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Abstract. Accurate stellar parameters are presented for the F-
and G-type starsυ And, ρ1 Cnc, τ Boo, 16 Cyg, andρ CrB,
which are deemed to possess planetary companions from intense
Doppler monitoring. Evolutionary tracks that employ detailed
model atmospheres as upper boundary condition and allow for
helium diffusion are computed for the individual stars to derive
the stellar masses and ages. From a comparison of the spec-
troscopic parallaxes with the accurate distances available from
the Hipparcos satellite well-defined constraints on the stellar
surface gravities are obtained in good agreement with our spec-
troscopically deduced values.

Key words: stars: distances – stars: evolution – stars: funda-
mental parameters – stars: planetary systems

1. Introduction

On the heels of objects such as 51 Peg, HD 114762 and
Gliese 229, the list of sub-stellar companions around ordinary
stars is steadily increasing. Some of them are regarded as plan-
ets, others as brown dwarfs. Due to the usually unknown orbital
inclination, which causes the derived companion masses to rep-
resent only lower limits, a certain classification is not always
possible. As a result, some planetary candidates may instead
belong to the realm of brown dwarfs. Likewise, a number of
putative brown dwarfs might actually be low-mass stars.

The present investigation is an attendant contribution to
our recent analysis of the solar-type stars 51 Peg and 47 UMa
(Fuhrmann, Pfeiffer & Bernkopf 1997). It concentrates on the
stellar component of only those systems, where the low-mass
companions are considered to be planets.

We analyze the 51 Peg-type systemsυ Andromedae (F8V),
ρ1 Cancri (G8V) andτ Bootis (F7V), detected as such by Butler
et al. (1997). Next, we consider 16 Cygni, actually a triple star
system (two solar-type components A+B and a distant M dwarf),
where the B component has been announced by Cochran et al.
(1996) to exhibit a Jupiter mass companion in a highly eccen-
tric orbit. The planet’s large orbital eccentricity may be the re-
sult of gravitational interactions with 16 Cyg A (e.g. Cochran

? Based on observations collected at the German Spanish Astronom-
ical Center, Calar Alto, Spain

et al. 1997), displaced at a projected separation of∼840 AU,
which we therefore include in the analysis. Finally, we investi-
gateρ Coronae Borealis – a slightly metal-poor turnoff star –
around which a 51 Peg-type planet has been found by Noyes et
al. (1997).

For similar recent analyses such as ours, we draw attention
to the work of Gonzalez (1997, 1998), who has treated the com-
plete sample of the parent stars of extrasolar planetary system
candidates, and to the analysis of 51 Peg by Tomkin et al. (1997).

2. Observations

Most of the observations were carried out in May 1997 with the
2.2m telescope at the Calar Alto Observatory. The recently in-
stalled fiber-coupled Cassegrainéchelle spectrograph FOCES
(Pfeiffer et al. 1998) was employed along with a 20482 15µ CCD
at a resolution ofλ/∆λ ∼ 60000. The spectral range covers
3800-9200̊A with short gaps only longward of∼ 8800Å. One
object,υ And, could not be observed in May 1997, but inciden-
tally this was done in the context of another program in Septem-
ber 1996, albeit with a 10242 24µ CCD and consequently at a
somewhat lower resolution of aboutλ/∆λ ∼ 35000. All stars
were observed at least twice and since all are bright objects,
exposure times are short and signal-to-noise values high.

3. Stellar parameters

The spectroscopic analysis is done in a similar way as in our
recent work on 51 Peg and 47 UMa: the Balmer lines Hα and
Hβ are used to determine the effective temperature; the surface
gravity is deduced from the iron ionization equilibrium, but re-
quires systematic adjustments to higher values for the hotter
members of our sample from a comparison of the wings of the
Mg Ib lines. The iron abundance and microturbulence param-
eter are derived from line profile analyses and by forcing the
results to be independent of equivalent widths. For this purpose
the instrumental profile is deduced from additional spectra of
the Moon in combination with the Kitt Peak Solar Flux Atlas
(Kurucz et al. 1984). Values for the radial-tangential macrotur-
bulenceζRT are not determined from our spectra, since this pa-
rameter is known to possess compensatory characteristics with
respect to the projected rotational velocityvsini and our data
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Fig. 1. Hα line profiles ofρ1 Cnc, 16 Cyg B, 16 Cyg A,ρ CrB, υ And, andτ Boo. This sequence of increasing effective temperatures (top to
bottom) is superimposed by the spectrum of the Moon (dotted curve) with differences depicted by shading

are actually not as resolved as to put real constraints on either
quantity. Instead, we use the relation

ζRT ∼ 3.95 × 10−3Teff [K] − 19.25

given by Gray (1984), that is valid for main-sequence stars, and
adopt slightly higher values for evolved stars (cf. Gray 1992,
p.416). After having fixed the macroturbulence parameter this
way, thevsini value is immediately obtained as the residual
component to the absorption line profiles.

υ Andromedae

This object is one of the bright standard F stars. Early
spectroscopic investigations (Powell 1970, Spite & Spite 1973,
Hearnshaw 1974) concur at [Fe/H]= −0.16, a value that en-
ters many subsequent analyses (e.g. Carney 1979, Saxner &
Hammarb̈ack 1985, Blackwell & Lynas-Gray 1994). More re-
cent investigations however reveal a metallicity some 0.1 dex
higherthan solar.

Our effective temperature determination from the wings of
Hα (displayed in Fig. 1) and Hβ results inTeff = 6107±80 K.
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Fig. 2. The HR diagram forυ And. The black dot marks our spectroscopically derived value for the effective temperature and surface gravity
with error bars included. The upwards tilted grayscale bar displays the most probableTeff -log g parameter space for this star, as essentially
prescribed by the accurate Hipparcos distance scale. The small circles represent comparisons to previous work from the literature, with diameters
in proportion to the derived metallicity. A systematic shift of the bar as a result of deviating metallicity scales from different analyses is indicated
by the vertical arrow for adecreasein [Fe/H] by 0.1 dex

For the surface gravity the Mg Ib lines implylog g = 4.01 ±
0.10, whereas a valuelog g = 3.88 would result from the
iron ionization equilibrium method. The metallicity ofυ And
from line profile analyses of Fe II lines is found to be [Fe/H]=
+0.09 ± 0.06, where the uncertainty denotes the 2σ rms error.

In Fig. 2 this result is compared to other abundance analyses,
most of which are found in the catalogue of [Fe/H] determina-
tions of Cayrel de Strobel et al. (1997). For an easy assessment
of the differences that exist in the literature we display all data
in theTeff -log g plane of the HR diagram as small circles, with
circle diameters in proportion to the value of the metallicity. Ex-
plicit numbers and the references to the labels in Fig. 2 are given
at the right side of the diagram. Our own abundance analysis is
depicted by the black dot, along with the uncertainties inTeff

andlog g as mentioned above.
According to

log π = 0.5([g] − [M ]) − 2[Teff ] − 0.2(V + BCV + 0.26)

(with Mbol,�=4.74 and the usual logarithmic notation [X] =
log(X/X�)) and with the accurate parallaxes from Hipparcos
at our disposal, it is important to realize that every point in the
Teff -log g plane of Fig. 2 corresponds to awell-definedstellar
mass. By means of the precise bolometric magnitudes from the
Hipparcos astrometry and with values forTeff and [Fe/H], quite
accurate stellar masses can however be derived. In other words,
everyTeff value in Fig. 2 has a correspondinglog g value,
whose accuracy is to a good approximation fixed by the stellar
mass determination and entails the grayscale bar that delineates
the most probableTeff -log g parameter space forυ And.

Fig. 3. Evolutionary tracks withM? = 1.20, 1.25 and 1.30M� and a
metallicity [Fe/H]=+0.09, as derived forυ And. Tick marks are given in
steps of 1 Gyr. The stellar mass and age are found to be1.27±0.06M�
and 3.8±1.0 Gyr

In principle, additional uncertainties are also introduced
from the expected errors of the visual magnitude and bolometric
correction, but they are of only minor importance. Data for the
latter are taken from Alonso, Arribas & Martı́nez-Roger (1995)
and are generally small for all our sample stars. Comparison
to theBC ’s of VandenBerg & Bell (1985) reveal only small
differences (∼ 0.03 mag) and we adopt∆BCV ' 0.05 mag
as a common representative error. The visual magnitudes and
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Table 1. Stellar parameters of the program stars. Most of the entries are self-explanatory;dHIP is the distance obtained from the Hipparcos
satellite,dsp the spectroscopically deduced value. For each star the second row indicates the error estimates, the macroturbulence valueζRT

is adoptedaccording to the relations given in Gray (1984, 1992). For the sake of completeness, we also include the results of our companion
paper on 51 Peg and 47 UMa, supplemented by minor updates

Object HR HD V Teff log g [Fe/H] ξt ζRT vsini MV Mbol BCV Mass Radius Age dHIP dsp

[K] [km/s] [km/s] [km/s] [M�] [R�] [Gyr] [pc] [pc]

υ And 458 9826 4.086 6107 4.01 +0.09 1.40 5.4 9.5 3.44 3.36 –0.08 1.27 1.69 3.8 13.47 14.69
0.013 80 0.1 0.06 0.20 0.8 0.02 0.06 0.05 0.06 0.06 1.0 0.13 2.01

ρ1 Cnc 3522 75732 5.942 5336 4.47 +0.40 0.76 1.9 2.5 5.45 5.23 –0.22 1.08 0.94<5 12.53 13.45
0.015 90 0.1 0.07 0.20 1.0 0.03 0.06 0.05 0.06 0.04 0.13 1.87

τ Boo 5185 120136 4.496 6360 4.17 +0.27 1.56 6.3 15.6 3.53 3.48 –0.05 1.42 1.48 1.0 15.60 17.19
0.008 80 0.1 0.08 0.20 0.7 0.03 0.06 0.05 0.05 0.05 0.6 0.17 2.35

ρ CrB 5968 143761 5.412 5821 4.12 –0.24 1.10 4.1 1.0 4.21 4.07 –0.14 0.97 1.34 10.2 17.43 18.47
0.016 80 0.1 0.08 0.20 1.0 0.03 0.06 0.05 0.05 0.05 1.7 0.22 2.54

16 Cyg A 7503 186408 5.960 5805 4.26 +0.06 1.03 3.9 2.0 4.28 4.16 –0.12 1.04 1.29 8.0 21.62 20.96
0.009 60 0.1 0.05 0.20 1.0 0.03 0.06 0.05 0.04 0.04 1.4 0.24 2.85

16 Cyg B 7504 186427 6.215 5766 4.29 +0.05 0.89 3.7 1.5 4.56 4.43 –0.13 1.01 1.16 8.0 21.41 22.08
0.014 60 0.1 0.05 0.20 1.0 0.03 0.06 0.05 0.04 0.04 1.8 0.24 3.01

47 UMa 4277 95128 5.051 5892 4.27 +0.00 1.01 4.0 1.5 4.31 4.19 –0.12 1.03 1.24 7.4 14.08 14.03
0.016 70 0.1 0.07 0.20 1.0 0.03 0.06 0.05 0.05 0.04 1.9 0.13 1.92

51 Peg 8729 217014 5.463 5793 4.33 +0.20 0.95 3.7 2.0 4.53 4.41 –0.12 1.11 1.16 4.0 15.36 15.85
0.020 70 0.1 0.07 0.20 1.0 0.03 0.06 0.05 0.06 0.04 2.5 0.18 2.17

corresponding error estimates are those given in Mermilliod,
Mermilliod & Hauck (1997).

The mass and age ofυ And are calculated from evolutionary
tracks that make use of model atmospheres as upper boundary
condition (cf. Bernkopf 1998) and include helium diffusion.
Fig. 3 displays the results valid for [Fe/H]=+0.09. Interestingly,
the star resides in the hook-region that causes some uncertainty
for its evolutionary stage. We adoptM? = 1.27 ± 0.06 M�
and an age 3.8±1.0 Gyr, whereby the uncertainties denote the
effects of the quadratic addition of∆Mbol,∆Teff and∆[Fe/H].

Fig. 2 shows that we are slightly above the most probable
Teff -log g parameter combination. A shift tolower effective
temperatures lessens this deviation, but is not implied from a
comparison with data of the infrared flux method: Blackwell
& Lynas-Gray (1994) and Alonso, Arribas & Martı́nez-Roger
(1996) getTeff = 6205 K andTeff = 6155 K, respectively.
Instead, we rather presume that our value for the surface gravity
determination may be too low by∼ 0.07 dex, which is anyhow
within the accuracy of the method.

Projected rotational velocities ofυ And from the literature
concur atvsini ∼ 9 km s−1: Soderblom (1982),vsini = 9.2 ±
0.7 km s−1; Benz & Mayor (1984),vsini = 9.3 ± 0.4 km s−1;
Gray (1986),vsini = 9.0 ± 0.4 km s−1; Balachandran (1990),
vsini = 8 ± 3 km s−1; and Gonzalez (1997),vsini = 9.0 ±
0.5 km s−1. From our analysis we getvsini = 9.5±0.8 km s−1,
in good agreement with the above mentioned results.

The radius ofυ And,R? = 1.69±0.06 R�, is immediately
obtained fromMbol andTeff . The high accuracy benefits again
from the precision of the Hipparcos astrometry. Along with the

rotational period of∼12.2 days, derived from the Ca II activity
parameterR′

HK (cf. Soderblom 1985), a high inclination angle
is indicated.

In Table 1 all relevant data are summarized, which also in-
clude the astrometric and our spectroscopic distance values for
υ And.

ρ1 Cancri

ρ1 Cnc reveals an extraordinary strong absorption line spec-
trum which is by no means the mere result of the late G-type, but
also reflects a genuine overabundance of the stellar photosphere
by approximately 0.4 dex above solar. This extreme metal con-
tent not only classifiesρ1 Cnc as a so-called super-metal-rich
star, but is indeed at the high end for this category of stars in the
solar neighborhood.

In this context it is quite remarkable thatρ1 Cnc has re-
peatedly been claimed to be as old as, or close to, the age
of the Galaxy (cf. Perrin et al. 1977, Cayrel de Strobel 1987,
Gonzalez 1998), a result that is somewhat in conflict with our
notions of chemical evolution and will be addressed below.

Fig. 1 gives an illustration of the metal-rich line spectrum
of ρ1 Cnc around Hα, a region that normally displays only
few, mostly telluric, absorption lines. In fact, the high metal
content ofρ1 Cnc in combination with its comparatively late
spectral type prevented us to include Hβ for the effective tem-
perature determination. Hence, the value given in Table 1,
Teff = 5336 ± 90 K, is based on only the Hα spectra, both
of which show however consistent results.
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Fig. 4. Same as Fig. 2, but forρ1 Cnc. Effective temperatures higher than∼5400 K produce unrealistic positions below the main-sequence (cf.
Fig. 5)

The surface gravity, if derived from the iron ionization equi-
librium, is found to belog g = 4.51. With reference to the Mg Ib
lines this value is reduced tolog g = 4.47, which slightly im-
proves the modeling of the observed strong line profiles. We
note however that the mere decrease of∼20 K for the effective
temperature value corresponds to a∼0.04 dex reduction inlog g
if the latter is deduced from the iron ionization equilibrium. In
other words, while it is important to verify the results of both
log g methods, there is no real discrepancy from either use in
the spectra ofρ1 Cnc, although a peek at theTeff -log g Kiel
diagramin Fig. 4 reveals a better agreement with the Hipparcos
data for the 0.04 dex higherlog g value.

Fig. 4 also compares our analysis with the work of Oinas
(1977) and Gonzalez (1998). In both cases the 0.11 dex lower
iron abundance is mainly explained by the lower effective tem-
perature, although Perrin, Cayrel & Cayrel de Strobel (1975)
obtained [Fe/H]∼0.22, based on approximately the same low
Teff value. On the other hand, Campbell’s (1978) analysis of
near-infrared lines comes close to ours withTeff = 5350 K
and [Fe/H]= +0.44.

Hence the existing discrepancies are mainly reduced to the
value adopted for the stellar effective temperature. According
to Arribas & Mart́ınez-Roger (1989) the infrared flux method
yieldsTeff = 5100±150K, which is in favour of the lowerTeff

value, but leads to serious discrepancies with considerations
from the stellar evolutionary point of view. This is displayed in
Fig. 5, where tracks withM? = 1.00, 1.05, 1.10 and 1.15M�
are compared. ForM? = 1.10 M� an age less than∼1 Gyr
is implied for ρ1 Cnc, but with reference to the neighboring
1.05M� track, higher values up to∼4 Gyr cannot be excluded.
An effective temperature as low asTeff = 5200 K increases this
value to∼6 Gyr, and, with the corresponding reduced metallic-
ity, evolutionary tracks for [Fe/H]= +0.25 cause an additional

Fig. 5. Same as Fig. 3, but forρ1 Cnc. The evolutionary tracks are
calculated forM? = 1.00, 1.05, 1.10 and 1.15M� with [Fe/H]=+0.40.
The position ofρ1 Cnc is slightly below the zero age main-sequence,
which lends support to a very young object. The depicted uncertainties
in Teff andMbol, however, also allow for an age comparable to the
Solar System

shift to ∼10 Gyr. An even lowerTeff = 5100 K yields an age
above 16 Gyr. While this is of course rather unlikely, there is
independent evidence in favour of an age of only 5 Gyr de-
duced from the mean level of the chromospheric Ca II activity
by Baliunas et al. (1997). Even more, Eggen (1985) identifies
ρ1 Cnc as a member of the Hyades Supercluster, young disk
stars with ages probably as low as 0.3 Gyr, but unlikely beyond
2 Gyr (cf. Eggen 1992). As an upper limit to the age determi-
nation ofρ1 Cnc, we computed additional evolutionary tracks
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with [Fe/H]= +0.33, our lower limit for the metallicity of the
star (cf. Table 1). Even this unfavourable case does not promote
values above∼5 Gyr. An age reminiscent of old disk stars or
even halo stars is therefore certainly excluded.

Baliunas et al. (1997) also report a rotational modulation of
the Ca II lines ofρ1 Cnc with a mean period of∼41.7 days.
AdoptingTeff andMbol from Table 1 the resulting stellar ra-
dius R? = 0.94 ± 0.04 R� implies an equatorial velocity
v ∼ 1.1 km s−1. This agrees with the finding of Gonzalez
(1998),vsini < 1.3 km s−1, but is somewhat less than thevsini
values of Baliunas et al. (1997),vsini = 1.9 ± 1.0 km s−1;
Fekel (1997),vsini = 2.2 ± 1.0 km s−1; and our value,
vsini = 2.5 ± 1.0 km s−1.

As a final remark we note that the mass ofρ1 Cnc adopted
from Fig. 5,M? = 1.08 M�, causes the lower mass limit for
the planetary companion to bemsini = 0.98 MJ (whereMJ
is the mass of Jupiter), which is slightly higher compared to
the0.84 MJ value given in Butler et al. (1997), who assumed
M? = 0.85 M� for the primary.

τ Bootis

Fig. 1 most evidently displays this star as the hottest member
of our sample. The Balmer line wings imply an effective temper-
ature of 6360 K, which is close to the value 6389 K derived from
the infrared flux method by Blackwell & Lynas-Gray (1994).
The surface gravity, if derived from the ionization equilibrium,
suggestslog g = 3.96. This value gets however adjusted to
log g = 4.17 from the analysis of the Mg Ib lines. Except
for the few very strong lines, all absorption line profiles are no-
tably dominated by rotational broadening (cf. Fig. 1). We derive
vsini = 15.6 ± 0.7 km s−1, which is rather insensitive to the
exact value assumed for the macroturbulence, and close to the
values found in the literature: Soderblom (1982),17±1 km s−1;
Gray (1982),14.8±0.3 km s−1; Benz & Mayor (1984),14.5±
0.2 km s−1; Baliunas et al. (1997),15 ± 1 km s−1; Gonzalez
(1997),14.5 ± 0.5 km s−1; De Medeiros, do Nascimento Jr &
Mayor (1997),15.5±1 km s−1; Fekel (1997),14.8±1 km s−1.
It is only the most recent work of Wolff & Simon (1997) that
shows a discrepant value,vsini = 21 km s−1; their data are
however intrinsically less accurate with uncertainties of at least
a few km s−1.

From our inferred value for the metallicity, [Fe/H]=
+0.27 ± 0.08 (2σ rms),τ Boo joinsρ1 Cnc as a member of the
super-metal-rich stars. The corresponding logTeff -Mbol dia-
gram (Fig. 6) yields an age of 1.0±0.6 Gyr and1.42±0.05 M�
solar masses (which again includes the uncertainty in [Fe/H]).
With a bolometric correction ofBCV = −0.05 mag and with
Teff , log g and the stellar mass as derived above, the spectro-
scopic distance results in 17.19±2.35 pc. This compares with
the 15.60±0.17 pc from the Hipparcos astrometry and – from
a comparison of Fig. 7 – suggests that the stellar surface grav-
ity may instead belog g = 4.25, or, alternatively, the stellar
mass as low as1.17 M�. While the latter suggestion is not en-
couraged from inspection of Fig. 6, we cannot exclude a small
systematic overestimate of the star’s metal abundance as a result

Fig. 6. Same as Fig. 3, but forτ Boo. The evolutionary tracks are
calculated forM? = 1.30, 1.40 and 1.45M� with [Fe/H]=+0.27. A
stellar mass1.42 ± 0.05 M� and an age of 1.0±0.6 Gyr are inferred

of its comparatively high rotational velocity, that is, as a result
of undetected line blends. The corresponding mass reduction is
however unlikely to exceed0.05 M�. There is also the possi-
bility that our value for the effective temperature is erroneous,
but the effect amounts to some∆Teff ∼250 K towards lower
effective temperatures (cf. Fig. 7) and aggravates the difference
to the data from the infrared flux method.

If, as has been suggested by Butler et al. (1997) and Baliunas
et al. (1997), the orbital and rotational periods ofτ Boo are near
coincidence, the 3.31 days reported from the Doppler velocity
variations imply an equatorial velocity ofv = 22.6±0.8 km s−1

for R? = 1.48 ± 0.05 R�, which is obtained fromMbol =
3.48 ± 0.06 and Teff = 6360 ± 80 K. As a result,sini is
confined to0.63 ≤ sini ≤ 0.75. Combining the mass function
of Butler et al. (1997) and our mass estimate for the primary, the
companion mass is found to bemsini = 4.35±0.11MJ. Hence,
if we assume coplanarity between the equatorial and orbital
planes, the companion mass results inm = 6.30 +0.78

−0.65 MJ,
which confirms that theτ Boo system may in fact be the large
issue of 51 Peg.

16 Cygni A+B

Both stars are known to have properties very close to the Sun
(e.g. Hardorp 1978, Neckel 1986a). Friel et al. (1993) have con-
ducted an elaborate spectroscopic analysis of 16 Cyg A+B and
we refer to this work for many additional details and references.
It is only the slightly decreased surface gravities of 16 Cyg A+B
which imply that both belong to the old thin-disk population, or
– as Giusa Cayrel de Strobel (1996) recently wrote – we look at
“... a pretty good example of what the Sun is going to be after
4 more Gyr ...”. Figs. 8 and 9 reveal that our analysis confirms
the atmospheric parametersTeff , log g and [Fe/H] of Friel et
al. (1993), as well as the more recent data of Gonzalez (1998),
to within the assumed error bars.
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Fig. 7. Same as Fig. 2, but forτ Boo

Fig. 8. Same as Fig. 2, but for 16 Cyg A

As far as the rotational velocties are concerned, we note
that both stars are slow rotators, again not significantly dif-
ferent from the Sun, which is also confirmed by the work of
Soderblom (1982), Benz & Mayor (1984) and Fekel (1997). Yet,
our value for the macroturbulence parameter is merelyadopted
and this simplification prohibits any detailed comments on the
exact value ofvsini, notably the inclination angle.

Fig. 10 displays our results for the stellar masses and ages of
16 Cyg A+B. Both stars reveal an almost identical metal content
and are therefore compared in the same diagram. 16 Cyg A,
being the slightly hotter object, is accordingly more evolved in
Mbol. The tick marks of the evolutionary tracks with [Fe/H]=

+0.05 imply a common age of∼ 8.0 Gyr, which is accurate
to 1.4 Gyr for 16 Cyg A, and 1.8 Gyr for 16 Cyg B, if we
take uncertainties of∆Teff = 60 K, ∆Mbol = 0.06 mag and
∆[Fe/H]=0.05 dex into account. The stellar masses are found to
beMA = 1.04 ± 0.04 M� andMB = 1.01 ± 0.04 M� for the
A and B component, respectively. This again agrees very well
with the findings of Friel et al. (1993),MA = 1.05 ± 0.05 M�
andMB = 1.00±0.05 M�, as well as Gonzalez (1998),MA =
1.00 ± 0.03 M� andMB = 0.97 ± 0.03 M�. As a result of
the well-defined bolometric magnitudes, as well as our good
knowledge of the effective temperatures, quite accurate stellar
radii can be derived:RA = 1.29 ± 0.04 R� for 16 Cyg A, and
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Fig. 9. Same as Fig. 2, but for 16 Cyg B

Fig. 10. Same as Fig. 3, but for 16 Cyg A+B. The evolutionary
tracks are calculated forM? = 0.95, 1.00, 1.05 and 1.10M� with
[Fe/H]=+0.05. Stellar masses and ages are found to be1.04±0.04 M�
and 8.0±1.4 Gyr for 16 Cyg A, and1.01±0.04 M� and 8.0±1.8 Gyr
for 16 Cyg B

RB = 1.16± 0.04 R� for 16 Cyg B, i.e. in both cases the error
is less than 4%. We note that these values are almost identical
to those of the older work of Neckel (1986b),RA ≈ 1.25 ±
0.03 R� andRB ≈ 1.15 ± 0.05 R�. He derived upper limits
for the luminosity of the stars, which resulted in a maximum
distance of∼22 pc, significantly lower than all trigonometric-
parallax-based distances available at that time, but in excellent
agreement with the Hipparcos data.

ρ Coronae Borealis

The model atmosphere analysis of this star is somewhat
more complicated, sinceρ CrB is depleted in metals by a factor
of two, but at the same time also enriched in theα-element mag-
nesium by [Mg/Fe]=+0.19. Thus, the modeling was performed
on both of our grids of model atmospheres, one with a solar
mixture of relative abundances (hereafter referred to as “�”),
the other withα-elements (O, Ne, Mg, Si, S, Ar, Ca and Ti)
enhanced by +0.4 dex, which is close to the element mixture
found in many metal-poor halo stars.

For the�-modeling the Balmer line wings of Hα and Hβ
result inTeff = 5795 K and the ionization equilibrium yields
log g = 4.18 and [Fe/H]= −0.26. This surface gravity value,
however, leads to discrepancies with the Mg Ib lines and requires
a downwardrevision tolog g = 4.05. The metallicity – now
based on only Fe II lines – is found to be [Fe II/H]= −0.32.
On the other hand, modeling by means of the grid of atmo-
spheres with enhancedα-elements results inTeff = 5847 K,
log g = 4.06 and [Fe/H]= −0.26. Contrary to the�-modeling,
the wings of the Mg Ib lines now support ahighervalue for the
surface gravity,log g = 4.19, which entails [Fe II/H]= −0.16.
Interpolation within both sets of parameters leads toTeff =
5821 K, log g = 4.12 and [Fe/H]= −0.24. Estimated errors
are∆Teff = 80 K, ∆ log g = 0.1 dex and∆[Fe/H]= 0.08 dex.

Fig. 11 compares our model atmosphere analysis ofρ CrB
with other investigations reported in the literature. We also men-
tion the recent effective temperature determinations of Gray
(1994),Teff = 5868 K, and Alonso, Arribas & Mart́ınez-Roger
(1996), Teff = 5777 K, which are based on spectral line-
depth ratios and the infrared flux method, respectively. All
these data consistently support a metal-poor, slightly evolved
star of approximately solar effective temperature. WithTeff =
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Fig. 11.Same as Fig. 2, but forρ CrB

Fig. 12.Same as Fig. 3, but forρ CrB. The evolutionary tracks are cal-
culated forM? = 0.90, 0.95 and 1.00M� with [Fe/H]= −0.24. The
stellar mass and age inferred are,0.97 ± 0.05 M� and 10.2±1.7 Gyr,
respectively

5821 ± 80 K and Mbol = 4.07 ± 0.06 we obtain a stel-
lar radiusR? = 1.34 ± 0.05 R�, which also establishes the
evolved stage ofρ CrB. According to the evolutionary tracks in
Fig. 12 the star has already reached its turnoff region, thereby
an age of 10.2±1.7 Gyr is deduced along with a mass of
M? = 0.97 ± 0.05 M�. As a cautionary remark we note how-
ever that our displayed tracks ofρ CrB have not been calculated
with α-enhanced opacities.

From their Ca II activity-rotation relation Noyes et al. (1984)
compute a rotational periodPcalc =19.7 days forρ CrB. Ac-
cording to Baliunas, Sokoloff & Soon (1996) there is also obser-
vational evidence of fluctuations in the Ca II flux with a period

of Pobs =17 days, although that evidence is considered to be
marginal (cf. Noyes et al. 1997, p.112). Both values lead to
equatorial velocitiesv = 3.4 km s−1 andv = 4.0 km s−1,
respectively. Combined with the published projected rotational
velocities of Soderblom (1982),vsini = 1.5±0.5 km s−1; Benz
& Mayor (1984),vsini = 1.2 ± 0.7 km s−1; Gonzalez (1998),
vsini ∼ 1.5 km s−1; and our valuevsini = 1.0 ± 1.0 km s−1,
this implies a ratherlow stellar inclination (i ≤ 35o), that ren-
ders observable planetary transits unlikely, at variance with the
results of Hale & Doyle (1994) who favouri ∼ 90o.

4. Discussion

In the preceding section we have presented the results from
model atmosphere analyses and evolutionary calculations of six
nearby stars, which have met considerable attention since the
announcement of massive planetary companions around them.
Along with 51 Peg and 47 UMa, which are also deemed to
possess orbiting planets, we may address here a few aspects of
this increasing sample of stars.

One major characteristic that is also discussed in the liter-
ature (Gonzalez 1997, 1998, Butler et al. 1997, Marcy et al.
1997, Laughlin & Adams 1997) is the amount of metals found
in the stellar abundance analyses. No doubt, 51 Peg,τ Boo and
especiallyρ1 Cnc belong to the group of super-metal-rich stars
and it may well be that a large provision of heavy elements is
conducive to mechanisms of planet formation in the precursor
disk environment. Even more, the unexpected tight orbits of the
majority of the detected planets are suggestive of contamination
scenarios, whereby a gradually inwards migrating giant planet
sweeps most of the intervening disk material onto the stellar
surface. But with the sample of extrasolar systems enlarged by
the late-comersρ CrB and 16 Cyg A+B, there is now solid
information that, first,ρ CrB is an example of a star with sub-
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Fig. 13. Age determinations (black symbols) of the planetary candidate stars, compared to literature data from isochrone fitting (grayscale
symbols) and activity-age or rotation-age relations (open symbols)

solar metallicity and, second, the common iron abundance of
16 Cyg A and B does not promote the self-enrichment scenario.

The other stars, 47 UMa andυ And, as well as 16 Cyg A
and B, reveal a close to solar metal abundance. Recent observa-
tional evidence however suggests (e.g. Wyse & Gilmore 1995,
Rocha-Pinto & Maciel 1996) that even this value exceeds the
maximum found for the local metallicity distribution function
by∼0.2 dex. In this case, all stars, except forρ CrB, may be con-
sidered as “metal-rich” objects. Yet, many abundance studies,
in particular those that deal with large samples, employ photo-
metric metallicity calibrations that can easily be misleading for
the more metal-rich stars:υ And andρ1 Cnc are only two exam-
ples, that show a considerable spread of values in the literature.
Therefore, we consider it premature to put too much weight to
the observed metal abundances of the planetary system candi-
date stars.

Another aspect that has to be mentioned is the uncertainty of
stellar age determinations, which we display in Fig. 13 for the
individual stars. Notably the age information can provide valu-
able constraints on e.g. the efficiency of tidal interactions for
orbital synchronization and circularization, as well as the more
general question, whether stellar pulsations are conceivable al-
ternatives to the observed reflex motions. With the availability
of the accurate Hipparcos data and the improved stellar evo-
lutionary calculations of Bernkopf (1998), which are now also
revised to allow for the effects of helium diffusion, we consider
the stellar ages summarized in Table 1 to be indeed at a high
confidence level. It is only the above mentioned self-pollution
scenario that may alter the chemical composition of the outer
stellar layers and then acts as a mask for a correct interpretation
of the stellar spectra.

Finally, we comment on the results of thespectroscopically
determined stellar surface gravities. We recall thatρ1 Cnc, be-
ing significantly cooler than the Sun, attains very similar values

from either the strong Mg Ib line method or the iron ionization
equilibrium. On the other hand, a clear distinction is found for
the hotter objects,υ And andτ Boo, where the Hipparcos par-
allaxes reveal systematic discrepancies if we make use of the
LTE iron ionization equilibria in combination with our model
atmospheres. As a result, and keeping in mind that our sample
stars are very nearby, the lesson from the solid astrometric data
is that thelog g’s are in fact reliable to 0.1 dex for dwarfs and
slightly evolved stars of similar spectral types, as long as we
stick closely to the diagnostics stored in the wings of the Mg Ib
lines.
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