star spectrum because
of the limited reproducibility of the Echelle grating position.
Finally, the science spectrum was divided by the standard star
spectrum to correct for the telluric lines and the illumination
pattern as well as possible. Note that the telluric lines are strong
enough to use them as wavelength calibrator, but they are weak
enough to be corrected for by standard star division; thus they
have no influence on the abundance measurements presented
here. The signal-to-noise ratio was estimated from an overlap-
ping region on chip No. 3 that was observed in both settings to be
close to 100.

3. STELLAR PARAMETERS

M1347 has previously been observed together with a larger
sample of bulgeAGB stars with theUVandVisual Echelle Spec-
trograph (UVES) at the VLTon 2000 July 8 (= JD 2451733.6) in
the blue arm (377Y490 nm) and in the red arm (667Y1000 nm). It
was found to show absorption lines of technetium (Uttenthaler et al.
2007a) and lithium (Uttenthaler et al. 2007b). Tc is an indicator of
recent or ongoing s-process and TDU in an AGB star. As probably
all genuine bulge AGB variables this star is O-rich. Strong absorp-
tion bands of metal oxides such as TiO, VO, and ZrO are evidence
that M1347’s C/O ratio is below unity. Because of the O-rich
chemistry and signs of s-process enrichment (Tc, enhanced ZrO
bands) it is classified as type Ms (Stephenson 1984). The (mod-
erate) Li content of log �(Li) ¼ þ0:8 in this star4 probably re-

sults from a different mixing phenomenon called ‘‘cool bottom
processing,’’ although other enrichment scenarios cannot be
completely excluded (Uttenthaler et al. 2007b).
Themass and luminosity of M1347 are rather well constrained,

thus its abundances can be easily compared with expectations
from models of stellar evolution and nucleosynthesis. From
Figure 3 of Straniero et al. (2003) the mass can be limited to the
range 1.4 M� < M < 2:0 M� over a wide range in metallicity
(0.15 Z� < Z < Z�). In the bulge, due to its age, no high-mass
stars (k2 M�) reaching C/O>1 because of dredge-up of carbon
on the TP-AGB are present anymore. Below roughly 1.4M� no
dredge-up occurs at all, preventing a star to become s-process
enriched. Note that the former constraint would not hold for a
disk star, since it then could be a higher mass star on its way to
C/O > 1 experiencing one of its first TDU events on the TP-AGB.
Additional constraints come from theMbol-P diagram. Using linear
pulsation models, M1347 is placed slightly above 1.5 M� (see
Fig. 5 in Uttenthaler et al. 2007a). The luminosity at a distance of
8.0 kpc is measured to be L ffi 11; 700 L� (Mbol ¼ �5:43 mag),
and the period is 426.26 days (Uttenthaler et al. 2007a, 2007b).
The CRIRES observations of JD 2453895.9 were carried out

5.07 light cycles after the UVES observations. We thus assume
that, despite the star’s variability, M1347’s atmosphere was in a
very similar state at the time of CRIRES observations compared
to the UVES observations. We estimate atmospheric parameters
from the UVES spectra by comparing them to a grid of synthetic
spectra based onCOMARCS atmosphericmodels. COMARCS is
a revised version of MARCS (Jørgensen et al. 1992) with spher-
ical radiative transfer routines from Nordlund (1984) and new
opacity data from the COMA program (Aringer 2000). Similar to
the analysis of Garcı́a-Hernández et al. (2007) a �2 minimization
method was used to find the parameters of the model best fitting
the TiO �(0,0)Ra (705.6 nm) and �(0,0)Rb (709.0 nm) band heads
in the UVES spectra (Uttenthaler et al. 2007b). The parameters
found forM1347 areTeA ¼ 3200K, log g ¼ �0:5, [M/H � ¼ 0:0,
� ¼ 3:0 km s�1, M ¼ 1 M�, C/O ¼ 0:48, and ½Ti/H � ¼ þ0:2.
This model atmosphere was used to refine the metallicity of the
star M1347 as explained in the next section. (Note here that the
stellar mass assumed for the model atmosphere has a negligible
effect on the spectrum and therefore is no indication of the real
mass of the star.) The error on the effective temperature, the param-
eter on which abundance analysis is most sensitive, was estimated
from the �2 analysis to be �100 K. The spectral type of M1347
was determined from the UVES spectrum using the relations of
Fluks et al. (1994) as M7s. On the effective temperature scale of
Ridgway et al. (1980) this corresponds to TeA ¼ 3126 K, well
inside the estimated error range. Assuming 1.5 M� for the mass
and log g ¼ �0:5 and applying the Stefan-Boltzmann law to the
measured luminosity results in a surface temperature of 3158 K.

4. ANALYSIS

4.1. Spectral Synthesis

The lines R12 to R28 of the vibrational 1Y0 band of the HF
molecule fall in the observed spectral range. The lines R12 and
R13 are, despite the high resolution, hopelessly lost in the 12CO
2Y0 band (head at�2293.5 nm) and cannot be used for abundance
analysis. Lines above R23 are very weak and could not be identi-
fied. The lines blueward of the 12CO 2Y0 band head however are
well suited for the analysis.Wewant to note here that all previous
abundance analyses based on HF, except that of Jorissen et al.
(1992) rely on a single line of that molecule!
A calculated line list of the HF molecule was kindly provided

by R. H. Tipping (2007, private communication). Q3This list is

3 Also available online at http://www.eso.org/instruments/crires
4 The abundance of element X on this scale is given by log �(X) ¼ logN (X)/

N (H)þ 12.
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unpublished, and has been used previously by Jorissen et al.
(1992) for the measurement of F abundances in disk giants. The
log g f values of the lines could be derived from the Einstein
A values provided in the Tipping list with the corresponding
standard transformation (as described in Bernath 2005) assum-
ing a rotational degeneracy of 2J 00 þ 1. Together with the as well
provided excitation potential, the data can be used for spectral
synthesis calculations. In addition, a measured line list by Webb
& Rao (1968) is available which is also incorporated into the
HITRAN database (Rothman et al. 2005). For the 1Y0 band of
HF, this list contains only lines up to R14. We performed a com-
parison based on synthetic spectra between these lists for the
lines of the 1Y0 band in common and found very good agree-
ment, both in wavelength and line strength. We thus assume that
the error in the abundance analysis (x 4.2) resulting from uncer-
tainties in line data is negligible. The calculated list of Tipping
can be regarded as quite accurate. Since the Tipping data reaches
to higher rotation quantum numbers, we only used the data from
that list for the abundance analysis.

The TiO band heads used for the temperature determination
are also somewhat sensitive to the metallicity [M/H] of the star,
leading to a temperature-metallicity degeneracy. We thus at-
tempted to check the metallicity that was found by the �2 min-
imization using atomic lines situated in the range observed with
CRIRES. The reliability of log g f values of atomic lines in the
relevantwavelength range contained in theVALDdatabase (Kupka
et al. 1999) was checked by comparing an observed Arcturus
spectrum (Hinkle et al. 1995) with a corresponding synthetic
COMARCS spectrum. Four lines turned out to be well suited for
the metallicity determination: a Na line at 2208.969 nm, a Ca line
at 2282.718 nm, and two Fe lines at 2274.514 and 2283.870 nm,
respectively. From these lines we determine a metallicity of
½M/H� ¼ �0:17þ0:14

�0:22, where the error comes from the scatter
among the values from the individual lines (partly covered by
two spectrograph settings). In principle, one could iterate the pro-
cedure to find the temperature of the star assuming ametallicity of
½M/H� ¼ �0:17, and with that temperature iterate again on the
metallicity, etc. However, we find from our models that a change
of �0.5 dex in [M/H] has the same effect on the TiO band
strength as a change of about�100K inTeff, which is the accuracy
of our temperature estimate. Thus, the impact on the F abun-
dance measurement should bewell within the estimated error bars
(x 4.2). Nevertheless, the found metallicity agrees well with the
peak metallicity of bulge stars (½M/H � ¼ �0:1; Zoccali et al.
2003), and is just slightly below solar metallicity. We calculated a
COMARCS atmosphere with the metallicity of ½M/H � ¼ �0:17
and used it for the following spectral synthesis calculations.

The best-fit F abundance was determined individually for the
10 identified and measurable HF lines in the observed spectral
range. Spectral synthesis was done in steps of 0.05 dex in F
abundance. A solar reference value log �(F) ¼ 4:56was adopted
(Grevesse & Sauval 1998). Table 1 lists the identified lines with
their calculated wavelength,g f value, excitation potential �, mea-
sured equivalentwidth (EW), and the best-fit [F/H] value derived
from the respective line. In the spectral synthesis calculations, all
atomic species and molecular lines from CO, CH, C2, SiO, CN,
TiO, H2O, OH, VO, CO2, SO2, HCl, CH4, FeH, CrH, and ZrO
were included to account for blending lines as well as possible.
The line data references are summarized in Table 1 of Cristallo et al.
(2007). An additional macroturbulence of vmacro ¼ 3:0 km s�1

has been added in the spectral synthesis. For best-fit model
spectra see Figure 1.

From Table 1 it becomes obvious that the F abundances required
to fit the different HF lines have a large spread. This is most

probably because some of the observed lines are blended, and
the respective blending line is not adequately represented in any
of the used line lists. There exists a general problem of uncertain
or simply incomplete (molecular) line data in terms of wavelength
and/or g f value which becomes particularly apparent at the high
resolution of the present spectra. This difficulty is known, but
detailed comparison to observed data is scarce (Aringer 2005 is
one of few examples). In the wavelength region analyzed here,
line data is uncertain especially for the CN list (see below). Also,
dynamic and mass loss effects may lead to the formation of
spectral lines which are not formed in hydrostatic atmosphere
models used here (Nowotny et al. 2005).

The rotational lines inside a certain vibrational band of di-
atomic molecules reach a maximum strength at a certain rotation
quantum number, depending on the gas temperature. For the HF
1Y0 band, this maximum is reached at the R5 line for the temper-
atures of the HF line forming layers. For higher and lower rota-
tion quantum numbers the line strengths (opacities) will decrease
monotonically. Some lines in our observed spectrum clearly
deviate from this trend; these are the R17, R18, R20, and R21
lines.Although at least the R17 andR21 lines do not appear asym-
metric, whichwould definitely hint at their blended nature, a blend
of unknown origin and strength is assumed for these lines. The
R18 and R20 lines have a rather asymmetric profile and are thus
certainly blended. The R19 line is blended with a CN line in the
synthetic as well as in the observed spectrum, but the contribution
byCN seems to bewell modeled. CN has been discarded from the
list of molecules used for the spectral synthesis of the R22 line be-
cause a CN feature appeared in the red wing which is not present
in the observed spectrum. Also R23, the highest lying detected
line, is problematic. It is blended with a CN line, too, with only a
minor contribution by HF. We thus decided to exclude the lines
R17, R18, R20, R21, and R23 from the determination of the av-
erage F abundance. The average F abundance from the remaining
five lines in this ‘‘cleaned’’ list (R14, R15, R16, R19, and R22),
calculated by converting the individual F abundances to a linear
scale before averaging them and converting the average back to
the logarithmic scale, is ½F/H� ¼ �0:14. The differences between
observed and synthetic EWs of these lines, weighted with the
inverse of their EW, reach least squares at ½F/H � ¼ �0:16.

We note that there is perhaps a trend of increasing [F/H] with
increasing rotation quantum number even in the cleaned list of
lines. Due to the very good agreement in terms of wavelength
andg f values between the HITRAN and the Tipping line data for

TABLE 1

Lines of the HF Molecule Identified in the Star M1347

Line

k
(nm)

gf

(10�5)

�

(103 cm�1)

EW

(mnm) Best-Fit [F/H]

R14.......... 2289.305 11.41 6.276 43.5 �0.30a

R15.......... 2283.316 11.18 6.865 41.2 �0.25a

R16.......... 2278.453 10.87 7.489 35.9 �0.10

R17.......... 2274.711 10.47 8.148 47.3 +0.30a

R18.......... 2272.085 9.993 8.841 55.7 +0.05

R19.......... 2270.575 9.449 9.566 30.1 0.00a

R20.......... 2270.180 8.843 10.32 26.3 +0.25a

R21.......... 2270.903 8.185 11.11 30.5 +0.50

R22.......... 2272.749 7.483 11.93 9.8 �0.10

R23.......... 2275.724 6.748 12.78 11.5 �0.30a

Note.—The values of the wavelength, g f, and � are derived from the calcu-
lated list of R. H. Tipping (2007, private communication).

a Line is observed in both spectrograph wavelength settings, and the mean of
the EW and abundance determination is given.
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the lines up to R14 we regard incorrect line data as the source of
this trend as unlikely. We performed abundance measurements
with amodel atmosphere with an effective temperature increased
by 200 K (i.e., 3400 K); however, the trend remained. Thus, the
trend is obviously not connected to a wrong temperature esti-
mate. The only solution we can offer at the moment is that the
trend might be related to a deviation of the temperature structure
of the model atmosphere from that of the real atmosphere, but
this has to be regarded as tentative. Whatever the reason for the
trend is, we again want to stress that our study is only the second
which employs more than one line to derive F abundances from
HF lines.

4.2. Error Analysis

Determining abundances in a bulge Mira star is a tricky task.
Unlike for globular cluster stars (e.g., Smith et al. 2005), no a
priori value of the metallicity is known, and the temperatures of
cool, pulsating Mira variables are difficult to measure precisely,
not to mention other stellar parameters. The uncertainty on the
F abundance derived here, as shown below, is higher than found
in other studies (e.g., Smith et al. 2005).

A large source of error, due to its effects onmolecule dissociation
and level population, is the uncertainty in the effective temperature.
By varying the temperature of the model atmosphere by �100 K,
which is a good measure of the temperature uncertainty, we find a
variation of [F/H] of �0.15 dex from all lines in the cleaned list.

Themetallicity [M/H] has an impact on themeasured F abun-
dance comparable to that of the effective temperature because of
its influence on the atmospheric structure.We therefore calculated
spectra at the metallicities of the upper and lower limits of the
metallicity range of M1347 (steps of þ0:14

�0:22 to the adopted value of
½M/H� ¼ �0:17). In fact, we found that the F abundance changes

in stepwith changes in the metallicity, which translates into an un-
certainty of the F abundance of the same magnitude as the un-
certainty in [M/H]. The HF lines become stronger on decreasing
the overall metallicity while keeping the F abundance constant, a
lower metallicity of the model atmosphere results in an F abun-
dance lowered by the same amount.
The surface gravity log g has only a minor effect on the derived

F abundance. Increasing log g from�0.5 to 0.0, a range generally
occupied by red giant stars, leads to an F abundance reduced by
0.04 dex.
The values of the macro- and microturbulent velocities, vmacro

and �, could be checked for from the profiles of the HF lines in
the cleaned list. Avalue of 3 km s�1 for both of them was found
to very satisfyingly reproduce the profiles. A deviation of the sum
of vmacro þ � bymore than 2 km s�1 leads to line profiles noticeably
different from the observed profiles. Thismaximumdeviation leads
to an uncertainty of [F/H] of �0.1 dex.
The specific value of the C/O ratio, which may differ from the

solar value due to dredge-up of carbon, may have an influence
on the F abundance measurement in three different ways. First, it
influences the strength of the TiO bands used for the temperature
determination. Second, the atmospheric structure depends on the
C/O ratio. Third, the C/O ratio influences the strength of lines
blended with the HF lines, in particular of the very C/O-sensitive
CN lines.
From a number of CN lines falling in the wavelength range

observed with CRIRES which are identified in the Arcturus spec-
tral atlas of Hinkle et al. (1995), we estimate that the C/O ratio in
the atmosphere of M1347 is around 0.7. Since with the present
data we cannot have an independent check on the O and N abun-
dance, solar O and N abundances were assumed in this estimate.
The occurrence of lithium in M1347 has been ascribed to cool

Fig. 1.—R14 to R23 lines of HF in the bulge giant star M1347 (black line with dots) and their best-fit model spectrum (gray line), with the corresponding F abundance
given in the legend. The central wavelength, marked as vertical dashed line, is given in Table 1. The tick marks on the X-axis are 0.1 nm apart.
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bottom processing acting in this star (Uttenthaler et al. 2007b). If
this interpretation is correct, the N abundance could be possibly
enhanced because some 12C will be converted to 14N by CN
cycling. We expect that the effect of this shift on the CN lines is a
minor one.

Because the CN lines in the observed spectrum can by far be
not as well fitted as the HF lines, our estimate of the C/O ratio is
quite rough. For this reason, we decided to not change the C/O
ratio of the model atmosphere that was used for the abundance
analysis from its adopted value of 0.48. We rather estimate from
the difference to C/O ¼ 0:7 what the effect on the measurement
of the F abundance is. We found from our model atmospheres
that an increased C/O ratio increases the strength of TiO bands
(which were used for the temperature determination). A naive
expectation would be a decrease in TiO band strength because
less O is available to form TiO as C/O is increased. The prime ef-
fect of an increasingC/O ratio, however, is the same as an increas-
ing metallicity, namely, that the atmosphere structure is changed
such that the TiO bands become stronger. Only at a C/O ratio of
0.9 or higher, the effect of a decreasing number of oxygen atoms
available to form TiO takes over, and the TiO bands finally de-
crease in strength.We find from our models that a C/O ratio of 0.7
implies a temperature of M1347 increased by about 30 K (com-
pared to C/O ¼ 0:48, which in turn implies a F abundance in-
creased by �0.05 dex (see above). The effect on the atmosphere
structure implies an F abundance decreased by�0.05 dex. In our
cleaned list of HF lines, only the R19 line is blended with a weak
CN line, but its effect on the F abundance measured from the R19
line is negligible. Thus, the effects on the F abundance measure-
ment of an increasing C/O ratio (via the temperature determina-
tion on the one hand and the changed atmosphere structure on the
other hand) effectively cancel out.

The error due to the (insecure) continuum placement can be
estimated from lines observed in both wavelength settings; it
amounts to �0.05 dex. Finally, we include the statistical stan-
dard deviation of the F abundance derived from the individual
lines of the cleaned list, which is þ0:11

�0:14 dex, again calculated on a
linear scale.

Converting the individual error items to a linear scale before
summing in quadrature gives a total error of þ0:23

�0:28 dex. The use of
a hydrostatic model atmosphere for a variable star may induce an
additional systematic errorwhichwe cannot estimate here. Table 2
summarizes the sources of error and their magnitudes.

5. CONCLUSIONS AND OUTLOOK

We measure a fluorine abundance in the Galactic bulge AGB
star M1347 of ½F/H� ¼ �0:14þ0:23

�0:28. With respect to the metal

abundance we find ½F/M � ¼ þ0:03þ0:20
�0:21 (the error bar is smaller

because [F/H] changes in step with changes in [M/H], thus the
uncertainty in [M/H] does not enter the error budget of [F/M]).
The F abundance in M1347 is thus in agreement with the scaled
solar abundance. Note, however, that the solar systemmeteoritic
F abundance is somewhat insecure, and reduced with respect to
the F abundance in normal KYM giants of the solar neighbor-
hood (cf. Jorissen et al. 1992).

The F abundancemeasured inM1347 can be compared to disk
stars analyzed by Jorissen et al. (1992). Of their list, the stars Y
Lyn and RS Cnc are particularly comparable to M1347: Both
have oxygen-rich atmospheres with positive detections of Tc,
are of late spectral type (for Y Lyn the classifications M5Ib-II
and M6s are found in the literature, for RS Cnc the classification
is M6IIIs), and the effective temperature is quoted with 3200 K
by Jorissen et al. (1992). Note, however, that Y Lyn and RS Cnc
are semiregular variables with a pulsation period of only 110
and 120 days, respectively, compared to the Mira-like vari-
ability of M1347 with a period of 426.6 days. This may hint
toward a somewhat higher mass of Y Lyn and RS Cnc com-
pared to that of M1347 ( Lebzelter & Hron1999). Jorissen et al.
(1992) determined F abundances of ½F/H � ¼ þ0:15 for Y Lyn,
and ½F/H � ¼ þ0:13 for RS Cnc, respectively, and quote error
bars of the order of 0.2Y0.3 dex. The F abundance of these two
disk stars and the bulge star analyzed here thus overlapwithin the
error bars.

The mass of the bulge giant M1347 is estimated to be in the
range 1:4PM /M�P 2:0, probably close to 1.5M�. Themeasured
F abundance can thus be compared to theoretical predictions of
AGB evolutionary and nucleosynthesis calculations. Predictions
of the F surface abundance for a wide range of stellar masses and
metallicities is presented e.g., by the calculations of Karakas (2003).
Their lowest mass models experiencing TDU haveM ¼ 2:25 M�
for Z ¼ 0:02 and M ¼ 1:75 M� for Z ¼ 0:008. Figures C7 and
C18 of Karakas (2003) include the evolution of the surface abun-
dance of 19F of these models. For the mentioned combinations of
mass and metallicity, the surface abundance of F is enhanced
only by�0.1 dex on the TP-AGB due to internal nucleosynthesis
and third dredge-up. A considerable increase is predicted only at
higher masses (�3 M�; see also Lugaro et al. 2004). Trusting in
these model predictions, we may assume that the F we see in
M1347 increased at most by 0.1 dex from its initial abundance,
i.e., the F abundance of M1347’s natal cloud.

It is interesting to compare this inferred bulge fluorine abun-
dance to predictions of Galactic chemical evolution models. A
semianalytic multizone chemical evolution model of fluorine in
the Milky Way has been presented by Renda et al. (2004). The
authors find satisfactory agreement between their model and the
F abundance in solar neighborhood stars only if the contribu-
tions by Wolf-Rayet and AGB stars are taken into account. The
F abundance in ! Cen giants however is well fit by F production
in SNe II alone. In a similar manner, our measurement of the
F abundance in the bulge giant M1347, which is in agreement
with the solar abundance, suggests that Wolf-Rayet and AGB
stars also played a significant role in the chemical evolution of
theGalactic bulge. The formation of the bulge thenmust have lasted
long enough that its chemical evolution could have been influenced
by these stellar types. We thus conclude that Wolf-Rayet and AGB
stars contributed to the chemical evolution of theGalactic bulge and
disk on a very similar level.

Lugaro et al. (2004) speculate that extra mixing processes
(also called cool bottom processing, or CBP) that connect the con-
vective envelope to theH-burning shell might be the key to under-
stand the high F abundances at a given C/O ratio as observed by

TABLE 2

Individual Sources of Error and Their Magnitude

Source Parameter

� [F/H]

(dex)

Teff......................................................................... �0.15

log g...................................................................... �0.04

� þ vmacro .............................................................. �0.10

[M/H].................................................................. þ0:14
�0:22

C/O....................................................................... �0.00

Continuum............................................................ �0.05

Statistical standard deviation ............................... þ0:11
�0:14

Total ..................................................................... þ0:23
�0:28

Note.—The statistical spread is calculated only on the basis of
the lines in the cleaned list.
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Jorissen et al. (1992). The occurrence of Li in the bulge star
analyzed in the present study has been ascribed to the operation
of CBP, too (Uttenthaler et al. 2007b). However, the effect on CBP
is rather that of decreasing the C/O ratio (because of the transfor-
mation of C into N; see also x 4.2) than influencing the F abun-
dance. If layers with temperatures exceeding some 30 million K,
also some F would be destroyed via 19F( p; �)16O. It is not clear
from current theoretical and observational studies if such high
temperatures are involved in CBP an if destruction of F could
indeed happen. Also from our observations no clear conclusion
in this respect can be drawn. For further details on the connec-
tion between CBP and the fluorine abundance we refer to Lugaro
et al. (2004).

It would be of interest to compare the F abundance in bulge
objects without signatures of internal nucleosynthesis (e.g., stars
on the first giant branch) to the F abundance derived in the
present study. If the F abundance in such stars is found to be close
to our result, a confirmation of the predictions of detailed nu-
cleosynthesis calculations such as those of Karakas (2003) for
low-mass stars is suggested. With the advent of high-resolution
IR spectrographs like CRIRES suchmeasurements have become
readily feasible.

A deeper investigation of the nucleosynthetic origin of F is
desired.We are currently devising a CRIRES observing program
aimed at determining the F abundance in high-mass AGB stars
of theMagellanic Clouds. In this respect the somewhat elaborate
error analysis in x 4.2 is a useful and important exercise. The goal
of these CRIRES observation will be to observe the predicted
upturn of F production at masses �3M�, and the F destruction
at masses around 5 M� and higher. Important constraints on
high-mass AGB evolution and reaction rates involved in the syn-
thesis of 19F can be expected from these measurements.

We particularly acknowledge R. H. Tipping for providing
his unpublished line list of the HF molecule. We also thank
A. Jorissen for valuable comments on the manuscript. S. U. and
T. L. acknowledge funding by the Austrian Science Fund FWF
under the project P 18171-N02, and BA acknowledges funding
by the FWF under project P 19503-N13. We want to thank the
CRIRES commissioning team for carrying out the observations
of the bulge star analyzed here.
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